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Recently, EPO emerged as a pleiotropic hormone with roles beyond hematopoiesis. While the
kidney is considered the primary source of EPO, expression also occurs in other organs. Albeit, the
physiological significance of these extra-renal sources is unknown. EPO is cardioprotective and increases
myocardial contractility, in animal models. However, these studies rely on supraphysiological doses of
rhEPO. Thus, the aim of this thesis was to identify an endogenous cardiac source of EPO and investigate
its role in the heart. We hypothesized that the heart produces EPO and acts as an inotropic and a
cytoprotective agent. A Cardiomyocyte-specific deletion of EPO (EPOfl/fl-CM) resulted in an increase in
left ventricular EPO expression. This increase in cardiac-derived EPO did not translate to an increase in
hematocrit levels. EPOfl/fl-CM mice exhibited an increase in inotropy and improved cardiac recovery post
I/R. This thesis shows the heart as a non-renal source of EPO, regulating cardiac function.
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1.1 Historical Background
It took over a century of studies to understand how Erythropoiesis- the production of red
blood cell (RBC) is regulated. Jourdanet, in 1863, was the first to record people living at altitude
exhibited an increase in blood viscosity1. Similarly, in 1880, Viault observed an increase in RBC,
a key determinant of blood viscosity, while he was ascending the mountains of Peru2. Out of
these early seminal observations, the idea emerged that a decrease in oxygen supply (i.e.,
altitude) was a driving force for erythropoiesis. It was decades later that the hormone responsible
for erythropoiesis was identified as erythropoietin; more commonly known in its abbreviated
form- EPO, due to its infamous use in the Tour de France doping scandal.
In 1906, Carnnot and Deflandre were the first to propose erythropoiesis is regulated by a
humoral factor3,4. Their experiment involved the transfer of serum from a moderately anemic
rabbit (donor) to an otherwise healthy rabbit (recipient)3,4. Within two days, recipient animals
experienced an increase in hematocrit (Hct), which was ascribed to the transfer of the
hematopoietic hormone from the donor rabbit serum3,4. Attempts to reproduce Carnot and
Deflandre’s experiment followed, yielding equivocal or negative results, thus casting doubt on
their hypothesis. There are multiple reasons for the conflicting results: the use of an indirect
assay to determine erythropoietic activity, extent of the sensitivity of the assay and limitations
within the study design. Measuring hematocrit alone is not a conclusive measure of
erythropoietic activity. Hct was assessed using an indirect EPO Biological Assay. The main
assumption for the EPO Biological Assay is that all EPO in the donor serum will have an
equivalent effect in the recipient animals, which is not always the case. EPO-EPOR binding and
the activation of downstream pathways can be disrupted by the presence of inflammatory
cytokines5–7. Indeed, TNF-α5, ceramide6, and IL-17 inhibit EPO-EPOR binding in vitro (Figure
2

1.1A). Further, the sensitivity of EPO Biological Assay is a key factor contributing to the
detection of a response in the recipient animal. Decades later, the Starved Rat Assay was utilized
to overcome the sensitivity issue of EPO assays (Figure 1.1C). Carnot and Deflandre’s major
limitations were the severity of anemia in the donor animals, the small amount of serum injected
into the recipient animals and the point at which erythropoietic activity was assessed8.
Reticulocytosis (production of reticulocytes – immature red blood cells) takes about 3-4 days
after plasma EPO levels increase8,9. The concentration of RBCs requires an even longer period to
rise significantly8. Combining moderate anemia with the early assessment of erythropoietic
activity makes their experiment not reproducible in the same way. Indeed, some have attributed
Carnots and Deflandre’s experiment to good luck, in retrospect8. Nevertheless, they did have an
ideological impact on subsequent experiments investigating the regulatory function of endocrine
glands.
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Figure 1.1| Biological EPO Assays: and Specificity
(A) Experimental method of transferring serum from anemic/hypoxic donor animal to recipient animal. The same
concentration of EPO may elicit a Hct response, depending on the presence of inhibitory molecules (i.e., antiinflammatory cytokines). (B) The Hct response detection threshold, at a specific EPO concentration, is dependent
upon the sensitivity of the EPO assay used

In 1950, Reismann proposed the use of parabiotic rats as a more reliable model, after
concluding that transferring small amounts of plasma to demonstrate the existence of a humoral
factor is inadequate10. However, this experimental technique was so difficult to standardize.
Indeed, only 15 of the 139 experimental pairs were successful9. The pair of parabiotic rats
developed normoblastic hyperplasia in the bone marrow, suggesting that a humoral factor,
elicited by hypoxemia in one rat, stimulated erythropoiesis9. The parabiotic study was able to
provide support for the theory of a humoral factor regulating RBC production. The major
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limitations of the previous studies were overcome by Erslev. He modified the experimental
design of Carnot and Deflandre by the addition of more accurate measurements of Hct (i.e.,
reticulocytes), the use of severely anemic donor animals, injecting larger amounts of serum (200
vs 9 ml) and investigated long term erythropoietic activity 3-6 days following injection of
anemic serum11. This humoral factor was termed hematopoietin3,4 and later changed to
erythropoietin in 1948 by Bonsdorff and Jalavisto12. While the humoral control of EPO was
established, the site of production and the isolation and identification of EPO was unknown.

Since the discovery that erythropoiesis was under hormonal control, the kidney has
generally been recognized as the sole site of production in adult. In 1957, Jacobson et al.,
reported that rats subjected to the removal of the pituitary gland, spleen, liver, gonads, adrenals
and thyroids retain the capacity to increase erythropoiesis in response to blood withdrawals13.
This indicates that those organs are not responsible for the production of circulating EPO12. In
contrast, nephrectomized rats lose the capacity to increase erythropoiesis in response to anemia12.
Since the removal of the kidneys did not increase erythropoiesis, it was concluded that the
kidney is the sole site of EPO production in adulthood12. Importantly, the assessment of
erythropoietic activity was done by using an indirect EPO biological Assay, which has its
limitations as previously discussed. However, the idea that the kidney is the site of EPO
production was widely accepted as subsequent studies were confirmatory and did not investigate
whether other organs are capable of producing EPO in anemia or other physiological stresses.
While the presence, function and source were now known, the biochemical classification of EPO
was yet to be investigated.
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EPO was isolated in 1977 from the urine of anemic patients14. Since EPO is not stored in
the body, obtaining substantial amounts of EPO for its isolation and purification was a
challenge15. Sources for endogenous EPO included the urine or plasma of anemic animals or
humans14. However, obtaining pure EPO remained a challenge and years passed before any other
significant biochemical characterizations were identified. The successful purification of EPO
allowed subsequent studies to better characterize the biochemical structure of EPO. Following
the sequencing of the EPO gene16, the primary structure of human urinary EPO17, glycosylation
sites16, presence of disulfide bonds16 and the secondary structural characterization16 were
reported. Studies investigating the biochemical structure of EPO advanced the understanding of
EPO’s biological activity.

1.2 Structure of EPO and the EPOR
The EPO gene was successfully cloned in 198518. It is located on chromosome 7 in humans17 and
chromosome 5 in mice19. It consists of 5 exon-coding regions and 4 intron-non-coding regions17.
There is a high degree of amino acid sequence homology among mammalian EPO, human EPO
is 91% identical to monkey EPO, 85% to cat and dog EPO, and 80-82% to mouse, rat, sheep and
pig EPO20. This suggests similar hormone function across species. Among species, the threedimensional structure of EPO is comprised of four antiparallel α- helices that are connected by
two cross-over loops, and a short a- helix segment essential for receptor binding (Figure 1.2)21. It
consists of 165 amino acids and four oligosaccharide side chains: three N-linked (Asp24, Asp38,
Asp83) and one O-linked (Ser126)22. EPO is a heavily glycosylated glycoprotein with a
molecular weight of ~34 kDa, whereby 40% of its total molecular weight is accounted for by
glycosylation23,24. Glycosylation is critical for a hormone’s bioactivity in vivo, affecting EPO’s
6

affinity to receptor binding, stability within serum, efficiency of production and solubility23,24.
Indeed, unglycosylated rhEPO has low bioactivity in vivo due to rapid clearance by the liver25.
During normoxia, various glycoforms of EPO exist within human blood, but the physiological
relevance of this in a healthy and a disease state, is still unknown24. Interestingly, astrocytes, in
vitro, produce a different glycoform of EPO as compared to the kidney26. Whether this occurs in
vivo, is yet to be followed up on. Thus, raising the possibility of multiple production sites and
differential receptor binding affinity, consequently affecting function.
The EPO receptor (EPOR) was cloned in 198927. The human EPOR gene has a size of 6
kb, contains 8 exons and is located on chromosome 1928–30. In mice, the EPOR gene is located on
chromosome 931. A 66kDa membrane protein of the type 1 cytokine receptor family, the EPOR
exists as a dimer consisting of an extracellular ligand binding domain, a single transmembrane
domain and an intracellular domain32. EPOR mRNA is continuously transcribed, however,
anemia and hypoxia upregulate EPOR expression in hematopoietic tissue33,Marti, H.H., Wenger,
R.H., Rivas, L.A., Straumann, U., Digicaylioglu, M., Henn, V., Yonekawa, Y., Bauer, C., and
Gassmann, “Erythropoietin Gene Expression in Human, Monkey and Murine Brain.”,35. Variants
of the EPOR have been identified. The EPOR is expressed as a full length, membrane bound,
truncated36 or a soluble receptor37. Interestingly, the EPOR mRNA and protein have been
detected in non-hematopoietic tissues such as brain29,38,39,40, heart41,42,43 and endothelial
cells44,44,45,46. The presence of the EPOR in non-hematopoietic tissue suggests that EPO has
pleiotropic roles beyond hematopoiesis throughout the body.
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Figure 1.2| Glycosylated EPO
Representation of the three-dimensional structure of EPO. Consisting of four a- helices (A-D) and connected by two
cross-over loops and one short a-helix segment (B’).

1.3 EPO signaling Pathways
EPO regulates hematopoiesis via the canonical (JAK2/STAT5) hematopoietic pathway.
The binding of EPO to its receptor induces a conformational change followed by the
autophosphorylation of constitutively associated Janus family tyrosine protein kinase 2 (JAK2)
(Figure 1.3)47. Consequently, JAK2 phosphorylate tyrosine residues on the cytoplasmic domain
of the EPOR, which serve as docking sites for Signal Transducers and Activators of
Transcription 5’ (STAT5)48. The phosphorylated tyrosine residues phosphorylate and translocate
STAT family proteins into the nucleus where they bind to a specific target sequence and induce
gene transcription of antiapoptotic genes (e.g Bcl-XL and Bcl-2); in turn, protecting
proerythroblasts from apoptosis and promoting differentiation and survival49,50,51,52. Therefore,
EPO regulates erythropoiesis by promoting the survival, proliferation and differentiation of
erythroid progenitor cells53,54.
8

Depending on the cell type, EPO/EPOR binding activates multiple downstream signaling
cascades. In non-hematopoietic tissue such as the brain, EPO/EPOR binding activates the
PI3K/AKT signaling pathway, which mediates cell protection, growth, proliferation, metabolism
and autophagy43,55,56,57. Furthermore, analyses of fetal mice with a null mutation of EPO or
EPOR gene (EPO-/- or EPOR -/-) shows that EPO is critical not only for RBC production, but also
for normal development of the brain58,59,60, heart61 and blood vessels62. Additionally, EPO/EPOR
binding also activates the MAPK/ERK pathway, which is a key modulator of cellular
differentiation and proliferation63,64. Ultimately, the binding of EPO to the EPOR promotes
cellular protection and development of cells through multiple pathways in both hematopoietic
and non-hematopoietic tissue.

Figure 1.3| Schematic representation of the sequences of the binding of EPO to its receptor
Upon the binding of EPO to the EPOR, a conformational change to the receptor results in the autophophorylation of
associated JAK2 molecules. This in turn activates various downstream signaling cascades (ex: STAT5) to induce
gene transcription of target genes.
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1.4 Regulation of EPO by Hypoxia Inducible Factor
The expression of EPO mRNA occurs in response to hypoxia or pharmacological agents
that mimic hypoxia (i.e., CoCl2), via the hypoxia inducible factor-1 (HIF-1). HIF proteins are
transcriptional factors targeting genes involved in energy metabolism, angiogenesis, vasomotor
control, apoptosis, and erythropoiesis65. HIF-1 is a heterodimer consisting of an oxygen
regulated α-subunit and a constitutive β-subunit66. The α-subunit is an oxygen-dependent protein,
containing two oxygen dependent domains (ODD) that is rapidly degraded in the presence of
oxygen, which is regulated by prolyl-4-hydroxylases67. Under normoxia, hydroxylation of prolyl
residues on HIF-1α results in ubiquitination and proteasomal degradation62,68,42. Under hypoxic
conditions, HIF-1α subunit does not undergo ubiquitination and translocates to the nucleus
forming a complex with HIF-1β, which binds to the Hypoxic Response Element (HRE) of target
genes (e.g. EPO and vascular endothelial growth factor)69,68,70.

EPO synthesis is regulated at the transcription level13. As EPO is not stored, increased
mRNA expression results in an increase in EPO protein synthesis13. It is the stabilization of HIF
that leads to the up-regulation of erythropoiesis and increases oxygen delivery71,72,73,74.There are
three isoforms for the α-subunit of HIF: HIF-1α75, HIF-2α76, and HIF-3α77, as well as three of the
β-subunits: ARNT, ARNT2 and ARNT378,79. HIF-1α and HIF-2α are the two principal oxygenregulated HIFα isoforms and appear to be cell and tissue specific. For example, HIF-1α is
ubiquitously expressed in all nucleated cells80 whereas HIF-2α expression is restricted to the
endothelium, hepatocytes, glial cells, type-2 pneumocytes, renal interstitial cells and
cardiomyocytes73,81. However, HIF-1α and HIF-2α both target EPO. Multiple genetic studies
demonstrate that EPO production in adults is HIF-2 dependent82,83,84,85,86 while during embryonic
10

development HIF-187 is the main regulator of erythropoiesis. As a result, HIF-2 is now regarded
as a key pharmacological target for treatment of anemia.

1.5 Hematopoietic Roles of EPO
EPO maintains the production of RBC by inhibiting apoptosis of erythroid progenitor cells
and by stimulating their proliferation and differentiation into normoblasts. Before birth, the liver
is the primary site of EPO production, where the hepatocytes and nonparenchymal cells produce
EPO88. Shortly following birth, the primary site of EPO production switches from liver to
kidney89,90,91,92,93,94, albeit the signals controlling this change and the reasons behind it are not
understood. In the kidney, interstitial fibroblast-like cells in the cortex and outer medulla are
identified as renal erythropoietin-producing cells (REPs)95. In response to tissue hypoxia, the
kidney releases EPO into the bloodstream where it binds to its erythroid progenitor cell receptors
located in the bone marrow- the primary site of erythropoiesis in adults. EPO promotes
erythropoiesis by targeting the burst forming units-erythroid cells (BFU-Es) and the colony
forming unit-erythroid cells (CFU-Es)96. BFU-Es respond to EPO as they mature to CFU-Es97 .
As the primary targets of EPO, CFU-Es increase proliferation and differentiation in response to
EPO’s anti-apoptotic signals93. Consequently, increases in EPO expression enhance the O2
carrying capacity by increasing the number of surviving CFU-Es and leading to an increase in
circulating RBCs, or hematocrit. Thus, leading to increases in O2 delivery to hypoxic tissue and
improving oxygenation. The production of EPO is regulated by a negative feedback mechanism
in which the increase in RBCs leads to an increase in O2 delivery to hypoxic tissue, consequently
decrease hypoxia-induced EPO production (Figure 1.3).
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Figure 1.4| Production of red blood cells
Low blood oxygen levels are sensed by the kidney (and the liver to a lesser extent). This results in the production
and release of EPO into the bloodstream where it binds to erythroid precursors in the bone marrow and stimulates
the proliferation of RBCs. This in turn increase oxygen delivery to hypoxic tissue.

1.6 Extra Renal Sources of EPO
In the last couple decades, extra-renal sources of EPO mRNA have been identified. The
physiological role of these extra-renal sources has not been fully investigated. EPO mRNA is
expressed in the central nervous system, specifically in the astrocytes of the brain24,30,35,98 and the
spinal cord30,34. Furthermore, EPO mRNA is expressed in cardiomyocytes37, hair follicles99 and
the spleen100, in vitro. In addition, both the male and female reproductive organs (testes101,
uterus102, and placenta103) are capable of synthesizing EPO mRNA, which is regulated in a
hypoxic-dependent and a hormone-dependent manner102. Moreover, the EPOR is ubiquitously
expressed throughout the body with mRNA expression identified in lung104, bone105,
brain30,34,106,Liu, C., Shen, K., Liu, Z. and Noguchi, “Regulated Human Erythropoietin Receptor
12

Expression in mouse brain.”, , adipose tissue108, pancreas109, pro-opiomelanocortin (POMC)
neurons110, reproductive tracts100,102 , skeletal muscle111, skin112, hair follicles98, immune cells113
and the heart37,39,58. The presence of EPO and EPOR mRNA in non-hematopoietic tissues
questions whether EPO is solely a hematopoietic hormone. It suggests that EPO is a pleiotropic
cytokine with roles beyond the regulation of erythropoiesis.

1.7 Functions of Erythropoietin: Outside of Erythropoiesis
1.7.1

recombinant human EPO
Recombinant human EPO (rhEPO) is one of the most successful therapeutic applications

of recombinant DNA technology to date. It is used to treat anemia by increasing hematocrit and
hemoglobin levels114. Today, rhEPO is used in studies to investigate the non-hematopoietic roles
of EPO. However, there are critical limitations to using rhEPO to study the non-hematopoietic
roles of EPO. For instance, studies typically use supra-physiological doses of
rhEPO35,115,116,117,118,119,120. It is unknown whether a supra-physiological dosage of rhEPO leads
to non-specific receptor binding (i.e., non-EPOR), resulting in off-target effects. Furthermore,
while EPO and rhEPO have identical amino acid sequence, they differ in their glycosylation as
rhEPO is artificially glycosylated121. Considering the importance of glycosylation on EPO and
EPOR interactions, these differences may elicit non-erythropoietic roles of rhEPO (i.e
cytoprotection in response to ischemia-reperfusion injury in the brain122). However, whether
these non-erythropoietic roles are true for endogenous EPO, at physiological levels, remains to
be fully established and is a goal of this thesis.

1.7.2

Endothelial Response
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It has become increasingly evident that EPO acts in pleiotropic manner on numerous
tissues and organ systems; however, this is almost exclusively based on the use of artificially
glycosylated rhEPO at supraphysiological levels. Endothelial cells (EC) and erythroid
progenitors share a common ancestor, the hemangioblast13, therefore it is not surprising that EPO
plays an important role in endothelial cell proliferation58,123 and angiogenesis101. EC were first
derived from human umbilical vein in endothelial cell cultures (HUVECs) were the first reported
non-hematopoietic cell type to bind to EPO, express the erythroid form of EPOR, and cause a
proliferative response upon the addition of rhEPO40,124. Treatment of HUVACs with rhEPO
activates the JAK2/STAT5 pathway and increases the thrombogenicity (blood clot formation) of
extracellular matrices40,123. EPO also stimulates EC progenitor mobilization, in which EPOtreated mice show a significant increase in the number and the proliferation of stem and
progenitor cells as well as colony forming units123. In addition, EPO is protective against anoxiainduced injury in culture of rat cerebral microvascular endothelial cells125,126. It activates the
AKT1 pathway and maintains mitochondrial membrane potential124,125 and prevents apoptotic
injury via the Sirtuin 1 (SIRT1) pathways124,125. Moreover, EPO treatment leads to an increase in
EPOR mRNA and protein expression in endothelial cells, modulates eNOS expression, and
stimulates NO production43,127. An important function of endothelial cells is to express
endothelial NO synthase (eNOS), which produces NO to regulate vascular tone and blood
flow43,126. In a rat model of progressive chronic renal disease, EPO treatment activates AKT and
eNOS and reduces progressive vascular injury and organ failure128. These studies provide
evidence of the non-hematopoietic roles of EPO as it acts as an anti-apoptotic and tissue
protective hormone in the endothelium.
1.7.3

EPO and the Central Nervous System
14

Within the last two decades, there has been a rapid growth of literature describing the
presence and function of EPO in the brain. In culture, astrocytes24,30,35,97 produce EPO.
There are differences in the structure, function and regulation of astrocyte-derived EPO and its
receptor compared to renal EPO and EPOR. Indeed, astrocyte-derived EPO is differentially
glycosylated than circulating EPO whereby the O-linked glycosylation site does not contain
sialic acid24. The presence of tissue-specific isoforms suggests that brain-derived EPO has
different functions from renal EPO. Further, in addition to hypoxic regulation, primary cultures
of astrocytes regulate EPO production by specific metabolic changes that produce reactive
oxygen species and growth factors such as insulin-like growth factor-I (IGF-I)49,129,120. The
presence of EPO-producing cells in brain tissue and the EPOR within the central nervous system
insinuates non-hematopoietic roles for EPO.

EPO is a neurotrophic agent in vivo and in vitro. EPO and EPOR expression is abundant
in embryonic and fetal brain, with evidence of developmental regulation30,55,56,57,106,122,130.
Specifically, as an inducer of neurogenesis, it triggers differentiation and prevents cell death in
both murine and human cell lines131,132,133. This suggests brain- derived EPO plays a paracrine
role during embryogenesis. Further support for EPO as a neurotrophic agent comes from EPOR
knockout mice whereby the absence of EPOR (EPOR-/-) during embryogenesis leads to a
reduction in the number of neural progenitor cells and neurons and increases apoptosis in
comparison to wild-type controls122. Similarly, brain specific deletion of EPO leads to impaired
neurogenesis134. Further, whole body deletion of EPO or EPOR leads to impairments in neuronal
development134. Thus, EPO’s non-hematopoietic role in the brain is critical for normal brain
development.
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EPO is a neuroprotective agent in adult models of brain injury. Multiple models (mouse,
rat, gerbil, and rabbit) demonstrate the neuroprotective ability of rhEPO in response to focal and
global cerebral ischemia, glutamate toxicity, autoimmune encephalomyelitis and
seizures34,121,135,136,137,138. rhEPO treatment decreases the structural damage of brain injury and
improves neurological function34,121,135,136,139,140. However, the therapeutic application of rhEPO
was limited due to its heavy glycosylation preventing it from penetrating the blood-brain barrier
(BBB)141,142,143,144 . Surprisingly, the administration of a high dose of rhEPO (5000 U kg-1) to
rodents reduced brain damage by 50-70%121. It appears that physiological doses of rhEPO (200400 U kg-1) prevent rhEPO from crossing the BBB; whereas, the administrations of supraphysiological doses of rhEPO is able to cross the BBB and provide neuroprotection. Perhaps at
supra-physiological doses, rhEPO exhibits non-specific binding to receptors on the BBB surface.
The pharmacokinetics of systemically administered rhEPO for CNS injury remains to be
clarified. Although the exact mechanisms by which brain-derived EPO is neuroprotective are yet
to be fully understood, the binding of EPO to neurons induces neuroprotection by: (i) decreasing
glutamate toxicity34,145, (ii) generating neuronal anti-apoptotic factors130,146 (iii) reducing
inflammation121, (iv) decreasing nitric oxide-mediated injury147,148 and (v) having direct antioxidant effects149. These data propose clinical implications for the use of supraphysiological
levels of rhEPO as a neuroprotective therapy. Currently, there are ongoing investigations
directed at establishing the safety and efficacy of the use of rhEPO as a neuroprotective agent in
human adults and neonates. In summary, rhEPO is a promising candidate for effective treatment
of brain injury in adults and children.
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1.7.4

EPO and the Cardiovascular System

1.7.4.1 Myocardial Ischemia-Reperfusion Injury
There are 32.4 million cases of myocardial infarctions worldwide every year and 2.4
million Canadian adults diagnosed with ischemic heart disease150. Partial or complete occlusion
in one or multiple areas of the coronary arteries causes an ischemic myocardial environment. In a
clinical setting, the occlusion typically occurs from a build up in atherosclerotic plaque151. A
myocardial infarction (MI) is a result of irreversible cell death due to prolonged ischemia152.
Infarcted tissue is unable to contribute to contractile activity. Non-infarcted tissue compensates
for the infarcted areas and over time this leads to adverse functional changes in the heart and
heart failure153. Therefore, preventing or limiting the amount of infarcted tissue is crucial for
maintaining cardiac function and avoiding heart failure.
First line of treatment of myocardial ischemia is the removal of the blockage in order to
reintroduce oxygenated blood (reperfusion) to the ischemic myocardium and rescue the
remaining viable tissue. Angioplasty, thrombolytic therapy and bypass surgery are all ways in
which reperfusion is achieved, clinically. Paradoxically, reperfusion is essential for the
treatment of ischemia, however, the sudden metabolic and biochemical changes of reperfusion
further contribute to damage or death to the myocardium154. The main common pathways
involved in ischemia and reperfusion injury are calcium overload and oxidative stress202.
However, ischemic and reperfusion damage are distinct and numerous factors contribute to the
overall injury.
Myocardial ischemia, due to a reduction in oxygen and nutrient delivery to the heart,
results in impaired cardiac performance and ultimately cell death. In periods of ischemia, cells
rely on the inefficient anaerobic production of ATP as aerobic ATP production is quickly
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depleted155. The inefficiency of anaerobic ATP production is paired with the increase of
inorganic phosphate, lactate and H+ 151. The resultant acidic environment and lack of ATP cause
damage and death to cardiomyocytes151. In addition to disruptions in ionic homeostasis, the
increase in reactive oxygen species (ROS) production contributes to cellular damage. Oxidative
stress causes cellular damage by adversely affecting all components of a cell including lipids,
proteins and DNA, which results in a dysfunction of the myocardium, causing reversible and
irreversible damage151. The mitochondrial electron transport chain and the NADPH oxidase
system are major sources of ROS production151. ROS directly affects ion transport, membrane
permeability156 and Ca2+ handling157.
As previously mentioned, reperfusion to the ischemic area is necessary to salvage
remaining viable tissue. Restoration of blood flow results in mitochondrial re-energization,
restoration of pH, as well as an increase in oxidative stress, inflammatory signalling and
intracellular Ca2+ overload153. Reperfusion damage occurs as the mitochondria respond to
reoxygenation and replenishment of energy stores. Consequently, the mitochondria produce high
amounts of ROS, which leaks into the electron transport chain158,159. The sudden increase in
oxygen delivery in the acidic myocardium leads to the production of radicals that decrease the
bioavailability of nitric oxide153. The mitochondria are susceptible to reperfusion injury and can
signal cell death157.

1.7.4.2 The Role of EPO in Cardiac Function
In the cardiovascular system rhEPO exerts its effects on cardiac and vascular tissue. A
number of cardiac cells express the EPOR including cardiac fibroblasts160, vascular smooth
muscle cells42, endothelial cells126 and cardiomyocytes37. EPO mRNA is also expressed in
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primary cultures of cardiomyocytes159. The presence of EPO and EPOR mRNA suggests a role
for EPO in the cardiovascular system. In Langendorff, rhEPO increases myocardial contractility,
in a dose dependent manner115. Similarly, treatment of isolated atria with rhEPO increases
contractility and treatment with anti-rhEPO antibody reduces contractility114. Using murine and
human intact left ventricle muscle strips, rhEPO increases twitch tension, peak sarcomere
shortening, and maximum re-lengthening velocity (index of relaxation)116. Additionally, rhEPO
is cardioprotective against ischemia-reperfusion injury and acute myocardial infarctions
(AMI)161,162,163,164. The proposed mechanisms involved in EPO-induced cardioprotection involve
anti-apoptotic pathways, anti-inflammation, angiogenetic pathways, mobilization of progenitor
cells from the bone marrow, and by exerting anti-hypertrophic action165,166,167. Taken together,
these studies indicate that rhEPO, at supraphysiological doses, is cardioprotective (in vivo) and
inotropic and lusitropic (in vitro). it remains unknown whether endogenous EPO also exhibits
cardioprotective, inotropic and lusitropic effects.

1.7.4.3 Preclinical Studies
Extensive animal research in the last decade has demonstrated that a single systemic dose
of rhEPO leads to the attenuation of a myocardial infarct (MI). The first experiment
demonstrating that exogenous rhEPO protects the myocardium from ischemic damage was
published in 2003, using a rat permanent occlusion of coronary artery model39. Upon occlusion,
rats are treated with either an i.p. injection of 5000 IU/kg or saline39. An hour post occlusion, rats
are sacrificed and apoptosis is assessed in the area at risk (AAR)39. rhEPO-treated hearts show a
significant decrease in apoptosis in the AAR39. Studies demonstrate that in the MI model (rats,
dogs, and mini pigs), the administration of rhEPO (>3000 IU/kg) after coronary ligation
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effectively protects the myocardium from ischemia damage as it reduces apoptosis in the AAR,
which results in a smaller infarct size and attenuates LV remodeling39,151,152,157168,169,170,171,172,173.
Although the vast majority of AMI studies provide evidence that rhEPO treatment is
cardioprotective, one study failed to show these results174. A closer look at this exception
highlights the narrow therapeutic window of rhEPO therapy. Indeed, immediate administration
of rhEPO therapy is required for optimal effects, whereby therapy given 24 hours post an MI was
ineffective158. Additionally, rhEPO treatment is dose dependent, requiring a minimal 50 IU/kg
for effective cytoprotection158. There is some indication that repeated doses may reduce the
effectiveness of treatment159. This is due, in part, to the rise in Hct when rhEPO is given at high
consecutive doses159. Adverse effects in the cardiovascular system are linked to this increase in
Hct, including hypertension and thrombosis. These negative side effects emphasize the hurdles
facing the use of rhEPO therapy in the cardiovascular system. The effectiveness of rhEPO
therapy is clearly dose-dependent with a narrow therapeutic window that is also dose dependent.
Taken together, animal studies indicate that the effectiveness of EPO treatment is inversely
proportional to time elapsed since occlusion.

1.7.4.4 Clinical Trials
The positive results in animal studies encouraged the transition of rhEPO therapy into
clinical trials (Table 1.1). Nearly all completed clinical trials165-172, except one173, fail to
demonstrate the beneficial effects of EPO treatment of an MI. Important to note is the difference
in timing of application of clinical drug administration from that used in preclinical animal
studies. The best results in the coronary occlusion model occur when EPO is applied at the time
of occlusion. While in I/R model, the most effective results occur when treatment is applied at
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the time of reperfusion (no later than 30-90 min from occlusion). Interestingly, the only clinical
trial with promising outcome is one where EPO is injected at the time of percutaneous coronary
intervention (PCI) where the PCI is performed within 6 hours from the onset of symptoms173. All
other trials, EPO is injected at the time of PCI in which PCI is performed up to 24 hours post
onset of symptoms. It appears that there is a critical therapeutic window for EPO therapy in AMI
patients and it should be accounted for from the time of symptom onset. Therefore, the failure of
clinical trials to move forward may be related to faults in the design of clinical trials.
Table 1.1| Summary of Clinical Trials. A closer look at dose, protocol, primary and
secondary end points and their outcomes.
Name/

EPO
type
and
dose

Time to
drug:
from
onset

Time to drug:
from PCI

Primary
end point

Outcome

Secondary
end
point

Outcome

Year

No. of
Patients

Lipsic/

20

Darbep

N/A

0 min

LVEF

NS

N/A

N/A

8 hr
from
elevated
troponin

N/A

MI size
(enzymatic)

NS

N/A

N/A

At time of
MI size
Thrombolysis (enzymatic)

NS

Echo @
discharge

NS

2006175

oetin α,
60,000
IU

Liem/

51

Epoetin
α,

2009176

40,000
IU

Binbrek/

236

2009177,178

Epoetin
β

6 hr

12,000
IU
HEBE III/

529

α,

2010179,180
Revival-3/
2010181

Epoetin

12-24
hr

Within 3 hr

LVEF @
6 weeks

NS

MI size
(enzymatic)

NS

Within
24 hr

@ 24 and 48
hr

LVEF @

NS

Changes in
LVEF and
MI

NS

60,000
IU

138

Epoetin
β,
33,300
IU

21

6 months

REVEAL/
2011

131

Epoetin
α,

182

Within
8 hr

Within 4 hr

2011183

33

Epoetin

Within
6 hr

@ 25 and 48
hr

α,

NS

2-6 days
and 12
weeks

60,000
IU

Ferrario/

MI size

33,000
IU

MI size
Decrease
(enzymatic)
in MI
size
LVEF @
admission

LV
remodeling

NS

CD34+
cells at 72
hr

Increase
in
CD34+

Increase
in EF

And @ 6
months
Quantifying common cardiac parameters such as cardiac output (CO), stroke volume (SV),
heart rate (HR), ejection fraction (EF), fractional shortening (FS), contractility, relaxation, and
left ventricular pressure (LVP) allow for the assessment of cardiac function. CO is defined as the
volume of blood being pumped by the heart per unit time. SV is the volume of blood pumped
from the ventricle per beat. HR is the number of heart beats per minute. EF is a measurement of
the percentage of blood leaving the heart with each contraction. FS looks at the degree of
shortening of the left ventricular diameter between end-diastole and end-systole. Contractility
can be defined as the strength of a contraction while LVP is the measure of blood pressure within
the ventricles of the heart.
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Figure 1.5| Non-hematopoietic roles of EPO throughout the bod
Non-hematopoietic expression of the EPOR led to investigations of model systems, including but not limited to:
vascular endothelium, the heart, the brain, skeletal muscle and metabolic regulation.

1.7.4.5 Cardiomyocyte specific deletion of EPO
Previously in our laboratory, we used a constitutively active cardiomyocyte-specific
deletion of EPO (EPO-/-CM) to investigate the role of EPO in cardiac function and structure
during development184. This study identified novel paracrine roles of cardiac EPO in healthy
wild-type animals. Cardiac EPO expression is elevated throughout the early postnatal period and
peaks 24 hrs after birth, persisting into adult life. Perhaps the most interesting finding of this
study is that the EPO-/-CM mice exhibit an increase in left ventricular EPO mRNA expression174.
In fact, these mice exhibit a 5-fold increase in EPO expression upon the deletion of
cardiomyocyte-specific EPO174. This increase resulted in an increase in serum EPO, Hct,
contractility, tachycardia, and cellular hypertrophy174. It is proposed that this over compensation
of left ventricular EPO mRNA expression is a developmental mechanism in which an alternate
cell in the heart over-compensates for the loss of cardiomyocyte-specific EPO production during
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cardiogenesis174. This was a surprising finding that was proposed to be an effect of a
developmental model. Thus, to investigate the role of EPO in an adult, we used a cardiomyocytespecific deletion of EPO in the adult mouse. An adult (cardiomyocyte specific deletion of EPO)
model would determine whether the findings of this study were due to developmental changes or
true to the loss of EPO in the cardiomyocyte specifically.

1.8
1.8.1

Inducible Cardiomyocyte specific EPO Deletion Model
CRE/LOX System
The emergence of gene targeting established the mouse as an important model for

analyzing gene function and investigating the molecular and physiological basis of human
disease. The genetically modified mouse model is of particular interest and value, as mice share
a very similar genetic profile, anatomy, and disease progression to human185. Classical gene
targeting approaches face limitations when mutations in the gene of interest result in gestational
lethality186. This limitation can be overcome using the Cre/Lox technology that allows for special
and temporal control over gene inactivation in vivo187. The Cre/Lox system relies on two
components to function: Cre recombinase, and its recognition site, LoxP188,189. Both Cre enzyme
and the LoxP sequence originally derive from the bacteriophage P1178,179. The Cre recombinase
protein is a 38 kDa tyrosine recombinase, consisting of 4 subunits and 2 domains: the larger
carboxyl (C-terminal) domain, and a smaller amino (N-terminal) domain190. It catalyzes the
cleavage and ligation of specific nucleotide sequences via phosphoryl transfer190. The LoxP
(locus of X-over P1) is a site specific to the bacteriophage P1 consisting of 34 bp, with two 13 bp
palindromes flanking an 8 bp core sequence (Figure1.6).
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LoxP

ATAACTTCGTATA GCATACAT TATAACGAAGTTAT
Left palindrome

core

Right palindrome

Figure 1.6| DNA sequence of wild type LoxP site
The 13 bp inverted repeats (palindromes) flank an 8 bp asymmetric core sequence where the
recombination exchange occurs.
In the Cre/Lox system, the gene of interest is tagged by two LoxP sites, becoming a
floxed gene191,192. The LoxP sites act as a signal for the Cre enzyme, which when activated will
cleave the floxed gene and ligate the two excision points together181,182. Two Cre molecules bind
to each LoxP site, one on each half of the palindrome sequence193. This results in a new sequence
in which the floxed gene is permanently modified181,182. LoxP sites are have polarity, thereby
determining DNA rearrangement194.
The temporal and spatial control of gene inactivation is due to Cre expression195. Cre
activity can be constitutive or inducible. Constitutively-active Cre lines are generally driven by
an endogenous promotor that regulates the timing of Cre activity once sufficient Cre is
expressed. Conversely, inducible Cre lines allow for temporal control of Cre expression. The
fusion of the ligand binding domain (LBD) of the ER to the Cre recombinase results in a
chimeric protein whose activity is dependent on an estrogen or an antiestrogen binding to that
domain196. To circumvent the activation of Cre via endogenous estrogen, Cre is fused to a
mutated ER LBD (G525R), preventing estrogen from binding to the chimeric protein CreER T 197.
Consequently, a synthetic estrogen analog, such as tamoxifen, is required as an activating
ligand186. A modified variant is the CreERT2 recombinase, containing a triple mutation, is more
widely used as it is more sensitive to tamoxifen198,199 . When the ER domain of Cre is unbound,
nuclear import of Cre is inhibited, and the Cre-ER protein is sequestered in the cytoplasm in an
inactive confirmation by heat shock protein 90184 . It is the binding of tamoxifen to the ER
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domain of Cre that causes a conformational change, which allows for nuclear import of Cre,
thereby activating Cre enzyme to initiate recombination at the LoxP sites184. There are several
fusions of Cre recombinase with a mutated ER LBD that are reported to be successfully used in
mice, such as: Cre-ERT, MerCreMer, CreERT2, iCreERT2 200,201,202. In heart research, the cardiacspecific expression of the MerCreMer (MCM) fusion protein is widely used to obtain tamoxifen
inducible disruptions of genes.
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CHAPTER TWO
AIMS OF THESIS

27

2 Aims of Thesis
Observations in genetically modified mice with targeted EPOR expression in nonhematopoietic tissue suggest non-erythropoietic role for EPO. In the heart, recombinant human
EPO (rhEPO) is cytoprotective against ischemia-reperfusion injury38,66,133,153,154. Further, in vtiro
studies show the inotropic effects of rhEPO, in a dose dependent manner115. However, rhEPO
and endogenous EPO differ dramatically in their glycosylation, which may affect biological
activity as it is critical for receptor binding, stability within serum, and solubility of the
protein21,22. Further, the effects of rhEPO on cardiac function are observed at supra-physiological
doses of EPO, bringing to question its physiological relevance. Therefore, whether endogenous
EPO has parallel effects on cardiac function remains to be investigated.

Aim: To investigate the physiological relevance of cardiomyocyte- EPO production in an
adult mouse model.

Hypothesis: We hypothesize that adult cardiomyocytes are a source of EPO production. Further,
the loss of cardiomyocyte EPO expression leads to a decrease in contractility and an increase in
susceptibility to ischemia-reperfusion injury.
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CHAPTER THREE
MATERIALS AND METHODS
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3 Materials and Methods
3.1

Animals
Generation of male cardiomyocyte-specific EPOfl/fl: MerCreMer+/- transgenic mice was

completed by crossing EPO LoxP mice (as previously described225mel) with mice expressing
Cre-recombinase under the control of the mouse cardiomyocyte-specific promoter a-myosin
heavy chain. Using the inducible LoxP model, 8 week old male mice that have the EPO gene
floxed and are heterozygous for Cre-recombinase (EPOfl/fl: MerCreMer+/-) were given 5 daily
100 ul i.p injections of tamoxifen at a dose of 25 mg/kg to generate a cardiomyocyte-specific
EPO deletion mice denoted as EPOfl/fl-CM. Control animals included the following genotypes:
EPOfl/fl: MerCreMer-/-, and EPOfl/fl: MerCreMer+/- and were not injected with tamoxifen. No
differences were observed in these groups and thus were combined and subsequently referred to
as EPOwt. Cardiac function and structure assessments were conducted 8 weeks post-tamoxifen
injection in all of the subsequent techniques to ensure that any tamoxifen-induced effects are
negligible.

Genotyping was completed via tail clips by Polymerase Chain Reaction (REDExtract-NAmp Tissue PCR Kit; Sigma-Aldrich, Oakville, ON, Canada) using the following primer sets:
MerCreMer-F: TCTATTGCACACAGCAATCCA, MerCreMer-R:
CCAGCATTTGTGAGAACAAGG, and Wild Type-R: CCAACTCTTGTGAGAGGAGCA.
The following protocol was used with the EPO primer set:1 cycle at 95C for 2 min, 39 cycles at
95C for 45 sec, 1 min at 60C (primer set specific annealing temperature), and 72C for 5 min. The
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following protocol was used with the Cre primer set: 1 cycle at 95C for 2 min, 39 cycles at 95C
for 30 sec, 30 sec at 60C (primer set specific annealing temperature), and 72C for 1 min.

Housing was maintained at 24C, 45% humidity and kept to a 12h light-dark cycle (Lights
on 8:00am – 8:00pm). Animals were housed in groups (2-4) with food and water provided ad
libitum. Housing and experimental procedures were approved by the Animal Care Committee at
the University of Guelph in conformity with the guidelines of the Canadian Council on Animal
Care.

3.2

Echocardiography
Echocardiographic images of 16 week EPOwt and EPOfl/fl-CM (8 weeks post TAM injection)

adult mice were obtained. Mice were anesthetized using isoflurane (2:98% isoflurane: oxygen)
and maintained at 37 degrees Celsius via a heating pad. Transthoracic 2D and motion-mode
echocardiography was obtained using the VisualSonics Vevo 770 imaging system (VisualSonics,
Toronto, ON, Canada) equipped with a RMV/07B transducer (30 MHz). Imaging was conducted
from a long axis view of the heart at the level of the papillary region. Heart rate, left ventricular
dimensions, and standard cardiac parameters were measured. Measurement were averaged from 3
separate cardiac cycles.

3.3

Invasive Hemodynamics
Invasive Hemodynamics data in 16 week EPOwt and EPOfl/fl-CM (8 weeks post TAM

injection)adult mice was collected. The right carotid artery was isolated and a 1.2 F solid-state
pressure catheter (Transonic Scisense Inc., London, ON, Canada) was inserted and advanced into
the left ventricle. Hemodynamic measurements were recorded following a 15 min acclimatization
period and cardiac function was analyzed using iWorx analytical software (LabScribe2; iWorx
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Systems Inc., Dover, NH, USA). Animals were sacrificed via cardiac excision and tissues were
harvested for either histological analysis or snap-frozen and stored at -80C for subsequent qPCR
analysis.

3.4 Langendorff
16 week EPOwt and EPOfl/fl-CM (8 weeks post TAM injection) mice were injected with
heparin (200 IU/kg) i.p. and anesthetized with isoflurane 15 minutes later. Hearts were quickly
excised and rinsed in ice-cold saline. The aorta was cannulated and hearts were perfused at 70
mmHg with oxygenated (95% O2/ 5% CO2) Krebs- Henseleit buffer (PH 7.4), containing in
mmol/L: 118 mM Nacl, 4.7 mM KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4,0.5 mM C3H3NaO3,
0.05 mM EDTA, 11 mM glucose, and 2 mM CaCl2. A balloon attached to a pressure transducer
was inserted into the left ventricle via the left atrium and inflated to an end diastolic pressure
between 5-8 mmHg.

Figure 3.1| Isolated Heart Perfusion
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Retrograde flow through an isolated heart. Perfusate (red arrows) begins at the coronary ostia,
flows through the coronary tree into the myocardium and exits through the coronary sinus and
right atria.

Figure 3.2| Langendorff ischemia/reperfusion protocol
EPOwt and EPOfl/fl-CM mice were subjected to 20 minutes of baseline/stabilization, followed by
25 minutes of ischemia (halted buffer flow) and 45 minutes of reperfusion (resumed buffer
flow).

3.5

qPCR
Changes in mRNA expression of EPO were determined using real time quantitative PCR

(qPCR). Heart was excised immediately after invasive hemodynamic procedure and isolated into
the left ventricle (LV) and right ventricle (RV). LV and RV were stored in 2 ml tubes, frozen in
liquid nitrogen and then stored in -80C for further qPCR analysis. RNA was isolated using TRIzol
(Invitrogen, Burlington, ON, Canada) with the Qiagen RNeasy kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. RNA concentrations were quantified (NanoDrop,
ND1000; Thermo Fisher Scientific, Waltham, Massachusetts, USA) prior to cDNA synthesis.
Protein contamination was assessed by measuring absorbance at 280nm. Generation of cDNA was
completed using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems by Thermo
Fisher Scientific, Waltham, Massachusetts, USA) according to the manufacturer’s instructions,
using 1000 ng of RNA per sample. qPCR was performed for detection of EPO using Platinum
SYBR Green qPCR supermix with ROX (Invitrogen, Burlington,ON, Canada) and the following
primers:
EPO:F, 5’-CATCTGCGACAGTCGAGTTCTG-3’;
EPO:R, 5’-CACACCCATCGTGACATTTTC-3’;
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Rpl4:494F21, 5’-GCCGCTGGTGGTTGAAGATAA-3’;
RPl4:623R21, 5’-CGTCGGTTTCTCATTTTGCCC-3’.
The qPCR was carried out using a 7500 Real Time PCR detection system (Applied
Biosystems, Foster City, CA, USA). The following protocol was used: 1 cycle at 50C for 2 min,
1 cycle at 95C for 5 min, then 40 cycles at 95C for 15 sec, 1 min at 60C (EPO specific primer
annealing temperature), followed by a dissociation curve to assess the specificity of the reaction.
Samples were run in duplicate 25 %L reactions. The primers for EPO were designed to span an
exon-exon junction as to eliminate the possibility of contamination with genomic DNA. Cycle
thresholds (CT) greater than 35 were regarded as non-detectable. Results were analyzed
according to the #CT method using Rpl4 the reference gene.

3.6 Hematocrit and Hemoglobin collection
Blood was collected from EPOwt and EPOfl/fl-CM 16 week adult mice (8 weeks post TAM
injection) from the saphenous vein and centrifuged in heparinized microcapillary tubes (10 min
at 5000 x g) of 16 week adult mice to determine hematocrit. Blood was also collected following
invasive hemodynamic procedure and centrifuged in 1.5 mL Eppendorf tubes (4000 rpm for 20
min at 4C), the supernatant was removed and stored in -80C for further serum analysis.

3.7 Exercise Protocol
EPOwt and EPOfl/fl-CM 16 week adult mice (8 weeks post TAM injection) were
acclimatized to the treadmill (Model Exer-3/6R; Columbus Instruments, Columbus, OH, USA)
for 2 sessions; each session consisted of 10 min of running at 15m/min at a 5º incline. Mice
rested for 48 hours following the acclimation sessions before undergoing an endurance capacity
test. The maximal running capacity test involved mice running at 12 m/min with a 20º incline;
where speed was subsequently increased by 1 m/min at 2, 5, 10, and every 10 min thereafter until
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mice remained at the back of the treadmill and are unresponsive to encouragement via prodding
3 consecutive times.

3.8

Statistical Analysis
Graphical and statistical analyses were completed using Prism6 (GraphPad, La Jolla, CA,

USA). Data presented as mean ± standard error mean, unless otherwise stated. Gaussian
distribution was tested using D’Agostino-Pearson test for normality. The invasive hemodynamic,
echocardiographic, Langendorff preparation, qPCR, exercise protocol and Hct and Hb
measurements were analyzed using an unpaired, two-tailed Mann-Whitney (nonparametric) ttest. Differences were considered significant at p<0.05. Outliers were determined by a Grubbs
outlier test (α= 0.05).
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4
4.1

Results
Breeding and generating the EPOfl/fl-CM mouse
For the following experiments, we used the transgenic alpha- myosin heavy chain-

MerCreMer (αMHC-MerCreMer) mouse, which has the transgene for a cardiac-specific-αMHC
promoter. To generate the target mice for tamoxifen injection, we bred EPO floxed (EPOfl/fl)
females with either a: MerCreMer+/- Or a MerCreMer+/+ male. After which, the progeny was
genotyped for the EPOfl/fl :MerCreMer+/- genotype (Figure 4.1). This genotype allows for the
inducible activation of Cre-recombinase activity generating a cardiomyocyte-specific deletion of
EPO in an adult mouse.

Figure 4.1| Generation of the EPOflfl-CM mouse
Generation of cardiomyocyte- specific deletion of EPO via tamoxifen sensitive male MerCreMer
expression.
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4.2

Characterization of the EPOfl/fl-CM mice
To confirm detection of EPO in the heart, we investigated cardiac expression levels in

adult transgenic animals. Surprisingly, EPOfl/fl-CM mice showed an up to 200-fold increase in left
ventricular EPO expression when compared to EPOwt mice (Figure 4.2A). In this thesis, for
simplicity, cardiac-derived EPO refers to this compensatory cardiomyocyte knockout- induced
over expression of EPO, in the heart. An increase in EPO production results in an increase in
RBC proliferation and production. However, the elevated cardiac- derived EPO production in the
EPOfl/fl-CM mice was not accompanied by an increase in hematocrit (Figure 4.2B) or hemoglobin,
(Figure 4.2C).
EPOfl/fl-CM mice were viable and fertile, with no gross differences in physical appearance
(Figure 4.3A). Further, there were no differences in body weight, heart weight, heart weight to
body weight ratio, tibial length, heart weight to tibia-length ratio or kidney weights between
EPOwt and EPOfl/fl-CM mice (Figures 4.3 B, C & D) and (Table 4.1). This data suggests that
cardiac-derived EPO does not influence gross body morphology.

4.3

Improved exercise tolerance in EPOfl/fl-CM mice
EPO is well known for its use in blood doping to improve exercise performance as it

elevates Hct and improves oxygen delivery to peripheral tissue. As our animals show an increase
in cardiac- derived EPO production, we were interested in investigating whether they exhibited
improved exercise endurance, despite no changes in Hct. Using a treadmill exercise as an
energetic stressor, we evaluated whether or not the observed increase in EPO in EPOfl/fl-CM
improves endurance exercise capacity. EPOfl/fl-CM mice ran farther during a single bout of
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exhaustive treadmill running in comparison to EPOwt (Figure 4.2D) This increase in exercise
tolerance is independent from the hematopoietic roles of EPO as EPOfl/fl-CM mice did not show an
increase in Hct or Hb.

Figure 4.2| Characterization of EPOfl/fl-CM mice
(A) Left ventricle (LV) EPO expression in adult EPOwt and EPOfl/fl-CM mice p=0.00. (B)
hematocrit in adult EPOwt and EPOfl/fl-CM mice, p=0.91. (C) Hemoglobin in adult EPOWT and
EPOfl/fl-CM mice, p=0.09. (D) Comparison of single bout exhaustive treadmill running distances
in adult EPOwt and EPOfl/fl-CM mice, p=0.016. ***p<0.05, as determined by an unpaired, twotailed t-test.
Table 4.1| A comparison of body morphometric between EPOwt and EPOfl/fl-CM mice.

Group

Age
(wks)

n

Body
weight
(BW)
(g)

Heart
weight
(HW) (g)

Tibial
Length
(TL) (cm)

EPOwt

16

11

34

0.13

1.79

4.02

7.51

0.17

EPOfl/fl-CM

16

20

33

0.13

1.79

4.00

7.34

0.18

0.70

0.41

0.93

0.96

0.42

0.13

P value

39

HW/BW HW/TL

Kidney
(g)

All mice were injected at 8 weeks of age and assessed at 8 weeks post injection (16 weeks of
age). Significance was determined at p <0.05 compared to EPO , as determined by an unpaired,
two-tailed parametric t-test.
WT

Figure 4.3| A comparison of body morphometrics between EPOwt and EPOfl/fl-CM mice.
(A) Body weight of adult EPOwt and EPOfl/fl-CM mice, p=0.70. (B) Heart weight of adult EPOwt
and EPOfl/fl-CM mice, p=0.41. (C) Normalized heart weight to body-weight ratio in adult
EPOwt and EPOfl/fl-CM mice p=0.96. (D) Normalized heart weight to tibia-length ratio in adult
EPOwt and EPOfl/fl-CM mice, p=0.42. n= 11 and n=20 for EPOwt and EPOfl/fl-CM mice, respectively.
(NS) p >0.05, not significantly different, as determined by an unpaired, two-tailed t-test.

4.4

EPOfl/fl-CM mice Exhibit Altered Cardiac Structure
To further investigate the role of cardiac-derived EPO, we evaluated cardiac structure via

echocardiography. To characterize our inducible cardiomyocyte-specific deletion of EPO model,
images were taken of the heart and relevant parameters were measured (Figure 4.4A). In our
adult knockout model, there were differences in chamber dimensions between EPOwt and
EPOfl/fl-CM mice, whereby EPOfl/fl-CM mice exhibited a decrease in both systolic and diastolic
chamber dimensions. Systolic dimensions decreased by 13% and diastolic dimensions decreased
by 6% (Table 4.2) (Figure 4.4B). Further, EPOfl/fl-CM showed an increase in posterior wall
thickness by 14% (Table 4.2) (Figure 4.4C). Taken together, echocardiographic data indicates
that EPOfl/fl-CM undergo concentric hypertrophy of the heart (Figures 4.4 A, B and C). Therefore,
the compensatory cardiomyocyte knockout- induced over expression of EPO results in changes
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in cardiac structure, whereby the chamber size decreases due to a thicker posterior wall,
suggestive of concentric hypertrophy.
Table 4.2| Comparison of echocardiographic cardiovascular parameters between EPOfl/flCM and EPOwt mice.
EPOwt

EPOfl/fl-CM

p

Echocardiographic parameters
n value
End systolic dimensions (mm)
End diastolic dimensions (mm)
Posterior wall thickness (mm)
Stroke Volume (ul/beat)
Ejection Fraction (%)
Fractional shortening (%)
Cardiac Output (ml/min)
Heart rate (bpm)

8
2.60 ± 0.07
3.90 ± 0.04
0.90 ± 0.03
43 ± 1.45
64 ± 1.85
35 ± 1.40
22 ± 0.89
542 ± 8.05

11
2.30 ± 0.07
3.70 ± 0.08
1.10 ± 0.03
41± 2.09
70 ± 1.62
39 ± 1.29
23 ± 1.11
553 ± 6.66

0.01
0.03
0.01
0.48
0.04
0.04
0.51
0.31

8
108 ± 5.72
80 ± 7.00
111 ± 2.54
9734 ± 410.69
11046 ± 313.80
-11861 ± 401.80
10 ± 3.12
535 ± 17.22

0.44
0.44
0.24
0.04
0.04
0.14
0.76
0.74

Hemodynamic parameters
n value
Systolic BP (mmHg)
Diastolic BP (mmHg)
LV pressure (mmHg)
dP/dt @ LVP40 (mmHg/s)
dP/dt (mmHg/s)
dP/dt (mmHg/s)
EDP (mmHg)
Heart rate (bpm)
max
min

7
98 ± 1.73
79 ± 2.94
106 ± 1.22
9317 ± 233.39
10098 ± 299.42
-10310 ± 410.08
7 ± 0.60
537 ± 13.25

Values are means ± SEM. n, number of animals; HR, heart rate; BP, blood pressure; dP/dtmax,
maximal rate of change of systolic pressure during systole; dP/dtmin, maximal rate of change of
diastolic pressure during diastole; LV, left ventricle; EDP, end diastolic pressure. *p <0.05
compared to EPOwt, as determined by an unpaired, two-tailed parametric t-test.
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Figure 4.4| EPOfl/fl-CM mice exhibit concentric hypertrophy and improved cardiac function
in comparison to EPOwt mice, at baseline.
(A) Representative echocardiogram of left ventricle from adult EPOwt and EPOfl/fl-CM mice. (B)
Internal left ventricular cardiac dimensions during systole (end systolic dimension, ESD) and
diastole (end diastolic dimension, EDD) of adult EPOwt and EPOfl/fl-CM mice. (C) Posterior wall
thickness adult EPOwt and EPOfl/fl-CM mice. (D) Heart rate, (E) stroke volume, (F) cardiac output,
(G) ejection fraction, and (H) fractional shortening in adult EPOwt and EPOfl/fl-CM mice, as
measured by echocardiography. n=8 and n=11 for EPOwt and EPOfl/fl-CM mice, respectively. ***,#
p<0.05, as determined by an unpaired, two-tailed t-test.

4.5

Differences in basal cardiovascular parameters indicate functional
cardiac changes in the EPOfl/fl-CM in comparison to EPOwt mice, in vivo
Supraphysiological levels of rhEPO elucidate inotropic and lusitropic effects in isolated

atrial and ventricular muscle114,116. However, whether endogenous cardiomyocyte- derived EPO
contributes to in vivo cardiac function remains unknown. To evaluate in vivo cardiac function,
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echocardiographic and invasive hemodynamic analyses were performed. There were no changes
in heart rate, stroke volume, and cardiac output between EPOfl/fl-CM and EPOwt mice (Figure
4.4D, E and F), as assessed by echocardiography. However, EPOfl/fl-CM mice showed an 8%
increase in ejection fraction and an 11% increase in fractional shortening, as assessed by
echocardiography (Figure 4.4G & H). Furthermore, EPOfl/fl-CM exhibited a significant 10%
increase in dP/dtmax, 13% dP/dtmin and 4% dP/dt @ LVP40, as assessed by invasive
hemodynamics (Figure 4.5E & F). However, there were no changes in heart rate, LVP, EDP,
blood pressure. (Figure 4.5B, C, D). The compensatory cardiomyocyte knockout- induced over
expression of EPO increases contractility and relaxation of the heart.
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Figure 4.5| Adult EPOfl/fl-CM mice exhibit an increase in cardiac contractility and relaxation
in comparison to EPOwt mice, in vivo.
(A) Representative invasive hemodynamics tracing of left ventricular pressure (top) and +/-dP/dt
(bottom) in adult EPOwt and EPOfl/fl-CM mice. (B) Heart rate (HR), (C) left ventricular pressure
(LVP), (D) End diastolic pressure, (E) +dP/dt (contractility) and -dP/dt (relaxation), and (F)
dP/dt @ LVP 40 in adult EPOwt and EPOfl/fl-CM mice. n=8 and n=7 for between EPOwt and
EPOfl/fl-CM mice, respectively. Heart rate and LVP not significantly different between EPOwt and
EPOfl/fl-CM mice with p= 0.74 and p=0.24, respectively. *** p<0.05, as determined by an
unpaired, two-tailed t-test.

4.6 EPOfl/fl-CM exhibit an increase in inotropy, lusitropy and chronotropy at
baseline, in vitro
Assessing cardiac function by invasive hemodynamics has limitations as neuro-hormonal
inputs and vascular function can influence interpretation of data. To circumvent these limitations
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and to further support the in vivo analysis, the Langendorff preparation was used. EPOfl/fl-CM
mice exhibited an increase in inotropy as the rate of the force of contraction increased by 16%
(dP/dtmax), when compared to EPO-WT mice (Figure 4.6A & G). The increase in contraction was
accompanied by a 26% increase in relaxation (dP/dtmin) (Figure 4.6A & G). EPOfl/fl-CM mice also
exhibited a higher intrinsic heart rate in comparison to EPO-WT mice (Figure 4.6B). Further,
EPOfl/fl-CM mice had a higher Left ventricular pressure (13% increase) and developed left
ventricular pressure (11% increase (Figure 4.6E & F). There were no significant differences in
EDP and paced heart rate (p=0.32 and 0.80, respectively). Ultimately, EPOfl/fl-CM mice showed
an increase in inotropy, lusitropy and chronotropy. The over-expression of left ventricular EPO
has non-hematopoietic roles on the heart which affect cardiac function.

Figure 4.6| Adult EPOfl/fl-CM mice exhibit improved cardiac function, in vitro.
(A) Representative Langendorff tracing of left ventricular pressure (top) and +/-dP/dt (bottom) in
adult EPOwt and EPOfl/fl-CM mice. (B) Intrinsic (unpaced) HR, (C) Paced HR, (D) End diastolic
pressure (EDP), (E) left ventricular pressure (LVP) (F) developed pressure (ESP-EDP) and (G)
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+dP/dt (contractility) and -dP/dt (relaxation) in adult EPOwt and EPOfl/fl-CM mice. n= 11 and n= 8
for EPOWT and EPOfl/fl-CM, respectively. *** p<0.05, as determined by an unpaired, two-tailed ttest. EDP not significant at p= 0.32 and paced heart rate not significant at p=0.8.

4.7

EPOfl/fl-CM mice exhibited improved recovery post ischemia
rhEPO modulates cytoprotective effects in acute myocardial infarct and

ischemia/reperfusion models in the heart. However, whether endogenous EPO is also capable of
exerting cytoprotective effects remains unknown. To investigate the protective effects of
endogenous EPO, we subjected adult EPOfl/fl-CM mice to a 25-minute ischemic protocol, in a
Langendorff setup, followed by a 45-minute reperfusion period (Figure 4.7A & D). EPOfl/fl-CM
mice showed robust recovery post ischemia in comparison to EPOWT. EPOfl/fl-CM mice recovered
71% of their developed pressure, 76% of myocardial contractility and 61% of myocardial
relaxation at baseline (Figure 4.7C, E & F). This is a significant increase from EPOWT mice,
which recovered only 27% of developed pressure, 28% of myocardial contractility and 24% of
myocardial relaxation at baseline (Figure 4.7C, E & F). Furthermore, during the ischemic
protocol, EPOfl/fl-CM and EPOWT mice exhibited a different ischemic profile. EPOfl/fl-CM mice
resist the increase in EDP for a longer period of time, shifting the curve to the right, in
comparison to EPOWT mice (Figure 4.7B). This in vitro observation supports the idea that
cardiac protective effects of EPO are independent of hematopoiesis. Our results show that
endogenous EPO modulates cytoprotection in our ischemia/reperfusion model.
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Figure 4.7| Adult EPOfl/fl-CM mice are protected from ischemia/reperfusion injury, in vitro.
(A) Representative Langendorff tracing of left ventricular pressure during baseline, ischemia and
reperfusion in adult EPOwt and EPOfl/fl-CM mice. (B) End diastolic pressure change during a
25-minute ischemia protocol adult EPOWT and EPOfl/fl-CM mice. (C) Left ventricular pressure
recovery expressed as a percent (LVP post-ischemia - LVP at baseline x100). (D)
Representative Langendorff tracing of left ventricular contractility and relaxation during
baseline,ischemia and reperfusion in adult EPOwt and EPOfl/fl-CM mice. (E) Left ventricular
contractility recovery expressed as a percent (+dP/dt post-ischemia - +dP/dt at baseline
x100) in adult EPOwt and EPOfl/fl-CM mice. (F) Left ventricular relaxation recovery expressed
as a percent (-dP/dt post-ischemia - (-dP/dt at baseline x100)) in adult EPOWT and EPOfl/fl-CM
mice. n= 8 and n= 8 for EPOWT and EPOfl/fl-CM, respectively. *** p<0.05, as determined
by an unpaired, two-tailed t-test.
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5 Discussion
Here we investigated the loss of cardiomyocyte EPO production on cardiac structure and
function. Paradoxically and contrary to our hypothesis, knockout of cardiomyocyte EPO leads to
the reciprocal over-expression of EPO, as opposed to a reduction, in the heart. Locally, these
hearts showed an increase in contractility, relaxation and resistance to ischemia-reperfusion
injury along with concentric hypertrophy. Systemically, there were no increases in Hct or
hemoglobin, as measured by saphenous vein blood collection. Whether these changes are solely
a result of the over-expression or, at least in part, the loss of cardiomyocyte expression cannot be
conclusively determined at this point. The loss of cardiomyocyte EPO production drives EPO
production in the heart. This upregulation of EPO upon its deletion in the cardiomyocyte
certainly proves that the cardiomyocyte is a source of EPO in the heart. We propose that an
alternative cell in the heart is responsible for this over compensation. The mechanism behind this
phenomenon remains to be elucidated and is the primary focus of our future studies. These
findings shift our hemo-centric view of EPO and establish EPO as a potent myokine capable of
modulating cardiac function and altering cardiac structure. This opens up future avenues for the
use of EPO as a therapeutic agent for heart failure.
Normally, the deletion of any gene in any tissue in any species leads to the decrease in its
expression, which makes it easier to investigate cause and effect. Here we report an overall upregulation of EPO in the left ventricle upon its deletion in the cardiomyocyte. This is not
typically seen in tissue-specific knockout models, making it more difficult to conclude the role of
cardiomyocyte-derived EPO. The most likely explanation for this is that there is over-production
of EPO from a non-cardiomyocyte cell in the heart. This suggests that EPO is critical for cardiac
function whereby cardiomyocyte-specific deletion triggers a defense mechanism by one or a
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combination of the remaining cells in the heart. The cell-source of EPO in the heart is yet to be
identified. While cardiomyocytes occupy 70-85% of the heart by volume, there are other cells in
the heart such as fibroblasts, endothelial cells, vascular smooth muscle cells, cardiac stem cells,
monocytes and macrophages that could be responsible for this over-compensation. Future studies
should be aimed at identifying the cell type(s) responsible for the production of cardiac EPO.
Following an increase in EPO expression, hematocrit levels subsequently increase. As
this was not the case in our model, a likely explanation is that cardiac-derived EPO acts in a
paracrine fashion, affecting only cardiac function and structure. Perhaps the increase in EPO
expression in the heart is offset by a decrease in expression in the kidney, leading to no change in
the overall serum concentration of EPO and as a result, no change in Hct or Hb. It is also
plausible that kidney expression of EPO is unchanged, in which case cardiac-derived EPO acts
locally and does not affect systemic serum levels of EPO. An EPO ELISA is required to
determine serum levels of EPO and a closer look at EPO mRNA expression in the kidney would
better clarify the paracrine or endocrine mode of action of cardiac-derived EPO. However, the
dramatic increase in EPO expression in the LV and the lack of a hematopoietic response that
followed, suggest that cardiac-derived EPO does not act systemically.
rhEPO has inotropic effects on cardiac function in vitro. However, interpretation of this
data is limited as these studies rely on supraphysiological doses of rhEPO, which is artificially
and differentially glycosylated. It is unknown whether the supraphysiological dosing of rhEPO
results in non-specific receptor binding (i.e., non-EPOR), which leads to non-erythropoietic and
non-endogenous roles of EPO. Differential glycosylation between rhEPO and endogenous EPO
results in differences in their biochemical properties (i.e., isoelectric point203). Due to the nature
of exogenous rhEPO, the role of EPO in cardiac function remains to be fully understood. In our
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experiments, we aimed to investigate the role of endogenous EPO on cardiac function, both in
vivo and in vitro. The loss of cardiomyocyte-EPO synthesis resulted in a reciprocal increase in
left ventricular EPO expression, which increased cardiac inotropy and lusitropy. Using a variety
of techniques, we indubitably show that an increase in the expression of EPO in the heart leads to
improved systolic and diastolic function. Notably, this improvement in cardiac function occurs
independently from any detrimental increases in overall serum Hct. Taken together, these data
provide evidence for the presence of a non-hematopoietic role for cardiac-derived EPO.

Administration of rhEPO in patients and animals with chronic renal failure (CRF) is often
accompanied by a rise in arterial blood pressure- hypertension. Importantly, this rise in arterial
blood pressure is exclusively seen in cases of CRF and not in other cases of anemia. EPOinduced hypertension is a consequence of chronic rhEPO therapy, occurring within a few
weeks204,205,206 after rhEPO therapy and as soon as 1 week in CRF rat207. Hypertension is
generally accompanied by a rise in Hct and erythrocyte mass195,196,197. Initially, it was thought
that the increase in Hct and erythrocyte mass is the cause of hypertension seen in rhEPO therapy.
Contrary to prevailing theory, animal and clinical studies have proven that EPO-induced
hypertension is independent of elevations in Hct. Hypertension is a common cause of left
ventricular hypertrophy. Therefore, patients with CRF who opt for rhEPO therapy are at an
increased risk of cardiac hypertrophy. Clinically, there are distinct characteristics identifying
pathological hypertrophy from physiological hypertrophy. Pathological hypertrophy is marked
by gradual impairment of cardiac function and an increase in the expression of fetal genes (ie.,
ANP and BNP) and is caused by pressure overload (i.e., hypertension), volume overload (i.e.,
valvular disease) or cardiomyopathy. Physiological hypertrophy is marked by normal or
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improved cardiac function and is caused by chronic physical activity. GATA-4 expression is
upregulated during myocardial hypertrophy208. Under normal conditions, EPO is implicated in
the development of cardiac hypertrophy by increasing the GATA-4 protein level and stimulating
GATA-4 phosphorylation, acetylation and stabilization via ERK signaling pathway in primary
rat cardiomyocytes209. While the role of rhEPO in cardiac disease has been investigated, the
effects of endogenous EPO in a healthy state in vivo have not been investigated. Here we show a
novel EPO function under normoxic conditions, whereby cardiac-derived EPO causes concentric
hypertrophy with improved systolic and diastolic function, in vivo and in vitro (Figure 4.3B & C,
Figure 4.4G and 4.5E). Our knock-out mice exhibit cardiac hypertrophy without any increases in
arterial blood pressure. This is also seen in transgenic mice overexpressing MEK1, whereby they
exhibit a drastic increase in cardiac function and concentric hypertrophy without signs of
cardiomyopathy210. Cardiac-derived EPO acts locally to alter cardiac structure and function
without the detrimental effects of hypertension and blood clot formation.

Echocardiographic data shows smaller chamber sizes and an increase in posterior wall
thickness, which is indicative of concentric hypertrophy. Morphologically, EPOflfl-CM mice show
no changes in heart weight, heart weight to body weight or heart weight to tibia length
normalizations. The absence of these changes confirms that there is no gross hypertrophy in the
EPOflfl-CM hearts when compared to EPO-WT hearts. While these findings appear to contradictory,
one explanations for these observations may be that EPOflfl-CM hearts have remodeled in a way
that shortened and widened the cardiomyocytes. A closer look at ventricular cross sectional area
(CSA) using histology would better clarify how EPOflfl-CM mice exhibit hypertrophy without an
increase in heart weight. Perhaps EPOflfl-CM mice show an increase in cardiomyocyte CSA with a
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reduction in the overall number of cardiomyocytes in the left ventricle of EPOflfl-CM mice in
comparison to EPO-WT mice. It is difficult to conclude whether the hypertrophy observed in our
knock-out model is pathophysiological in nature, however, improved cardiac function (using
various techniques) and no significant difference in fetal genes such as BNP (data not shown)
suggests otherwise.

Numerous preclinical and clinical studies have investigated the effects of rhEPO on
reducing infarct size and improving cardiac recovery following a myocardial infarction. While
the results pre-clinically are conclusive in that rhEPO is cardioprotective, clinically it is
inconclusive. rhEPO therapy causes adverse effects such as hypertension and thrombosis, which
are detrimental side effects for cardiac patients. These negative effects impede rhEPO therapy
from moving forward as a therapy for heart failure. Thus, shifting the research focus towards
uncoupling the hematopoietic roles of EPO from its cytoprotective capabilities. The role of
endogenous cardiac EPO on cardioprotection is unknown. In our investigation, we aimed to
activate an endogenous signalling pathway that will bypass the adverse effects of
supraphysiological dosing of differentially glycosylated rhEPO. Here, we unravel the role of
cardiac-derived EPO by subjecting our knock-out mice to ischemia-reperfusion injury. From this
study, we conclude that endogenous EPO plays an essential role in cardioprotection, whereby
EPOfl/fl-CM mice were robustly protected from ischemia-reperfusion injury. Importantly, our
research shows that EPO acts directly on the heart muscle, independent of any neuro-hormonal
inputs and blood factors. Taking the structural and functional changes with the improved
recovery after inducing a stress indicates that the adaptations to the increase in cardiac EPO
expression are protective and not pathological in nature.
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During ischemia, there was a difference in the time to elevation of EDP between EPOfl/flCM

and EPOWT mice. EDP in EPOWT mice began to rise at an earlier time-point during ischemia

in comparison to EPOfl/fl-CM mice, which maintained a low EDP until 20 minutes of ischemia
(Figure 4.7B). We propose that the biochemical processes occurring during ischemia (ie., ATP
turnour, Intracellular Ca2+ accumulation, creatine kinase release, tissue acidosis and generation
of oxidative stress) are differentially regulated between EPOfl/fl-CM and EPOWT mice. Prolonging
ischemic time results in an increase in creatine kinase release during reperfusion, which is related
to a decrease in recovery during reperfusion211. Ischemic contracture is a result of the presence
of Ca2+ and the lack of ATP within a cell212. Consequently, leading to non-cycling actin-myosin
cross-bridges, which causes a distinct rise in left ventricular end diastolic pressure (LVEDP)203.
As a result, cardiomyocytes become more susceptible to mechanical damage203. We suspect
that EPOfl/fl-CM mice will have less creatine kinase release and Ca2+ accumulation in comparison
to EPOWT mice. We also expect the depletion of ATP to occur at a slower rate with a decrease in
reactive oxygen species production in EPOfl/fl-CM mice. Perhaps cardiac-EPO is capable of
modulating cellular events rendering EPOfl/fl-CM mice more resistant to ischemic damage, further
studies investigating the cellular changes are required to clarify the mechanism of
cardioprotection in our model.
In our model, the deletion of cardiomyocyte-derived EPO led to the unexpected overexpression of the target gene. Therefore, we cannot conclude that basal expression levels of
cardiac-derived EPO are required for basal cardiac contractility and relaxation. Identifying the
source(s) of EPO in the heart is of primary importance. Once the cell(s) have been identified, the
generation of a transgenic mouse in which EPO is deleted from the EPO producing cell(s) will
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better highlight the role of EPO in basal cardiac function. From this data, it is unequivocal that
an increase in endogenous cardiac-produced EPO expression has direct effects on cardiac
function. While this proves that the heart is a source of EPO and can modulate cardiac function,
it remains unknown if EPO, at unaltered expression, modulates cardiac function. Although
cardiac EPO has clear non-erythropoietic roles, we do not have conclusive data to exclude
possible erythropoietic roles as well. EPO expression in the kidney and an EPO serum ELIZA
would provide more support for our suggested paracrine mode of action for cardiac EPO.

The use of an ischemia-reperfusion model is clinically relevant as it more closely mimics
the patient population admitted to the hospital after a heart attack. Although the Langendorff
isolated heart model does not allow for the consideration of systemic events affecting ischemiareperfusion, it is an excellent model for the examination of the intrinsic function of the heart.
While EPOfl/fl-CM mice exhibit clear cardioprotection in vitro, the role that cardiac EPO plays in a
whole body disease such as heart failure requires further ischemia-reperfusion in vivo studies,
before the role of EPO in disease can be established. The conclusions made in this study are
exclusive to the male population as only male mice were tested. EPO mRNA and protein are
produced in an estrogen-dependent manner in the uterus, in vitro101. These findings cannot be
extrapolated to the female population due to differences in the role of estrogen on EPO
synthesis. The interplay between estrogen, the cardiovascular system and EPO could
differentially influence our results in the female population. Typically, females are diagnosed
with diastolic dysfunction and males with systolic dysfunction, which should further affect heart
failure therapy. With the aim of developing the use of EPO as a therapeutic agent, such sex
differences should be taken into consideration and call for studies to include a female cohort.

54

Heart failure develops when the heart is unable to meet the metabolic demands of the
body. In Canada, heart disease is the second leading cause of death, after cancer, and a leading
cause of hospitalization. The prevalence of a costly and debilitating disease calls for continued
advancements in therapeutics. In this study, we show EPO as the sleeping giant of the heart,
whereby when awoken, it confers dramatic cardioprotection as well as inotropic, lusitropic and
hypertrophic effects. Importantly, we show that endogenous cardiac- derived EPO is capable of
improving cardiac function without the detrimental increase in Hct. This separation of the
hematopoietic and non-hematopoietic roles of EPO could be manipulated in therapeutics to
bypass some of the issues contributing to the failure of rhEPO therapy in heart disease. We
propose that this failure was, in part, due to the lack of knowledge on the role of endogenous
EPO in the heart. This study improves the fundamental understanding of how EPO, as a novel
myokine, is capable of altering cardiac function and structure. Exploiting EPO’s cardioprotective
and inotropic effects in the development of novel therapies will improve patient outcomes by
informing prevention, detection and treatment strategies.
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