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Abstract 

Objective:  A constant provision of adenosine triphosphate (ATP) is of necessity for 

cardiac contraction.  If the heart progresses towards failure following a myocardial 

infarction (MI) it may undergo metabolic alterations that have the potential to 

compromise its ability to meet energetic demands.  The main focus of this dissertation 

was to evaluate the efficacy of mesenchymal stem cell (MSC) transplantation to mitigate 

abnormalities in energy metabolism that contribute to ATP synthesis post-MI in the 

presence and absence of diet-induced insulin resistance.  

 

Methods:  C57BL/6 mice were chow or high-fat fed prior to induction of a MI via 

chronic ligation of the left anterior descending coronary artery.   Post-ligation, MSCs 

were transplanted via intramyocardial injection.  Serial echocardiography was performed 

prior to and up to 28 days post-MI to evaluate cardiac systolic function.  

Hyperinsulinemic-euglycemic clamps coupled with the administration of isotopic tracers 

were employed post-MI to assess systemic insulin sensitivity and insulin-mediated, 

tissue-specific substrate uptake in the conscious, unrestrained mouse.  High-resolution 

respirometry was utilized to evaluate cardiac mitochondrial function in saponin-

permeabilized cardiac fibers.  Western blotting was completed to assist in identifying 

molecular mechanisms through which the MSC therapy may modulate cardiac and 

systemic metabolic phenotypes.      

 

Results:  The improved systolic performance in MSC-treated mice was associated with a 

lessening of non-pathological in vivo insulin-stimulated cardiac glucose uptake.  The 



 iii 

changes in glucose uptake may have been via the MSC-mediated alterations in fatty acid 

availability/utilization.  MSC therapy preserved fatty acid uptake in the absence of diet-

induced insulin resistance.  Conversely, the cell-based treatment reduced circulating non-

esterified fatty acid concentration in high-fat fed mice.  Additionally, potential 

impairments in insulin signalling may have been minimized as indicated by conservation 

of the p-Akt/Akt ratio.  Down-stream of glucose uptake, the administration of MSCs 

conferred protective effects to mitochondrial oxidative phosphorylation efficiency, 

maximal function and mitochondrial content. 

 

Conclusions:  The experiments conducted in this dissertation provide insight into the 

utility of MSC transplantation as a metabolic therapy for the metabolic perturbations that 

characterize insulin resistance in the infarcted heart.  Also, these studies propose potential 

mechanisms of action that lead to an enhanced energetic and functional state in the 

infarcted heart following MSC transplantation.              
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CHAPTER ONE: INTRODUCTION 

 

1.1 Background 

 A myocardial infarction (MI) represents cardiac tissue necrosis resulting from 

prolonged and/or extensive ischemia.  In Canada, approximately 70, 000 MI events occur 

each year and 19, 000 individuals die from this condition (87).  More than half of the 30-

day mortality happens prior to arrival at the hospital (87).  For those that do receive 

hospital treatment, immediate management performed by healthcare practitioners have 

reduced the number of individuals who succumb to the MI event itself by one-third 

between 1994 and 2004, however, the manifestation of heart failure is still a concern (60, 

87).  The regional loss of functioning cardiac myocytes compromises the ability of the 

heart to pump blood to peripheral sites and may initiate adaptive mechanisms in an 

attempt to preserve cardiac function (322).  The mechanisms include changes in the 

genomic, proteomic and cellular characteristics of the myocardium that often present as 

altered cardiac shape, size and function (322).  Although these alterations appear to be 

initially adaptive, the chronic activation of compensatory mechanisms may become 

maladaptive exhibiting a progressive impairment in the capacity of the ventricle to fill 

with or eject blood; otherwise known as heart failure (82).  Of particular interest to this 

thesis is the perturbed cardiac substrate and mitochondrial metabolism post-MI that limits 

efficient ATP synthesis for contraction and potentially exacerbates remodelling 

progression (5, 146, 230, 328, 342). 

 Additional concern is for the nearly 2.4 million Canadians that have been 

diagnosed diabetes mellitus as of 2009 and the new documented cases occurring each 
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year occur at an incidence rate of approximately 6 out of 1000 individuals (246).  

Diabetes mellitus is a group of metabolic diseases characterized by hyperglycemia 

organized into two forms (1).  The first classification, termed type 1 diabetes, accounts 

for approximately 5-10% of all individuals with diabetes mellitus (1).  Type 1 diabetes 

occurs when cell-mediated autoimmune destruction of pancreatic β-cells results in an 

insulin deficiency requiring hormone replacement therapy (1).  Type 2 diabetes is the 

predominant form (90-95%) characterized by a combination of insulin resistance and β-

cell insulin secretion deficiency (1).  In relation to the heart, diabetes mellitus has been 

implicated as a powerful predictor of experiencing an MI event (234, 292) and 

substantially elevates the prevalence of heart failure in post-MI survivors (76). 

 Recognizing the positive relationship between infarct size and likelihood of 

developing heart failure, researchers in regenerative medicine have become excited by 

the possibly of replacing lost tissue via administration of exogenous cells (216).  

Experimental study has identified cell-based therapies to reduce infarct size and improve 

systolic function (114).  However, cell transplantation has been less than adequate at 

replacing the lost cells; which may be due to poor cell viability in the infarcted heart 

(118, 269).   This inadequate cell survival is the result, in part, of being transplanted into 

a host environment with compromised oxygen and substrate supply (118, 269).  Rather 

than replenishing the necrotic tissue, growing reports suggest the exogenous cells secrete 

soluble factors and elicit beneficial functional outcomes via paracrine-mediated 

mechanisms (114).  The possibility that the factors released preserve non-pathological 

cardiac energetics as a means of reducing cardiac dysfunction remains largely under-

investigated and unclear. 
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1.2 Objectives 

Based on the observations that cardiac energy metabolism and provision is altered 

in the infarcted heart and cell viability is compromised by a potential lack of substrate 

supply upon transplantation, the general objective is to identify whether energy 

metabolism is both influenced by and influences cell transplantation following a MI.  

Specifically, employing in vivo and in vitro experimental models this dissertation aims to: 

1. Characterize the effects of mesenchymal stem cell (MSC) transplantation on 

cardiac insulin-stimulated substrate uptake following a MI in the presence and 

absence of diet-induced insulin resistance. 

2. Describe the influence of MSC transplantation on cardiac mitochondrial oxidative 

phosphorylation (OXPHOS) function in the presence and absence of diet-induced 

insulin resistance post-MI. 

3. Evaluate the molecular mediators through which MSC transplantation may effect 

cardiac substrate utilization and mitochondrial physiology. 

4. Identify mitochondrial OXPHOS characteristics that may assist MSCs maintain 

viability upon transplantation into the infarcted heart.  

 

1.3 Hypotheses 

1. The post-MI heart would be characterized by a reduction in abnormal insulin-

stimulated glucose uptake following MSC transplantation.  Also, the 

minimization of pathological glucose utilization would be associated with 
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preservation of components involved in insulin signalling and/or normalization of 

the competitive influence of fatty acid utilization. 

2. Mitochondrial efficiency, maximal OXPHOS capacity and density in the infarcted 

heart would be rescued by the MSC administration.  This mitoprotection would be 

associated with preservation of transcription factor coactivator, peroxisome 

proliferator-activated receptor gamma coactivator-1alpha, and the mitochondrial 

regulatory targets of this effector. 

3. The added insult to insulin signalling and/or elevated fatty acid utilization induced 

by diet-induced insulin resistance would compromise the therapeutic effect of 

MSC therapy on cardiac, insulin-stimulated glucose and mitochondrial 

metabolism following a MI. 

4. A cell type that exhibits mitochondrial OXPHOS flexibility would be associated 

with improved survival when substrate availability is limited. 

 

1.4 Presentation 

 The remaining chapters of this dissertation are arranged in the following manner: 

Chapter two is a literature review.  Chapter three through six are manuscripts that have 

been accepted for publication.  Each of these chapters contains a brief introduction, 

methodology details, experimental results and a focused discussion.  Chapter 3 is a 

manuscript characterizing the metabolic influence of MSCs on the infarcted heart 

exhibiting modest systolic dysfunction induced by ligating the left anterior descending 

coronary artery (LAD) relatively low (towards the apex of the heart).  Chapter four is a 

manuscript that describes energy metabolism in the infarcted heart with severe systolic 
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dysfunction (induced through an LAD ligation closer to the atria) and receiving MSC 

therapy.  Chapter five is a manuscript discussing the efficacy of MSC transplantation to 

minimize metabolic abnormalities in the infarcted heart in the presence of diet-induced 

insulin resistance.  Chapter six is a study that shifts focus slightly and evaluates 

mitochondrial characteristics of MSCs that may enhance the viability of these exogenous 

cells upon transplantation into the infarcted heart.  Chapter seven provides 

strengths/limitations, general conclusions and proposes future experimental endeavours 

based on the findings of the preceding four chapters. 
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CHAPTER TWO: LITERATURE REVIEW 

 

2.1 Overview of cardiac substrate metabolism for energy provision 

The heart is continually contracting to ensure proper blood pressure and 

provision.  It has been estimated that 60–70% of adenosine triphosphate (ATP) utilized 

fuels cardiac contraction and 30–40% of ATP hydrolysis sustains sarcoplasmic reticulum 

Ca2+-ATPase and the function of other ion pumps (315, 317).  Furthermore, cardiac ATP 

content (~5 µmol/g wet wt) is low and rapid ATP hydrolysis (~0.5 µmol/g wet wt/s at 

rest) creates a situation whereby the ATP storage in the heart undergoes complete 

turnover within about 10 seconds (152, 315).  To satisfy the constant requirement for 

ATP, the heart exhibits incredible metabolic flexibility, displayed by the ability to utilize 

a variety of substrates including fatty acids and glucose in response to alterations in 

physiological factors such as oxygen, substrates and hormones.  Under normoxic, non-

pathological conditions the heart predominantly utilizes fatty acids (60-90%) and glucose 

(10-40%) (152).  Furthermore, the majority of this ATP is synthesized by mitochondrial 

oxidative phosphorylation (OXPHOS) (195, 315).     

 

2.2 Cardiac glucose uptake 

 Glucose uptake is a multi-factorial process whereby glucose moves from the 

circulatory system to the intracellular space where it is trapped (Figure 2.1) (352).   To be 

metabolized, arterial blood glucose transfers to the interstitium to the intracellular space 

and finally becomes phosphorylated to glucose 6-phosphate (G6P).  The ability of 

glucose to travel from blood in the circulatory system to the interstitium is largely 
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controlled by blood glucose concentration, blood flow to the tissue, the recruitment of 

capillaries, and the permeability of the endothelium to glucose.  Membrane glucose 

transporter (GLUT) content and translocation determine the movement of glucose into 

the cell.  The ability to phosphorylate glucose is contributed to by hexokinase (HK) 

number, intracellular compartmentalization, and concentrations of intracellular HK 

inhibitors.  Other intracellular factors may influence glucose uptake, however, regulators 

downstream of glucose uptake likely influence these three steps (352).  This dissertation 

conceptualizes glucose uptake into these steps and is interested in the regulatory 

influence of insulin stimulation, a myocardial infarction (MI) and substrate availability on 

the membrane and intracellular stages of glucose utilization. 

 

Figure 2.1 Schematic of glucose uptake 

 

Adapted from Wasserman et al. (352) 

 

2.3 Insulin-stimulated glucose uptake 

2.3.1 Insulin-stimulated glucose transport 

An extensively investigated area of glucose uptake is glucose transport.  In 1948, 

LeFerve was investigating the uptake of glucose into human red blood cells (180).  
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LeFerve was the first to hypothesize that there must be a component in the lipid bilayer of 

a cell that is required for the transport of glucose to the intracellular space (333).  The 

identification that a protein component in the membrane of erythrocytes is responsible for 

glucose transport was not accomplished until the 1970s (18, 160).  In 1985, Mueckler et 

al. (221) identified the first glucose transporter (GLUT1) using human HepG2 hepatoma 

cells.  Since the identification of GLUT1, a total of fourteen glucose transporters 

(GLUT1-14) have been discovered (333).   

The extensive number of GLUT isoforms has spurred many clinical and 

experimental studies to evaluate their regulation at the transcriptional, translational and 

post-translational levels.  Of particular interest is GLUT4, which is currently accepted as 

the predominant transporter of insulin-stimulated glucose uptake.  Experimental data 

indicates the GLUT4 is the most abundant glucose transporter in the adult heart.  In the 

C57BL/6J mouse, GLUT4 expression in the left ventricle was approximately 10-fold 

greater than the next highest glucose transporter (GLUT1) (6). The identification and 

characterization of the GLUT4 gene and associated regulatory regions has allowed for 

thorough investigation of GLUT4 transcription (159).  Several transcription factors and 

co-activators have been found to promote or repress GLUT4 expression (159).  However, 

peroxisome proliferator-activated receptor gamma coactivator-1alpha (PGC-1α) is 

appealing given its role in not only stimulating GLUT4 transcription but also 

mitochondrial protein expression (159).  PGC-1α has been characterized as a co-

activator: a protein that elevates the transcription rate via interaction with transcription 

factors, however, it does not directly bind to the gene regulatory region itself (159).  

Michael et al. (214) documented the role of PGC-1α in the expression of GLUT4 by 
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overexpressing PGC-1α in L6 myotubes.  L6 myotubes generally display poor expression 

of PGC-1α and GLUT4 compared to in vivo muscle (214).  However, the ectopic 

expression of PGC-1α enhanced GLUT4 messenger ribonucleic acid (mRNA) and 

protein (214).  Additionally, the authors report PGC-1α likely interacts with the 

transcription factor myocyte enhancer factor 2C (MEF2C), a transcription factor required 

for full promoter activity (214).  Phenotypically, the PGC-1α overexpression enhanced 

basal and insulin-stimulated glucose uptake due to larger total and membrane bound 

pools of GLUT4 (214).     

At the post-translational level, the absence of insulin action elicits less than 1% of 

total myocyte GLUT4 content to be localized to the cell membrane (309).  The remaining 

GLUT4 reside largely within GLUT4 storage vesicles (GSVs) found in the cytosol that 

do not cycle to the cell membrane in the absence of a stimulatory signal (187).  In 

contrast, in the presence of insulin, experimental models have identified the fraction of 

cellular GLUT4 present at the sarcolemma to be approximately 40% (309).  The 

regulation of GLUT4-mediated glucose uptake occurs due to intrinsic GLUT4 activity as 

well as GLUT4 endocytosis and exocytosis (187).  Insulin appears to mediate glucose 

uptake primarily through GSV exocytosis and thus GLUT4 translocation to the plasma 

membrane (187).  Several signalling cascades have been reported to influence GLUT4 

exocytosis, however, in muscle, the phosphatidylinositol 3-kinase (PI3K)-dependent 

signalling pathway is one of the most comprehensively studied means of insulin action 

(Figure 2.2).  A main hub of PI3K signalling that connects insulin binding at the plasma 

membrane to downstream regulators of GLUT4 translocation is protein kinase B (Akt) 
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(187).  In fact, knockdown and knockout studies employing Chinese hamster ovarian 

cells and 3T3-L1 adipocytes have identified Akt is required for insulin-mediated glucose 

uptake (161).  Additionally, constitutively active Akt can almost match the effect of 

insulin in 3T3-L1 adipocytes (171, 232).  Akt describes a family of three 

serine/threonine-specific protein kinases that play a role in cell growth, metabolism and 

survival (126).  The Akt2 isoform of the Akt family is the primary mediator of insulin-

stimulated GLUT4 translocation following phosphorylation of Thr308 and/or Ser473 

residues (126).     

 

Figure 2.2 Schematic of insulin-mediated GLUT4 exocytosis 
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Figure 2.2: Insulin signalling is stimulated following binding of insulin (I) with the 

insulin receptor (IR) at the plasma membrane (PM) (187). This promotes IR tyrosine 

kinase activity that phosphorylates the insulin receptor substrate (IRS) proteins (187).  

Following phosphorylation, IRS proteins recruit and activate phosphatidylinositol 3-

kinase (PI3K) (187). PI3K catalyses the reaction of phosphatidylinositol (4,5)P2 (PIP2) 

to phosphatidylinositol (3,4,5)P3 (PIP3) on the cytosolic surface of the PM (187).  PIP3 

functions as a docking area for Akt, which upon binding precipitates a conformational 

change in Akt (187).  This structure change allows for phosphorylation at Thr308 by 3-

phosphoinositide dependent protein kinase-1 (PDK1) (187).  A second site, Ser473, is 

phosphorylated by the complex of mammalian target of rapamycin complex 2 (mTORC2) 

(187).  Once phosphorylated, Akt mediates GLUT4 exocytosis (187).  

 

 Transgenic animal models support glucose transport as an important component 

of glucose uptake.  Fam et al. (81) employed hyperinsulinemic-euglycemic clamps 

coupled to the administration of an isotopic glucose tracer to evaluate tissue-specific 

uptake in muscle-specific GLUT4 knockout mice on a C57BL/6J background.  The 

authors reported that insulin-stimulated glucose uptake in the heart was depressed (81).  

Also, overexpression of GLUT4, at various levels, in transgenic mice increases insulin-

mediated glucose disposal (206, 263, 338).  However, the fold increase in whole body 

glucose utilization was always lower than that of GLUT4 protein expression (351).  

Given this, regulation of glucose uptake under insulin-stimulated conditions is likely 

significantly influenced by other physiological mechanisms such as blood flow and 

glucose phosphorylation. 
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2.3.2 Insulin-stimulated glucose phosphorylation 

 The phosphorylation of glucose to G6P is the final reaction in the glucose uptake 

pathway that is catalyzed by HK in muscle (94).  This phosphorylation step renders the 

incoming glucose polar, preventing it from escaping the intracellular space through the 

glucose transporters and thus trapping it in the cell for subsequent metabolic destinations 

(312).  The HK family consists of four isoforms with HKII, and to a lesser extent HKI, 

being predominant in the heart (312, 357, 358).  Under basal conditions, a greater 

proportion of HKII resides in the cytosol and while a larger percentage of HKI is bound 

to the mitochondrial outer membrane (313).   However, HKII action appears to be 

particularly responsive to insulin.  Upon insulin stimulation, HKII translocation to the 

outer mitochondrial membrane exceeds that of HKI (313).  Similar to GLUT4 

translocation, insulin promotes this HK movement to the outer mitochondrial membrane 

through Akt activation (312).  In HeLa cells, Pastorino et al. (241) report that inhibition 

of Akt induced dissociation between HKII and the outer mitochondrial membrane.  While 

Akt activation is upstream of HK translocation, the direct target of Akt remains unknown 

(203).  Growing experimental reports suggest that insulin-stimulated glucose uptake may 

be limited by glucose phosphorylation to a greater extent than glucose transport.  In 1961, 

Morgan and colleagues (219) employed a perfused, rat heart model to identify that 

glucose phosphorylation is rate-limiting under insulin-stimulated conditions.  More 

recently, transgenic mouse models have allowed for the manipulation of genes involved 

in glucose transport and phosphorylation individually or in conjunction to determine the 

in vivo regulatory influence of these steps in muscle glucose uptake under insulin 

stimulated conditions.  Fueger et al. (95) performed hyperinsulinemic-euglycemic clamps 
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coupled to the administration of an isotopic glucose tracer to evaluate muscle glucose 

uptake in the conscious, unrestrained mouse.  The study employed four groups: a wild 

type (WT) C57BL/6J mouse, a partial (50%) GLUT4 deletion in skeletal muscle group 

(GLUT4+/-), an HKII skeletal muscle overexpression group (HKTg) and a GLUT4+/-, 

HKTg group (95).  The WT, GLUT4+/- and GLUT4+/-, HKTg groups displayed comparable 

insulin-stimulated muscle glucose uptake (95).  The HKTg mice exhibited an elevated 

glucose uptake in the soleus, gastrocnemius and superficial vastus lateralis (95).  The data 

suggests that glucose transport does not impede muscle glucose uptake with as much as a 

50% reduction in GLUT4 under insulin-stimulated conditions (95).  The limitation of 

glucose phosphorylation on glucose uptake is overcome by overexpression of HKII (95).  

Also, only when the barrier of glucose phosphorylation is reduced due to HKII 

overexpression, glucose transport becomes rate limiting (95).  A follow-up study 

identified that a 50% reduction in HKII accrued a reduction in insulin-mediated cardiac 

glucose uptake in vivo (96).  Together these results indicate that HKII content and 

subsequently glucose phosphorylation poses an important rate-limiting step in the 

regulation of glucose uptake in response to insulin (94, 95). 

 

2.4 Influence of fatty acid availability on glucose uptake 

In 1963, Randle et al. (258) proposed the “glucose-fatty acid cycle” (later termed 

the Randle Cycle) to describe the reciprocal competition between glucose and non-

esterified fatty acids for substrate oxidation in the mitochondria.  More specifically, in the 

isolated, perfused heart, Randle and colleagues identified that the utilization of one 

substrate impeded the use of the other substrate depending on their availability in the 
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presence or absence of hormonal regulation such as insulin (258).  Extensive studies by 

Randle and colleagues as well as others identified the mechanisms by which fatty acids 

could impair glucose metabolism.  Inhibition of glucose utilization occurred at several 

glycolytic steps including glucose uptake, phosphofructokinase (PFK) and pyruvate 

dehydrogenase (PDH) (Figure 2.3) (257, 258, 318).   

The primary site of inhibition is thought to occur at PDH with glucose uptake and 

PFK playing a secondary role (134, 257).  Fatty acid oxidation promotes an increase in 

mitochondrial ratios of acetyl coenzyme A (acetyl-CoA)-to-CoA and reduced 

nicotinamide adenine dinucleotide (NADH)-to-oxidized nicotinamide adenine 

dinucleotide (NAD+) (134).   Both acetyl-CoA and NADH regulate PDH activity via 

stimulation of pyruvate dehydrogenase kinase (PDK) (134).  Activated PDK 

subsequently phosphorylates and inhibits PDH (134).  The accumulation of acetyl-CoA 

can also promote the increase in citrate levels (134).  Citrate has been reported to reduce 

PFK activity via allosteric inhibition in the heart (134, 240).  Of particular interest to this 

dissertation is the role of fatty acid availability plays in reducing glucose uptake.  

However, the mechanisms haven’t been completely elucidated as of yet (134, 257).  

Randle and colleagues proposed that glucose uptake was inhibited via regulation of 

hexokinase (257).  By impairing PFK, G6P could accumulate and impede HK function 

(134).  While HK has been reported to be regulated by its product, some question whether 

fatty acid metabolism inhibits glucose uptake via glucose phosphorylation (134).  This is 

due to GLUT4 being the rate-limiting step in glucose uptake in the absence of insulin 

(351).  As previously indicated, glucose phosphorylation is rate limiting in the presence 
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of insulin (351).  In speculation, under insulin-stimulated conditions, HK may indeed be 

the regulatory site by which fatty acids metabolism inhibits glucose uptake. 
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Figure 2.3 Schematic of glucose-fatty acid cycle 
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2.5 Mitochondrial oxidative phosphorylation 

2.5.1 Glucose provision of reducing equivalents 

If G6P is destined for glycolysis, it is converted to pyruvate (152).  Pyruvate 

generated from glycolysis has three fates: conversion to lactate, decarboxylation to 

acetyl-CoA or carboxylation to oxaloacetate or malate (315).  Decarboxylation occurs as 

pyruvate is transported to the mitochondrial matrix via a transcarboxylate carrier situated 

in the inner mitochondrial membrane and pyruvate is decarboxylated by PDH in a 

reaction synthesizing acetyl-CoA and NADH (315).  Acetyl-CoA enters the tricarboxylic 

acid (TCA) cycle where reducing equivalents such as reduced flavine adenine 

dinucleotide (FADH2) and NADH are synthesized in addition to ATP (315).  

2.5.2 Fatty acid provision of reducing equivalents 

 As fatty acids appear in the cytosolic compartment of cardiac myocytes they are 

bound by a cytosolic isoform of fatty acid binding protein (FABP) (315).  Additionally, 

the fatty acids are activated by esterification to a fatty acyl-CoA by an intracellular fatty 

acyl-CoA synthase (FACS) and bound to an acyl-CoA binding protein (152).  The fatty 

acyl-CoA has several metabolic fates including use for phospholipid synthesis, 

triglycerides and fatty acid β-oxidation (152).  If fated to be catabolized for energy 

provision, β-oxidation occurs.  The fatty acyl-CoA must be first transported across the 

mitochondrial membranes (166).  In the mitochondrial matrix the fatty acyl-CoA 

molecules are sequentially relieved of 2 carbons through the β-oxidation process (74).  

For saturated fatty acids, this process is sequential series of four reactions involving an 

acyl-CoA dehydrogenase (AD), enoyl-CoA hydratase, 3-hydroxyacyl-CoA 
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dehydrogenase and 3-ketoacyl-CoA thiolase (74).  Each cycle of the described 4 steps 

liberates 2 carbons forming acetyl-CoA as well as one NADH and FADH2 (74). 

 2.5.3 Mitochondrial electron transport and ATP synthesis 

 Mitochondria use reducing equivalents produced via substrate utilization to 

provide electrons to the electron transport chain (ETC) (Figure 2.4) (270).  The ETC 

consists of four protein complexes (I-IV) and two electron carriers, coenzyme Q and 

cytochrome c (199).  Electrons may enter the ETC at complex I (CI; NADH-coenzyme Q 

oxidoreductase), complex II (CII; succinate-coenzyme Q oxidoreductase) or complex III 

(CIII; coenzyme Q-cytochrome c oxidoreductase) (108).  These electrons are transported 

via a series of oxidation-reduction reactions to complex IV (CIV; cytochrome c oxidase) 

where oxygen is reduced to water (199).  The transport of electrons through the ETC to 

oxygen drives the pumping of protons out of the mitochondrial matrix by CI, CIII and 

CIV into the mitochondrial intermembrane space (107).  This induces a proton 

electrochemical gradient that creates a proton motive force able to mediate adenosine 

diphosphate (ADP) phosphorylation, forming ATP via ATP synthase (CV) rotary 

catalysis (306). 
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Figure 2.4 Schematic of oxidative phosphorylation 

 

 

Figure 2.3: ANT, adenine nucleotide translocase; c, cytochrome c; CI, complex I; CII, 

complex II; CIII, complex III; CIV, complex IV; e-, electron; H+, proton; UCP3, 

uncoupling protein 3.  

 

2.5.4 Transcriptional control of electron transport chain complexes 

Mitochondria are semi-autonomous organelles that contain their own 

deoxyribonucleic acid (mtDNA) (268, 288, 289).  mtDNA is a 16.5 kb, double stranded, 

circular, multicopy genome that contains 37 genes for 13 OXPHOS subunits (CI, CIII, 

CIV, CV), 22 transfer RNAs and 2 ribosomal RNAs (268, 288, 289).  Nuclear DNA 
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(nDNA) expresses the remaining and majority of ETC complex subunits (268, 288, 289).  

The formation OXPHOS complexes involve the elaborate spatiotemporal coordination of 

expressing ETC proteins encoded by the nuclear and mitochondrial genome (268, 288, 

289).  Additionally, OXPHOS protein subunits transcribed by nDNA must be translated, 

imported into the mitochondria, assembled with mtDNA-encoded subunits into protein 

complexes and incorporated into the inner mitochondrial membrane (268, 288, 289). 

To assist in coordination, mtDNA transcription is completed by nDNA-encoded 

products (164).  Three activating transcription factors being expressed by the nuclear 

genome have been identified.  Two, mitochondrial transcription factor B1 and B2 

(TFB1M and TFB2M), are transcription-specific factors (268).  The third, mitochondrial 

transcription factor A (TFAM), has also being implicated in mtDNA replication and 

maintenance processes (42).  TFAM, TFB1M and TFB2M expression is promoted by 

nuclear respiratory factors 1 and 2 (NRF-1 and NRF-2) (106, 287, 347).  NRF-1 is a 

nuclear transcription factor identified after characterization of cytochrome c and CIV 

gene promoters (78, 286).  NRF-2 was later discovered during the evaluation of CIV 

subunit IV expression (COX IV) (286, 348).  Further studies have reported NRF-1 and 

NRF-2 to play a role in the transcriptional control of the majority of the nuclear-encoded 

ETC complex and ATP synthase subunits as well as proteins involved in import and 

assembly (164).  As such, the nuclear respiratory factors are important in synchronizing 

the nuclear and mitochondrial genome for proper mitochondrial biogenesis and 

metabolism. 

Further regulation of mitochondrial protein transcription occurs in response to 

coactivators such as PGC-1α.  Wu et al. (364) overexpressed PGC-1α in myoblasts 
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observing a 1.9-fold elevation in mitochondrial oxygen consumption, two- to three-fold 

increase in ATP synthase β subunit, CIV subunit II (COX II), COX IV and cytochrome c 

mRNA levels and a significant elevation in COX IV and cytochrome c protein.  

Furthermore, the overexpression of PGC-1α was associated with stimulation of 

mitochondrial biogenesis.  The myoblasts with the elevated co-activator displayed higher 

mtDNA and mitochondrial content (364).  In additional experimental analysis, Wu et al. 

(364) identified that PGC-1α enhances TFAM promoter activity and the presence of 

NRF-1 was required.  The authors concluded that PGC-1α promotes mitochondrial 

biogenesis and OXPHOS function in a NRF-1-dependent fashion (364).  Of note, PGC-

1α functions similarly in cultured, cardiac myocytes (184). 

2.5.5 Mitochondrial oxidative phosphorylation uncoupling 

Mitochondrial OXPHOS displays inefficiencies in that it is not completely 

coupled.  Mitochondrial coupling efficiency has been defined as the proportion of the 

respiratory rate that mediates ATP synthesis (68).  Experimental evidence indicates that 

protons have the ability to leak across the inner mitochondrial membrane and lessen the 

proton motive force and stimulate oxygen flux independently of ATP synthase action 

(68).  

Brookes et al. (36) identified that liposomes made from inner mitochondrial 

membrane phospholipids were permeable to protons, however, it was concluded that a 

negligible proportion of proton leak would be contributed by the lipid bilayer in vivo.  

Rather, proteins and/or protein complexes in the inner mitochondrial membrane mediate 

proton leak.  The protein complex, adenine nuclease translocase (ANT), is the primary 
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mediator of basal proton leak (34).  Additionally, ANT-mediated proton conductance is 

largely dependent on total content but not activity (34).  ANT is a transmembrane protein 

found in the inner mitochondrial membrane (336).  In mammals, four ANT isoforms 

(ANT1-4) have been identified with the exception of rodents where only three have been 

reported (ANT1, 2, 4) (336).  In addition to the role of ANT in proton conductance, ANT 

exchanges exogenous ADP with ATP from the mitochondrial matrix in a 1:1 ratio (336).  

This allows the transfer of ATP to the cytosol and the appearance of ADP in the 

mitochondrial matrix for phosphorylation via OXPHOS.     

Proton movement across the inner mitochondrial membrane can also be induced 

(68).  Uncoupling proteins (UCPs) are the most widely investigated inducible uncouplers 

(68).  UCPs exist as a family of three isoforms (UCP1-3) (68).  UCP1 is predominantly 

found in brown adipose tissue (15).  UCP2 has been identified in the kidney, pancreas, 

spleen, and thymus (68, 244).  UCP3 is present in brown adipose tissue, skeletal muscle 

and the heart (28).  The expression of UCP3 in the heart makes it of particular interest in 

the current dissertation as it may influence the efficiency of mitochondrial ATP 

provision.  It is generally believed that UCP3 does not influence basal proton leak (41, 

59).  However, UCP3-mediated proton conductance in cardiac mitochondria can be 

activated by reactive alkenals and pharmacological ligands (68).  Additionally, fatty acids 

have been reported to activate UCP3 uncoupling in liposomes reconstituted from the 

inner mitochondrial membrane (75).  The expression of UCP3 is promoted by a number 

of transcription factors including the peroxisome proliferator-activated receptor (PPAR) 

family (310).  The PPAR transcription factor family are nuclear receptors consisting of 

three isoforms: PPARα, PPARβ and PPARγ (20, 140).  In the heart, PPARα and PPARβ 
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are highly expressed with the role PPARα receiving greater evaluation (140).  In 

addition, Puigserver et al. (256) initially identified PGC-1α as a coactivator of PPARγ in 

brown adipose tissue; a tissue with significant UCP expression. 

 

2.6 Significance of alterations in energy metabolism on cardiac function 

Growing reports are providing evidence that cardiac bioenergetics influence 

contractile function.  Cardiac mechanical efficiency is determined by the ability to 

convert metabolic energy into hydraulic energy (cardiac external work) (317, 355).  In 

experimental practice, cardiac mechanical efficiency is represented by the cardiac 

work/myocardial oxygen consumption ratio (MVO2) (195).  Cardiac work is often 

obtained from the pressure-volume area (PVA) (131, 317).  Under constant contractility, 

there is a linear relationship between oxygen consumption and cardiac work (152).  

Additionally, in aerobic conditions, the heart meets greater than 95% of its energetic 

demands through oxidative metabolism of fatty acids and glucose (195).  Thus, oxygen 

consumption provides a surrogate measure of energy input.  

Interestingly, the specific substrate catabolized for oxidative energy provision 

influences cardiac mechanical efficiency (174, 315).  MVO2 is consistently higher when 

the heart is metabolizing fatty acids to a greater extent than glucose (174, 315).  This 

increase in MVO2 during a greater reliance on fatty acid oxidation results in reduced 

cardiac mechanical efficiency as defined by the PVA-MVO2 relationship (174).  The 

mechanisms responsible for the impaired mechanical efficiency when depending on fatty 

acids for ATP provision are not completely clear.   One reason may be that higher oxygen 

cost for fatty acid oxidation compared to glucose oxidation as explained by the reduced 
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phosphorus/oxygen (P/O) ratio (145, 152, 195, 315, 326, 342).  The P/O ratio refers to 

the number of ATP molecules generated per oxygen atom reduced during OXPHOS (83).  

P/O ratios differ depending on the reducing equivalent used (83).  Specifically, the P/O 

ratio is 2.5 and 1.5 for NADH and FADH2, respectively (83).  Although oxidation of fatty 

acids result in greater absolute ATP generation, a greater proportion of the ATP 

generated by fatty acids is derived from FADH2 which has a lower P/O ratio (314).  

Additionally, fatty acids exhibit the ability to uncouple mitochondrial OXPHOS resulting 

in greater oxygen consumption that does not result in ATP synthesis (29). 

 

2.7 Myocardial infarction and cardiac metabolism 

2.7.1 Overview of heart failure 

As previously stated, heart failure is defined as “any structural or functional 

cardiac disorder that impairs the ability of the ventricle to fill with or eject blood” (139).  

But rather than a single entity, heart failure is a progressive process of cardiac 

remodelling characterized by genetic, molecular, interstitial and cellular changes that 

manifest clinically as structural and functional alterations following injury and/or 

dysfunction (52, 82).  Such initial insults may include coronary artery disease (ischemic 

heart disease), diabetes, hypertension, myocarditis and congenital malformations (82, 

139).  For basic scientists, Fedak et al. (82) have provided a concise organization of the 

progress from insult to heart failure into three stages.  Notably, the stages emphasize 

systolic dysfunction, however, Fedak and colleagues do emphasize alterations in diastolic 

function are of importance as well (82).  The first stage is that of preserved function, 

identified as a condition where the heart is subjected to injury or increased mechanical 



 

25 

load resulting in an initial depression in systolic function (82).  In response, adaptive 

mechanisms are activated to maintain global cardiac function (82).  Stage 2, compensated 

dysfunction, is described as the situation where the injury, increased mechanical load and 

activated adaptive mechanisms become maladaptive (82).  The shape and structure of the 

heart is augmented by pathological hypertrophy (increased heart mass) and chamber 

dilation (82).  Furthermore, global cardiac contraction is perturbed (82).  The final stage 

is decompensated heart failure characterized by extensive global dysfunction (82).  This 

is a period of severe morbidity and mortality with the majority of patients requiring 

hospitalization to maintain the peripheral perfusion required to survive (82).  Not 

unexpectedly, gross alterations in cardiac geometry are observed.  These aberrations 

include a pronounced sphere shape of the ventricle(s), chamber dilation and cardiac wall 

thinning (82).  The duration of each stage is variable, the progression from one to the next 

is not distinct, and transition from one stage to the next may never occur.  

2.7.2 Myocardial infarction and heart failure 

Of those individuals diagnosed with heart failure approximately two-thirds have a 

history of ischemic heart disease (139, 315).  Cardiac ischemia represents a condition of 

imbalance between cardiac oxygen supply and demand (248, 303).  If the oxygen 

mismatch is extensive and prolonged in duration a MI event will occur.  Heart failure 

manifestation, in the setting of coronary artery disease, is often a result of a MI event 

(104, 139).  As such, this literature review will focus on cardiac pathology associated 

with a MI.  Importantly, experimental evidence will not be limited to overt heart failure, 

but will include all stages of cardiac remodelling following the chronic MI event from 

preserved function to decompensated heart failure.   
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 Attention has been given to cardiac bioenergetics in the infarcted heart due to the 

need for oxygen to generate a large proportion of cardiac ATP required to sustain 

contraction.  Early work by Tian et al. (334) assessed the PVA-MVO2 relationship in rats 

eight weeks post-MI to identify alterations in cardiac mechanoenergetics.  Intriguingly, 

cardiac efficiency was improved in the heart following a MI (334).  Since the findings of 

Tian and colleagues (334), experimental investigation has aimed to determine whether 

the perturbations in energy metabolism throughout the remodelling process are adaptive 

or maladaptive and to identify potential therapeutic targets in metabolic pathways. 

2.7.3 Glucose metabolism in the infarcted heart 

The improved functional efficiency observed by Tian and colleagues (334) has 

been attributed to the infarcted heart potentially exhibiting an initial switch in reliance 

from fatty acids to glucose.  Gnecchi et al. (113) evaluated ex vivo cardiac energetics in a 

chronically infarcted, rodent model.  Basal, cardiac, glucose uptake was elevated at three 

days and two weeks following the MI (113).  Alternatively, Amorim and colleagues (10) 

report that ex vivo, cardiac, glucose uptake was unchanged in the absence of insulin two 

weeks post-MI in rats.  Of note, both of these studies evaluated cardiac metabolism prior 

to the onset of indicators of cardiac remodelling such as hypertrophy (10, 113).  In 

agreement with Amorim and colleagues, Murray et al. (226) report that 10 weeks post-

infarct, cardiac glucose uptake in the isolated, perfused heart of rats was unchanged.  

Added complexity to identifying a metabolic pattern following a MI is the observation 

that regional differences may exist.  Maki et al. (204) evaluated glucose uptake in humans 

with total LAD occlusion.  In the absence of alterations in blood flow, regions of the 

heart with dysfunctional contraction exhibited an increase in basal glucose uptake (204).  
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As such, following a MI cardiac glucose uptake in the non-infarcted heart appears to be 

unchanged or elevated.   

To date, fewer studies have evaluated glucose oxidation in the infarcted heart.  

Amorim et al. (10) assessed cardiac metabolism in rat hearts displaying impaired systolic 

function in the absence of hypertrophy.  Cardiac glucose oxidation was unchanged two 

weeks post-MI ex vivo (10).  Chandler et al. (48) employed a moderate severity coronary 

microembolization-induced heart failure model in dogs to assess cardiac metabolism.  

The authors reported that glucose oxidation was preserved (48).  In contrast, Remondino 

et al. (262) reported augmentation of cardiac glucose oxidation following the induction of 

a chronic infarct in rats.  Eight weeks post-MI, in the isolated, perfused heart, the 

contribution of glucose oxidation to total oxidative metabolism in the non-infarcted 

myocardium was significantly elevated in the infarcted animals (262).  Remondino and 

colleagues (262) identified the infarcted hearts displayed pathological hypertrophy as 

indicated by cardiac atrial natriuretic peptide (ANP) expression and the heart weight-to-

body weight.  However, the authors were hesitant to suggest the presence of heart failure.  

The results suggest that during cardiac remodelling but prior to overt failure the post-MI 

heart may be characterized by an increase in glucose oxidation. Of note, almost 

unanimously, overt heart failure of various origins appears to be characterized by the 

severe depression in glucose and fatty acid utilization (144, 145, 230, 342).    

2.7.4 Regulation of glucose metabolism in the infarcted heart 

The exact alterations in cardiac glucose uptake and oxidation following a MI in 

the absence of insulin remain inconclusive.  However, as previously stated, the general 

hypothesis is that glucose metabolism may be elevated during cardiac remodelling prior 
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to being depressed in end-stage heart failure (315).  The changes in cardiac metabolism 

post-MI have been proposed to be the result of alterations at the transcriptional, 

translational and/or post-translational level.  One area of interest in the current 

dissertation is the alterations in the content of key regulators of metabolism.  A limited 

number of experimental studies have identified that the basal glucose transporter, 

GLUT1, mRNA and protein are increased in the infarcted heart (242, 275).  However, the 

potential switch towards heightened glucose utilization appears to be due to reduced 

competition from fatty acid utilization as described by the  “glucose-fatty acid cycle” 

(152, 315).    The involvement of the PPAR/PGC-1α axis in this metabolic switch has 

been extensively studied.  As previously indicated, PPARα and PPARβ are highly 

expressed in the heart with the role of PPARα in fatty acid metabolism receiving the 

most attention (140).  PPARα promotes the expression of genes involved in fatty acid 

uptake (FATP, fatty acid transport protein; FAT/CD36, fatty acid translocase/CD36; 

FABP and FACS), transport of fatty acids into mitochondria (CPT1, carnitine 

palmitoyltransferase 1) and mitochondrial β-oxidation (MCAD, medium chain AD; 

LCAD, long chain AD; VLCAD, very long chain AD) (35, 116, 220, 343).  Additional 

investigation has confirmed PGC-1α to enhance fatty acid metabolism gene regulation by 

PPARα and PPARβ (71, 344).  In terms of cardiac remodelling, multiple models of 

experimental cardiomyopathy including that mediated by a MI report reductions in 

cardiac PPARα and PGC-1α mRNA and/or protein (10, 19, 100, 101, 280).  In 

agreement, targets of PPARα and PGC-1α involved in fatty acid utilization are depressed 

in the failing heart (140).  More specifically, in the infarcted heart, targets that exhibit 
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down-regulated mRNA and/or protein include FABP, FACS, CPT1, MCAD, LCAD, and 

VLCAD (10, 61, 123, 262, 275).  These molecular changes parallel changes in the 

metabolic phenotype on the infarcted heart as animal studies have described a depression 

in fatty acid oxidation rates following a MI (10, 123).  As such, the increased reliance on 

glucose for energy provision in the infarcted heart is, in part, the result of a decline in the 

inhibitory effect of fatty acid utilization on glucose metabolism.  

2.7.5 Insulin-stimulated glucose uptake in the infarcted heart 

Studies evaluating the influence of a MI on insulin-stimulated glucose metabolism 

in the heart do not observe the same pattern as basal glucose utilization.  Murray et al. 

(226) report that insulin-stimulated glucose uptake was reduced in perfused rat hearts ten 

weeks post-MI.  Two weeks following a MI in rats, Amorim et al. (10) reported cardiac 

glucose uptake in the presence of insulin was unchanged, however, insulin-stimulated 

glucose oxidation was depressed.  Additionally, in humans experiencing a MI, regions of 

the heart demonstrating contractile dysfunction exhibit a decline in insulin-mediated 

glucose uptake independent of impaired blood supply (204).  Based on the few studies 

performed, it appears as though a MI and subsequent pathology may promote cardiac 

insulin resistance, which for the purposes of this dissertation is defined as the impaired 

ability of exogenously administered or endogenous insulin to increase glucose utilization 

in an experimental group to a comparable extent as that of a control group.   

 Abnormalities in glucose transport and phosphorylation also support the 

hypothesis that impaired insulin-mediated glucose uptake is a consequence of a MI.  

GLUT4 protein has been reported to decline in rodent LAD ligation models (226, 275).  

Given the role of GLUT4 in insulin-mediated glucose transport, a decline in this glucose 
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transporter may compromise glucose uptake in the presence of insulin.  Also utilizing a 

chronically infarcted rat model, Yeih et al. (368) identified irregularities in HK 

characteristics.  Four weeks following the MI event, the mitochondrial HK activity-to-

cytosolic HK activity ratio was reduced (368).  Concurrently, the cytosolic HK activity-

to-whole cell HK activity ratio was enhanced (368).  Together, these results suggest the 

ability of HK to translocate from the cytosol to the outer mitochondrial membrane is 

impaired.  Another observation was that the mitochondrial HK activity-to-citrate synthase 

activity was increased post-MI (368).  This may indicate that the HK binding to the 

mitochondria display a greater activation to compensate for the reduced translocation 

(368).  Notably, insulin-stimulated glucose uptake was not evaluated.  As such, it cannot 

be definitively concluded that alterations in the glucose phosphorylation step of insulin-

mediated glucose uptake regulate the previously observed insulin resistance post-MI.   

2.7.6 Mitochondria in the infarcted heart 

In addition to aberrations in cardiac substrate utilization, it has been proposed that 

mitochondrial electron transport and OXPHOS in the infarcted and failing heart may be 

compromised.  Employing phosphorus 31 magnetic resonance (31P-MR) spectroscopy to 

assess in vivo high-energy phosphates, the phosphocreatine (PCr)-to-ATP ratio has been 

reported to be depressed in the peri-infarct region and left ventricle of chronically 

infarcted animal models (84, 85, 133, 369).  The decline in the PCr/ATP ratio is 

concerning because it is a ratio reflecting OXPHOS, energy efficiency and ventricular 

function in cardiomyopathies (85, 369).  Furthermore, given as much as 95% of cardiac 

ATP provision arises from oxidative metabolism (315), mitochondrial ATP synthesis is 
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of importance and the OXPHOS impairments associated with ischemic cardiomyopathies 

warrant close evaluation to determine their role in energetic dysfunction.   

A frequently used technique to identify mitochondrial and, potentially, ATP 

provision impairments in a variety of pathologies is respirometric assessment.  The 

measurement of oxygen consumption in samples provides an excellent screening 

approach that includes not only structural membrane defects but also biochemical insults 

that encompass alterations in the enzymatic systems of membrane transport, electron 

transport and coupling of ADP phosphorylation (109).  Two commonly employed 

indicators of mitochondrial function and efficiency are the respiratory control ratio (RCR) 

and the P/O ratio (33).  The RCR is obtained from oxygen consumption measures by 

dividing oxygen flux in the presence of ADP (state 3) by oxygen consumption in the 

absence of ADP (state 2/4) (33).  Oxygen flux in the presence of ADP is controlled by 

ATP turnover (ANT, phosphate transporter and ATP synthase) and substrate oxidation 

(substrate uptake, substrate catabolism, electron transport through the ETC, oxygen 

concentration and pool sizes of cytochrome c and ubiquinone) (33).  Oxygen flux in the 

absence of ADP largely represents respiration controlled by proton leak, electron slip, 

and contaminating ATPase activity (33) (See APPENDIX A for representative 

respirometric measures).  As such, the use of the RCR is an effective means of 

identifying alterations in mitochondrial function because it is influenced by almost every 

OXPHOS contributor (33).  Both animal models of cardiomyopathy and human heart 

failure resulting from ischemic insult exhibit a decline in cardiac RCR (122, 153, 154, 

175, 274, 295, 296).  A reoccurring characteristic identified is a reduction in ADP-

stimulated oxygen flux supported by substrates donating reducing equivalents to CI (122, 
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153, 154, 175, 274, 285, 295, 296).  This suggests that the lower RCR may be the result 

of dysfunction in ETC.  In agreement, specific abnormalities that have been observed 

include mitochondrial OXPHOS complex structural abnormalities (272) and a reduction 

in the content or enzymatic activity of OXPHOS CI, CIII, CIV and ATP synthase (122, 

133, 142, 175, 274, 295, 296).  However, alterations in mitochondrial oxygen flux, 

OXPHOS complex content and/or enzymatic activity are not always reported (265, 266).  

Also, while mitochondrial and ETC aberrations are a common characteristic, there is no 

consensus as to the site(s) of impairment in the ETC following a MI and in the failing 

heart.  It has been proposed that early post-MI or following mild ischemic insult the 

decline in integrative OXPHOS function is the result of structural alterations (273, 274).  

However, as the heart nears overt failure a decline in OXPHOS complex expression and 

content becomes readily apparent (122, 133, 175, 273).  It should be noted that although 

the aforementioned insults are proposed to compromise the OXPHOS ability of cardiac 

myocyte, ATP provision and contractile function, experimental evaluation has yet to 

confirm such speculation (270, 315).   

The second index of coupling efficiency, the P/O ratio, refers to the maximum 

number of ATP molecules synthesized as a pair of electron transfers through the ETC 

from the substrate to oxygen (83).  Given this, the P/O ratio is quite stable for a given 

substrate and does not identify dysfunction in the ETC (33).  However, the ratio is quite 

sensitive to proton leak-mediated oxygen consumption given ATP is not synthesized 

under such a situation (33).  Animal models employing a chronic infarction model have 

reported the P/O ratio to be unaffected (122, 274) or to decline (224, 264).  Although 

ANT and UCPs have been identified as mediators of proton leak, few studies have 
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investigated these OXPHOS uncouplers in post-MI remodelling and their relation to the 

depressed P/O ratio.  One such study performed by Murray et al. (224) observed the 

cardiac systolic performance to decline in parallel with the P/O ratio in rat, cardiac 

mitochondria isolated ten weeks following the infarct procedure.  In addition, UCP3 

protein was elevated in the injured heart (224).  Together, the results suggest UCP3 levels 

increase, compromise the efficiency of mitochondrial ATP provision and potentially 

exaggerate cardiac dysfunction following ischemic insult.  In contrast, there are indirect 

observations that suggest that ANT-stimulated proton leak declines post-MI.  Animal 

studies indicate oxygen flux in the absence of ADP can be lower when an extended 

length of time is allowed between insult and experimental evaluation (153, 295).  Given 

these conflicting findings, the role of proton leak on mitochondrial uncoupling and 

cardiac mechanical efficiency in the chronically infarcted heart is incompletely 

understood. 

 Absolute energy provision may also be affected by changes in mitochondrial 

density.  Two-dimensional transmission electron microscopy (TEM) is considered the 

gold standard for measuring mitochondrial fraction area, however, several surrogate 

markers of mitochondrial content are often utilized in practice to evaluate mitochondrial 

density including citrate synthase activity, mtDNA copy number and OXPHOS complex 

activities (179).   Whether post-infarct remodelling is associated with a decline in 

mitochondrial biogenesis is unclear as biomarkers of mitochondrial density remain 

unchanged (113, 122, 266, 274, 368) as often as they are reported to decline (61, 153, 

165, 175, 264, 265).  Interestingly, the reports suggesting mitochondrial content does not 

decline in the post-infarcted heart were conducted from two days through eight weeks 
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following insult (113, 266, 274, 368).  In contrast, studies assessing mitochondrial 

density eight to sixteen weeks into the post-MI remodelling process conclude 

mitochondrial markers are lowered (165, 175, 264, 265).   Furthermore, the reports 

indicating a decline in mitochondrial levels identify the induction of pathological 

hypertrophy with greater regularity (61, 113, 122, 153, 165, 175, 264-266, 274, 368).  

Thus, it appears as though the loss of mitochondria following a MI is a characteristic that 

occurs late in the compensated dysfunction and/or overt heart failure stage.  In agreement, 

promoters of mitochondrial gene transcription and mitochondrial biogenesis have been 

observed to decline post-MI. NRF-1, NRF-2, TFAM and PGC-1α have been reported to 

lessen following a MI as indicated by mRNA or protein assessment (10, 154, 319).    

 

2.8 Type 2 diabetes and cardiac metabolism 

2.8.1 Overview of diabetic cardiomyopathy 

Individuals with diabetes mellitus are at a two- to four-fold greater risk for the 

development of cardiovascular disease, including coronary artery disease, compared to 

non-diabetic peers (132, 157, 292).  However, Rubler et al. (279) described the 

phenomena whereby four diabetic patients exhibited heart failure in the absence of 

coronary artery disease.  Subsequent work by Regan and colleagues (261) reported 

similar characteristics in a subset of diabetic patients.  Population studies have also 

identified an elevated risk of heart failure in individuals diagnosed with diabetes even 

after controlling for age, cholesterol, hypertension, obesity and coronary artery disease 

(127, 157).  These reports have lead to the term diabetic cardiomyopathy being used to 

describe “a distinct entity characterized by the presence of abnormal myocardial 



 

35 

performance or structure in the absence of coronary artery disease, hypertension, and 

significant valvular disease” (330).  Recently, diabetic cardiomyopathy has been used to 

describe the diastolic dysfunction that often precedes systolic abnormalities present in up 

to 60% of type 2 diabetic individuals (24, 40).  In addition to cardiac systolic and 

diastolic impairments, the mechanical efficiency of the heart may be compromised.  

Peterson et al. (250) evaluated cardiac work and MVO2 in women with glucose 

intolerance and insulin resistance.  The authors reported that women with metabolic 

dysfunction displayed a depression in left ventricle efficiency due to higher MVO2 

without a similar elevation in cardiac work (250).  Declines in cardiac efficiency are also 

observed in animal models of type 2 diabetes (30-32, 38, 210).  As such, deviations in 

cardiac glucose utilization, fatty acid metabolism and/or mitochondrial OXPHOS have 

been proposed to contribute to diabetic cardiomyopathy and may add increased 

complexity to the cardiac metabolic phenotype if a MI is sustained.  

2.8.2 Glucose metabolism in the diabetic heart 

 Given that rodents are relatively resistant to the development of atherosclerosis 

(363), utilization of rodent models of diabetes to identify perturbations that may promote 

cardiac dysfunction without influence of coronary artery disease (diabetic 

cardiomyopathy) are invaluable (23, 293).  Hafstad et al. (117) found 12 to 16 week-old 

db/db (leptin receptor deficient) mice displayed a reduction in basal glucose uptake in an 

isolated, working heart model.  In contrast, in vivo, cardiac glucose uptake in mice is not 

inhibited.  Shearer et al. (299) elegantly employed saline-infused, euglycemic clamps 

coupled to isotopic tracer administration in 13 week high-fat fed (HFF) mice and reported 

comparable rates of cardiac glucose uptake.  Utilizing a similar model, Fueger et al. (96) 
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found cardiac glucose uptake to be similar following 16 weeks of HFF.  A possible 

contributor to the conflicting results between ex vivo and in vivo techniques is 

hyperinsulinemia.  The saline-infused, euglycemic clamps control for the influence of 

glucose concentration on glucose uptake, however, arterial insulin levels were higher in 

the mice fed the high-fat diet compared to the control diet (96, 298, 299).  As such, the 

elevated insulin levels may provide a compensatory mechanism to maintain glucose 

uptake in these studies.   Beyond glucose uptake, HFF C57BL/6 (361, 371), db/db (2, 3, 

22, 117) and ob/ob (leptin deficient) (210) mice exhibit a decline in ex vivo, cardiac 

glycolysis and glucose oxidation in the absence of insulin.  Of note, the greater reliance 

of fatty acids as a substrate is rarely contested.  Both fatty acid uptake (200, 299) and 

oxidation (2, 3, 22, 117, 210, 361) are often reported to increase in animal models of 

insulin resistance and diabetes.  Thus, in the insulin resistant heart, glucose uptake and 

downstream metabolic fates appear to be impeded. 

2.8.3 Regulation of glucose uptake in the diabetic heart 

 Substrate availability has been proposed to influence the decrease in glucose 

utilization and reciprocal elevation in fatty acid uptake and oxidation.  Increases in 

arterial free fatty acids and triglycerides are commonly observed in human subjects with 

type 2 diabetes (267).  This characteristic hyperlipidemia is not lost in animal models of 

diabetes (38, 200, 210, 298).  Furthermore, fatty acids appear to have the ability to 

function as ligand activators of PPARα and thus promote the transcription of gene targets 

involved in fatty acid utilization (202).  Not unexpectedly, the cardiac expression of 

FABP, FAT/CD36, MCAD, LCAD, VLCAD and PDK has been reported to increase (38, 

45, 299, 361) in animal studies.  Thus, the higher supply of fatty acids often associated 
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with insulin resistance and type 2 diabetes may contribute, in part, to this substrate shift 

via the Randle cycle (194). 

2.8.4 Insulin-stimulated glucose uptake in the diabetic heart 

The pattern of insulin-stimulated glucose uptake largely mirrors that of basal 

conditions.  A decline in insulin-mediated, cardiac glucose uptake has been consistently 

demonstrated in diet-induced and monogenic insulin resistant animal studies (96, 117, 

239, 299, 361).  Several mechanisms may be responsible for the depressed glucose 

uptake in the presence of insulin.  The role of the Randle cycle in response to 

hyperlipidemia and transcriptional increases in mediators of fatty acid metabolism, as 

described above, have been put forth (115).  Also, impairments in glucose transport may 

have a profound impact.  Total GLUT4 protein in the heart has been reported to decline 

in HFF animals (239, 361).  Reductions in membrane GLUT4 have been exhibited 

suggesting impairments in GLUT4 translocation and/or insulin signalling (63).  Support 

for insulin signalling alterations are often presented as reductions in the phosphorylation 

of insulin receptor substrate (IRS) and Akt proteins (63, 181, 210, 239).  Together, these 

abnormalities suggest that insulin signalling may be compromised.   

 Alterations in glucose phosphorylation may also contribute to insulin resistance.  

Fueger et al. (96) identified that 16 weeks of high-fat feeding in mice promoted a 

lowering of cardiac HKII.  Hyperinsulinemic-euglycemic clamps coupled to isotopic 

glucose tracers displayed a decline in cardiac glucose uptake in these mice (96).  

Moreover, this phenotype closely matched that of mice displaying a 50% reduction in 

HKII and fed a low fat diet.  Given glucose phosphorylation is regarded as a rate-limiting 
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step in the glucose uptake process under insulin-stimulated conditions, the role of HK 

proteins cannot be dismissed in the diabetic heart. 

2.8.5 Mitochondria in the diabetic heart 

Similar to studies evaluating energetics post-MI, evaluating 31P-MR spectra of 

high-energy phosphates in the hearts of individuals diagnosed with type 2 diabetes 

provides indirect evidence for potentially impaired ATP provision.  Diamant et al. (66) 

assessed the PCr-to-ATP ratio in men with type 2 diabetes in the absence of systolic 

dysfunction and pathological hypertrophy.  The hearts of the type 2 diabetes group 

displayed a reduction in the PCr-to-ATP ratio (66).  Furthermore, the decline in this 

energetic marker correlated well with contractile dysfunction in diastole (66).  In 

agreement, Scheuremann-Freestone et al. (291) observed a decline in the PCr-to-ATP 

ratio in the hearts of type 2 diabetic men with no evidence of cardiac dysfunction.  

Together, these findings indicate that metabolic dysfunction may precede and contribute 

to diabetic cardiomyopathy.   

Arguably, the most direct support of mitochondrial alterations in human diabetic 

hearts comes from the work of Anderson et al. (11) evaluating oxygen flux in saponin-

permeabilized atrial fibers.  In the presence of ADP, oxygen flux supported by palmitoyl-

carnitine was depressed the diabetic group (11).  Also, state 3 respiration receiving 

reducing equivalents from glutamate and malate was lower in type 2 diabetic hearts (11).  

The work of Anderson and colleagues (11) provides a strong indication that the maximal 

capacity of cardiac mitochondria to oxidize lipid and non-lipid substrates is impeded in 

individuals with type 2 diabetes.  
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Due to difficulty in obtaining samples, the evaluation of cardiac mitochondria in 

human subjects with type 2 diabetes or associated metabolic abnormalities is limited (72).  

The use of animal models mimicking metabolic aberrations associated with type 2 

diabetes have allowed the work exploring cardiac mitochondria function in humans to be 

extended (40).  In agreement with human atrial respiration measures, a decline in ADP-

stimulated oxygen flux is commonly reported (31, 32, 177, 264).  In 1983, Kuo et al. 

found state 3 respiration to be impaired in mitochondria isolated from hearts of db/db 

mice (177).  Also, saponin-permeabilized fibers sampled from glucose-perfused db/db 

and ob/ob hearts exhibit a lower ADP-stimulated oxygen flux supported by a 

combination of glutamate and malate, pyruvate and malate or palmitoyl-carnitine and 

malate (31, 32).  The impairment in mitochondrial oxygen consumption is not limited to 

genetic models of diabetes.  Following 16 weeks of high-fat feeding, cardiac 

mitochondria isolated from rats displayed a reduction in state 3 respiration receiving 

reducing equivalents from palmitoyl-carnitine and malate or succinate (264).  As such, a 

reduction in maximal mitochondrial capacity to oxidize lipid and non-lipid substrates is a 

common characteristic identified in both genetic and dietary models of insulin resistance 

and diabetes. 

As previously stated, mitochondria evaluated from hearts perfused with only 

glucose display a reduction in ADP-stimulated oxygen flux.  However, perfusion of 

hearts with glucose and palmitate prior to mitochondrial evaluation resulted in a 

preservation of maximal oxygen consumption measures in both HFF and db/db mice (30-

32).  This increase appears to be the result of fatty acid-induced proton leak as oxygen 

flux in the absence of ADP is elevated (30-32).  Concurrently with the higher basal 
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oxygen flux, cardiac ATP synthesis and P/O ratios were depressed compared to control 

animals (31, 32).  To identify a mechanism for this palmitate-induced uncoupling, 

Boudina et al. (32) evaluated proton leak in saponin-permeabilized fibers from db/db 

mice incubated with guanosine diphosphate (GDP), a known inhibitor of UCPs.  In a 

series of experiments assessing the ability of GDP to impede cardiac proton leak the 

authors report that proton leak is elevated in db/db mice compared to controls animals 

and it is largely the result of UCPs.   In addition, HFF and db/db mouse models with 

heightened circulating fatty acids exhibit an increase in cardiac UCP3 (30, 53, 225, 227).  

The combination of elevated uncoupling protein content and activation may provide a 

synergistic effect in reducing mitochondrial efficiency (32).  Thus, the heart in animal 

models of diabetes is characterized by mitochondrial uncoupling, which has the potential 

to compromise energy provision and metabolic efficiency. 

Additional mitochondrial aberrations that may compromise cardiac ATP synthesis 

in those with type 2 diabetes and/or associated metabolic impairments include changes in 

ETC proteins and mitochondrial content.  In nine week-old ob/ob mice, cardiac CI, CIII 

and CIV subunit protein is depressed (31).  Dong et al. (70) found cardiac mitochondrial 

density to be lower following 20 weeks of high-fat feeding in mice.  Also, mediators of 

mitochondrial biogenesis and ETC protein transcription such as PGC-1α, NRF-1, NRF-2 

and TFAM protein and/or mRNA were observed to decrease (70).  However, the 

lessening of mitochondrial protein and content has been contested.  Duncan et al. (73) 

employed an uncoupling protein-diphtheria toxin A (UCP-DTA) mouse model to assess 

mitochondria in the presence of metabolic insults.  The UCP-DTA mouse is characterized 

by ablation of brown adipose tissue, increased appetite, obesity, hyperglycemia, 
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hyperlipidemia and hyperinsulinemia (72, 198).  At 12 weeks of age, the UCP-DTA mice 

exhibited greater cardiac mitochondrial content as determined by TEM (73).  Also, the 

protein of CIV and ATP synthase subunits was elevated (73).  Further complexity in the 

mitochondrial alterations that associate with type 2 diabetes occurs as Boudina et al. (32) 

reported cardiac mitochondrial content and mtDNA to increase concurrently with a 

decline in TFAM, CII and ATP synthase subunit protein as well as PGC-1 and NRF-1 

mRNA in eight to nine week old db/db mice.  In light of these inconsistent reports it has 

been proposed that there are temporal mitochondrial changes in type 2 diabetes (72).  

More specifically, there may be an increase in mitochondria biogenesis in the early stages 

of metabolic derangement followed by a reduction under prolonged or severe insult (72).  

Support for a biphasic quality to mitochondria in the heart has been provided in the study 

of ob/ob and db/db animals (38).  Four week-old ob/ob and db/db mice exhibit 

normoglycemia but are hyperinsulinemic (38).  Hyperglycemia develops between four to 

eight weeks of age (38).  Buchanan et al. (38) observed PGC-1α mRNA was elevated at 

four weeks of age in ob/ob mice compared to wild-type mice, however, at 16 weeks 

PGC-1α expression was similar between groups.  In db/db animals, PGC-1α mRNA was 

comparable to controls at four weeks of age (38).  In 16 week-old db/db mice, the 

expression of PGC-1α was depressed (38).  

 

2.9 Mesenchymal stem cell transplantation and cardiac metabolism 

2.9.1 Overview of bone marrow-derived mesenchymal stem cells 

 In general, stem cells are characterized by their capacity for self-renewal and 

potency (172, 176).  Self-renewal describes the infinite proliferation of undifferentiated 



 

42 

cells independent of lineage commitment (172, 176).  Potency refers to the ability of 

these uncommitted cells to differentiate into various cell lineages or tissue types (172, 

176).  In the 1960’s, Friedenstein and colleagues described a rare non-hematopoietic cell 

population present in guinea pig bone marrow often credited as the initial identification of 

what is today considered a mesenchymal stem cell (MSC) (92, 93).  This bone marrow 

cell population contained cells that were clonal, plastic adherent and exhibited osteogenic 

potential (92, 93).  Subsequent animal experiments using similar cell populations 

evaluated their differentiation abilities and biological role in supporting hematopoiesis 

(162, 356).  These studies led to Caplan (44) proposing the term MSC and their capacity 

to differentiate into all cell types derived from the mesoderm.  In 1999, Pittenger et al. 

(253) identified bone marrow-derived human MSCs were able to be expanded in culture 

and maintain the ability to differentiate towards osteoblastic, adipolytic and chondrolytic 

lineages as well. 

 In an attempt to provide uniformity to the field, the International Society for 

Cellular Therapy stated that the dynamic cell population derived from bone marrow 

termed mesenchymal stem cells should be identified as multipotent mesenchymal stromal 

cells, of which, the mesenchymal stem cell is likely a subset (128, 129).  Furthermore, a 

minimum criteria was put forth to experimentally identify human, bone marrow-derived, 

multipotent mesenchymal stromal cells (69).  Firstly, the cells should adhere to plastic 

under culturing conditions (69).  Also, specific surface antigens expressions should be 

observed.  The surface molecules CD70, CD90, CD105 should be present in parallel with 

the absence of CD45, CD34, CD11 or CD14b, CD79α or CD19 and human leukocyte 

antigen-D-related (HLA-DR) expression (69).  Finally, the cells should maintain capacity 
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for trilineage differentiation (69).  More specifically, they display the ability to 

differentiate into osteoblasts, adipocytes and chondroblasts in vitro (69).  Of note, these 

criteria established for bone marrow-derived human multipotent mesenchymal stromal 

cells may not apply consistently to those obtained from other species (245).  Although 

these recommendations have gained traction in the scientific community, the term 

mesenchymal stem cell continues to receive more regular use (162). 

2.9.2 Mesenchymal stem cell transplantation in regenerative medicine 

Owing to a limited, innate capacity for regeneration of lost cardiac tissue, the 

post-MI necrotic region of the heart undergoes a healing process to form a scar for 

structural integrity (51, 168).  The severely depressed contractile properties of the scar 

places added mechanical responsibility on the uninjured myocardium to preserve function 

(320).  As such, regenerative medicine researchers have been excited by the possibility of 

using of exogenous cells to repopulate the lost tissue following a MI in an effort to 

restore function and prevent the transition to heart failure.   

MSCs reputedly display immunoprivileged characteristics that make the use of 

this cell type attractive for cell transplantation purposes (112, 254, 356).  MSCs lack the 

expression of major histocompatibility complex class II and co-stimulatory B7 and CD40 

surface molecules (112, 254, 356).  This phenotype allows MSCs to minimize being 

recognized by T cells and the target of subsequent adaptive immune response (27).  

Additionally, MSCs have been identified to suppress cell mediators of innate and 

adaptive immune response via cell-cell contact and the secretion of soluble factors (112, 

254, 356).  These unique characteristics provide promise for use of MSCs in not only 

autologous transplantation but allogeneic and xenogeneic transplantation.   
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 Another quality of MSCs that lend well to use in regeneration of cardiac tissue is 

the multipotent differentiation capacity that extends beyond the trilineage potential.  In 

vitro experiments incubating MSCs of rodent and human origin with demethylating agent 

5-aza-cytidine (5-AZA) report potential cardiomyogenic differentiation (205, 356, 365).  

The treated MSCs expressed cardiac markers such as beta-myosin heavy chain (beta-

MHC), desmin and alpha-cardiac actin protein (205, 356, 365).  Additionally, mRNA 

expression of beta-MHC, desmin and alpha-cardiac actin and protein troponin T was 

higher than control MSCs (365).  Interestingly, after prolonged incubation, the 5-AZA-

treated cells started to adjoin via intercalated discs, form myotubes and contract 

spontaneously (205). 

2.9.3 In vivo use of mesenchymal stem cell therapy for the infarcted heart 

Promisingly, cell transplantation for the infarcted heart has elicited beneficial 

results such as a reduction in infarct size and left ventricle dysfunction in human subjects 

(149).  In fact, randomized, controlled, clinical trials have been performed with the use of 

bone marrow cells in patients with an acute MI (138, 150, 156, 201, 212, 290, 331).  

Consistently, most trials reported a 3-4% improvement in ejection fraction (EF) when the 

bone marrow cells were administered post-MI (307, 337).   

Bone marrow is comprised of several cell types with MSCs being a relatively 

minor component (0.001% to 0.01% of the nucleated cells) (254).  On going clinical trials 

are expanding on the findings of total bone marrow administration and employing solely 

MSC treatments to investigate the safety and therapeutic efficacy of this cell type for 

ischemic cardiovascular diseases (259).  Recently, two of these studies have been 

completed and the results published (120, 247).  The first completed clinical trial by Hare 
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et al. (120) was a phase I randomized, double-blind, placebo-controlled trial to evaluate 

allogeneic bone marrow-derived MSC administration for patients within ten days of 

experiencing a first acute MI.  The authors report approximately 5% increase in ejection 

fraction at 12 months compared to baseline (120).  In the second trial, Penn et al. (247) 

executed a phase I, open–label study administering bone marrow-derived MSCs between 

two and five days post-MI.  An 8.7% increase in ejection fraction was observed four 

months following MSC transplantation (247).   

The decrease in infarct size and improvement in contractile function has also been 

displayed in animal experiments evaluating MSC therapy for the infarcted heart (112).  

Furthermore, experimental studies employing large and small animal models have 

provided insight into the mechanisms for these positive endpoints.  Indeed, there is 

evidence that the exogenous cells can incorporate into the host tissue and differentiate 

towards the cardiomyogenic lineage (294, 305, 335).  However, the occurrence and 

magnitude of these events are too low to explain the functional improvements following 

transplantation (114).  Moreover, the majority of MSCs fail to engraft and/or survive 

upon transplantation into the infarcted heart (90, 335).  For example, Toma et al. (335) 

administered human bone marrow-derived MSCs into the murine heart within 20 minutes 

of inducing a chronic MI.  Only 0.44% of the administered cells were present four days 

following the MI surgery (335).  The inability of transplanted cells to persist and remain 

viable is largely influenced by the host environment.  The primary factors leading to cell 

death and poor engraftment in the infarcted heart are lack of extracellular matrix support, 

ischemia and acute inflammation following a MI (46, 118, 167, 269, 311).  
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 In the absence of gross cell survival, engraftment and differentiation, the 

mechanisms promoting the beneficial results reported following cell transplantation has 

been subject to an increasing number of studies that suggest that cell-mediated paracrine 

effects are likely the major mechanism for the improvement in cardiac function and the 

attenuation or slowing of the remodelling process.  The release of paracrine factors have a 

potential regulatory role in various processes including anti-apoptotic signalling and 

neovascularization as well as the modulation of inflammation, fibrosis, cardiac 

contractility, endogenous host regeneration and cardiac metabolism (114, 360).    

2.9.4 Mesenchymal stem cell therapy for glucose metabolism in the infarcted heart 

To date the influence of cell transplantation on cardiac glucose metabolism is 

largely unstudied.  The available literature is conflicting in the assessment of glucose 

uptake.  Gnecchi et al. (113) observed basal glucose uptake in the isolated, perfused, rat 

heart two weeks following LAD ligation and MSC transplantation.  Although MSC-

treated hearts exhibited greater glucose uptake than control hearts, glucose utilization was 

significantly lower than the untreated, infarcted hearts (113).  The results suggest that 

MSC therapy prevents the early increase in glucose uptake post-MI.  In contrast, Mazo 

and colleagues have published two studies that provide differing conclusions (208, 209).  

In the initial study, Mazo et al. (209) employed a rat LAD ligation model and assessed 

the effects of adipose-derived MSCs on cardiac glucose uptake one month post-

transplantation and two months following the MI event.  The authors show global glucose 

uptake in the heart to be increased in the MSC-treated hearts compared to MI-only 

animals (209).  In the subsequent experiment Mazo et al. (208) administered bone 

marrow-derived MSCs five weeks following chronic LAD ligation in rats.  Seventeen 
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weeks post-MI, global cardiac glucose uptake was elevated relative to the infarcted 

animals (208).  Although the studies performed by Mazo and colleagues did not use sham 

animals, the results suggest MSC transplantation prevents a decline in glucose uptake 

following a MI.   

There are several readily apparent reasons for the contrasting findings regarding 

glucose uptake.  First, the studies undertaken by Mazo et al. (208, 209) allowed more 

time to elapse between MI and metabolic evaluation.  Moreover, the degree of insult 

induced appeared to be greater as determined by contractile parameters (208, 209).  This 

is particularly important given the biphasic behaviour of glucose uptake in the infarcted 

heart that eventually progresses to failure.  Third, Gnecchi et al. (113) indicate that 

glucose uptake was evaluated in the surviving tissue only.  Alternatively, Mazo et al. 

(208, 209) evaluated glucose uptake in the entire left ventricle including the injured 

myocardium.  Also, Mazo and colleagues utilized isoflurane to sedate the rats during 

metabolic assessment (208, 209).  This may have influenced results given that isoflurane 

promotes tissue glucose uptake (88) and the cell transplantation reduced infarct size 

(209).  Based on these reports, the work completed in this dissertation aim to evaluate the 

MSC impact under differing degrees of insult and without the use of anaesthetics in vivo.        

The interest in the ability of MSCs to minimize metabolic alteration post-MI has 

also been extended to clinical trials. The phase II trial, Intracoronary Human Wharton's 

Jelly- Derived Mesenchymal Stem Cells Transfer in Patients With Acute Myocardial 

Infarction (WJ-MSC-AMI) (NCT01291329), has recently been completed (259).  

Although results are not currently available, a primary outcome of the study was to 

evaluate cardiac metabolism and perfusion (259).  
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2.9.5 Mesenchymal stem cell therapy for mitochondria in the infarcted heart 

The Zhang Laboratory at the University of Minnesota has provided much of the 

current knowledge of the bioenergetic influence MSC therapy exerts on the infarcted 

heart (85, 148, 369).  All studies employ a chronic LAD ligation in swine and 

intramyocardial delivery of MSCs (85, 148, 369).  Two studies report that approximately 

four weeks post-MI the surviving myocardium of MSC-treated hearts exhibited an 

improvement in the infarct border zone (~30%) and whole left ventricle (~16%) PCr-to-

ATP ratio (85, 369).  An improvement in this ratio suggests greater mitochondrial 

OXPHOS function mediated by the MSC administration.  The most recent report from 

the Zhang laboratory evaluated energetics four months post-MI (148).  Similarly, the 

PCr/ATP ratio was identified to be elevated in the MSC-treated hearts compared to the 

MI-only (148).  Interestingly, nuclear-encoded CI subunits NDUFB6, NDUFB7 and 

NDUFB11 gene expression was depressed by the cell therapy (148).  In speculation, 

MSC transplantation may confer more than simply a preservation mitochondrial function.    

2.9.6 In vivo use of MSCs for diabetic cardiomyopathy and the diabetic infarcted heart 

 Two independent reports have assessed the effect of cell transplantation on 

cardiac dysfunction in streptozotocin (STZ)-induced diabetic rats (4, 229).  STZ is toxic 

to pancreatic β-cells leading to cellular dysfunction and compromised insulin production 

(325).  Given this, STZ-treated animals are often utilized to mimic type 1 diabetes (325).  

Abdel Aziz et al. (4) evaluated ex vivo cardiac function in rats receiving MSCs 

intravenously.  Cell transplantation minimized the decline in heart rate, left ventricle 

developed pressure and contractility index (left ventricle Δp/Δt) induced by STZ (4).  

Similarly, improvement in cardiac systolic performance was observed using induced 
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pluripotent stem (iPS) cells in STZ-treated rats (229).  Twenty-eight days following iPS 

cell administration fractional shortening was higher than the STZ-only animals (229).   

A protective effect of exogenous cell transplantation has been observed in 

combined type 2 diabetic/infarcted hearts.  Yan et al. (366) assessed the therapeutic 

efficacy of iPS cell administration in the db/db mouse heart following chronic LAD 

ligation.  Echocardiography revealed that left ventricle contractile dysfunction, as 

indicated by fractional shortening and ejection fraction, was dampened 14 days post-MI 

(366).   

2.9.7 Mesenchymal stem cell therapy for glucose metabolism in the diabetic heart 

 Early evidence suggests that cell therapy has the ability to modulate metabolic 

dysfunction in individuals with type 2 diabetes.  A pilot clinical study conducted by Jiang 

et al. (155) investigated the effect of placenta-derived MSCs (PD-MSCs) on insulin and 

glucose abnormalities in type 2 diabetic men.  Daily, exogenous insulin requirements 

were reduced up to six months following the last of three PD-MSC intravenous infusions 

(155).  Additionally, glycosylated hemoglobin was depressed (155).  Glycosylated 

hemoglobin is often used as a surrogate for chronic hyperglycemia, reflecting mean blood 

glucose concentration during the prior two to three months of time (1).  Similar findings 

have been reported employing bone marrow-derived mononuclear cells (25, 26).  

Together these results suggest cell therapy has potential to aid in diseases of abnormal 

glucose control.   

 To date, a single study has evaluated the influence of cell-based therapy on 

insulin-stimulated glucose disposal as a mechanism through which the cell treatment 

reduces hyperglycemia as indicated by glycosylated hemoglobin.  Si et al. (304) 
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employed hyperinsulinemic-euglycemic clamps to test whether MSC administration 

improves whole-body insulin sensitivity in STZ/high-fat diet-induced diabetic rodents.  

In addition to a reduction in fasting glucose concentration, it was reported that MSC 

therapy increased the glucose infusion rate (GIR; an index of whole body insulin 

sensitivity) (304).  Moreover, skeletal muscle GLUT4, p-IRS-1 and p-Akt protein was 

elevated in the MSC-treated animals (304).  The work presented in this thesis employs 

isotopic tracers to provide tissue-specific indexes of in vivo glucose uptake in addition to 

whole body GIR following MSC transplantation and aims to identify the whether cardiac 

muscle exhibits the same response to the exogenous cells that was reported in skeletal 

muscle.  
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1CHAPTER THREE: THE ROLE OF MESENCHYMAL STEM CELL 

TRANSPLANTATION IN MINIMIZING ENERGY METABOLISM 

ABNORMALITIES IN THE INFARCTED HEART EXIHIBITING MILD 

SYSTOLIC DYSFUNCTION 

 

3.1 Introduction 

 To satisfy the continuous energetic demand of contractile function, fatty acids and 

to a lesser extent glucose are catabolized by mitochondria to synthesize ATP via 

oxidative phosphorylation (OXPHOS) (326).  In response to physiological stressors, the 

heart must maintain an efficient means of energy provision.  This is accomplished by the 

heart possessing metabolic flexibility, the ability to switch to the most appropriate 

substrate.  Following a myocardial infarction (MI), the heart undergoes energetic 

alterations in which this adaptability is lost (173).  This metabolic remodelling is 

characterized by a reduction in cardiac fatty acid utilization and an increased reliance on 

glucose.  While the switch to glucose is initially adaptive, the prolonged dependence on a 

single substrate limits the heart from using the most appropriate substrate milieu in 

response to physiological stressors which compromises the heart’s capacity for energy 

provision and promotes substrate toxicity.  Shifts in substrate balance are often 

accompanied by mitochondrial insult.  Mitochondrial content is reduced and existing 

mitochondria exhibit OXPHOS dysfunction (186).  Consequently, satisfying cardiac 
                                                

1A version of this chapter has been published. Hughey, C.C., Johnsen, V., Ma, L., James, F.D., Young, 
P.P., Wasserman, D.H., Rottman, J.N., Hittel, D.S., and Shearer, J.  Mesenchymal Stem Cell 
Transplantation for the Infarcted Heart: A Role in Minimizing Abnormalities in Cardiac-Specific Energy 
Metabolism.  American Journal of Physiology - Endocrinology and Metabolism.  2012 Jan;302(2):E163-
72.   
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energetic requirements becomes exceedingly difficult and contractile dysfunction is 

perpetuated. 

 Research into the efficacy of stem cell therapy as a treatment post-MI is receiving 

substantial attention.  Cell-based therapy promotes cellular viability, neovascularization 

and improves cardiac contractile performance following a MI (67, 114).  Given the 

dynamic relationship between the aforementioned and energetics, manipulation of 

metabolism via stem cell therapy may represent an additional mechanism through which 

transplanted cells minimize myocardial contractile impairment.  A limited number of 

existing reports indicate bone marrow-derived mesenchymal stem cell (MSC) therapy 

may modulate myocardial metabolism.  Ex vivo, MSC transplantation blunted an increase 

in basal, cardiac glucose uptake two weeks post-MI in a rat model (113).  Additionally, 

MSC transplantation into the infarcted swine heart maintained the peri-infarct 

phosphocreatine-to-ATP (PCr/ATP) ratio, a ratio reflecting OXPHOS regulation, energy 

efficiency and ventricular function in cardiomyopathies (85, 369).  In contrast, Eun et al. 

(77) reported that MSC therapy does not restore cardiac glycolytic-related metabolites 7-

11 days following a MI.  The present study builds upon these initial findings 

characterizing the influence of MSC transplantation on ex vivo, basal, cardiac glucose 

uptake by assessing the in vivo effects of intramyocardial MSC injection on insulin 

sensitivity, insulin-stimulated substrate utilization and mitochondrial function following a 

MI in the conscious, unrestrained mouse.  It was hypothesized MSC transplantation 

would prevent metabolic inflexibility and mitochondrial impairment.  
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3.2 Materials and Methods  

See Figure 3.1 for a schematic of experimental outline. 

Figure 3.1 Schematic representation of experimental procedures and timelines 

 

Figure 3.1:  Echocardiography on conscious mice was performed at baseline (BL), seven 

and 23 days following ligation of the left anterior descending coronary artery (LAD).  

Arterial and jugular catheterization was performed 23 days following the LAD ligation 

for the sampling and infusion protocols of the hyperinsulinemic-euglycemic (insulin) 

clamp.  Insulin clamps were performed following 5 days of recovery from the 

catheterization surgeries (28 days post-LAD ligation) to assess insulin action in the 

conscious, unrestrained mouse.  Isotopic tracer (2-[14C]deoxyglucose (2-[14C]DG) and 

[125I]-15-(ρ-iodophenyl)-3-R,S-methylpentadecanoic acid ([125I]-BMIPP)) administration 

during the insulin clamps allowed for whole body and tissue-specific substrate uptake to 

be assessed in vivo.  Additional experiments included evaluation of mitochondrial 
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respiration in permeabilized cardiac tissue, capillary density indicated by platelet 

endothelial cell adhesion molecule1 (PECAM-1) positive area and key molecular indexes 

of metabolism and myocardial remodelling by immunoblotting and RT-PCR. 

 

3.2.1 Animal characteristics and myocardial infarction 

 Procedures were approved by the Vanderbilt University Animal Care and Use 

Committee and were performed according to the Guide for the Care and Use of 

Laboratory Animals published by the US National Institutes of Health (NIH Publication 

No. 85-23, revised 1996, A3227-01).  C57BL/6J mice (Jackson Laboratories) were 

randomly separated into three groups: SHAM, MI + phosphate buffered saline (MI+PBS) 

and MI + mesenchymal stem cells (MI+MSC).  A left anterior descending coronary 

artery (LAD) ligation model of MI was used.  Briefly, at three months of age mice of 

each group were anaesthetized with 50 mg/kg sodium pentobarbital via intraperitoneal 

injection.  All animals underwent a thoracotomy and a 7–0 silk suture was placed through 

the myocardium into anterolateral left ventricle wall followed by ligation of the LAD of 

mice in the MI+PBS and MI+MSC groups.  Following the LAD ligation and 

visualization of the infarct manifestation via blanching, 15 µl of PBS, pH 7.2, was 

injected into the peri-infarct area of the MI+PBS group.  2.5 × 105 MSCs in 15 µl of PBS, 

pH 7.2, were injected into the peri-infarct area of the MI+MSC group.  The experimental 

protocol of a single administration of 2.5 x 105 cells was employed as a result of previous 

work by the authors showing a modest reduction in infarct size with this experimental 

cell number (8).   Intra-procedural anaesthesia adequacy was ensured by evaluating the 

respiratory and/or heart rate as well as the absence of withdrawal reflex for all surgical 
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procedures.  The mice were fed a chow diet (5001 Laboratory Rodent Diet; Purina, 

Richmond, IN, USA) with ad libitum access to water.   

3.2.2 Mesenchymal stem cells  

 Primary MSCs were generated and expanded in DMEM-LG (Biowhittaker), 10% 

defined FBS (HyClone, Mediatech; Cellgro), antibiotics, fungizone and 20 µg/ml PDGF 

as previously described (8, 339).  The immunophenotype of MSCs was identified by 

FACS analysis as previously reported (8).  MSCs were CD44⁺ and LY6A/E/Sca1⁺.  The 

immunofluorescent staining confirmed the cells to be CD45⁻, CD14⁻, CD11b⁻, 

CD16/32⁻, CD144⁻ and CD146⁻.  Confirmation of MSC phenotype (17, 339) was 

supported by identifying capacity for trilineage (osteoblast, adipocyte and chondrocyte) 

differentiation.  Differentiation was performed as previously reported (8).  

3.2.3 Echocardiography 

 M-mode echocardiography was performed prior to, seven and 23 days following 

the LAD ligation in conscious mice as previously described (79, 278). 

3.2.4 Catheterization procedures   

 The catheterization procedures were performed 23 days post-MI as those 

previously described (299).  Briefly, mice were anaesthetized with isoflurane and the 

carotid artery and jugular vein were catheterized for arterial sampling and venous 

infusions, respectively.  The free ends of the catheters were tunnelled under the skin to 

the back of the neck where they were attached via stainless steel connectors to lines made 

of Micro-Renathane.  These lines were exteriorized, flushed with saline containing 200 

U/ml of heparin and 5mg/ml of ampicillin and then sealed with stainless steel plugs.  

Post-surgery, the mice were housed individually and given five days of post-operative 
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recovery prior to hyperinsulinemic-euglycemic (insulin) clamps.  The post-operative 

recovery period ensured mice were within 10% of pre-surgical weight. 

3.2.5 Hyperinsulinemic-euglycemic clamp    

 The insulin clamps were performed ensuring technical considerations previously 

described (13) were employed approximately twenty-eight days post-MI to ensure the 

infarct healing and scar formation was largely complete (89).  Mice were fasted at 5:00 

a.m., five hours prior to commencement of the insulin clamps at 10:00 a.m.  

Approximately one hour prior to the experiment, the Micro-Renathane tubing was 

connected to catheter leads and infusion syringes to allow the mice to acclimate to their 

environment.  A baseline arterial blood sample (~100µl) was taken to measure arterial 

levels of plasma glucose, insulin, non-esterified fatty acids (NEFA) and hematocrit.  The 

insulin clamp was initiated with a constant, continuous infusion of human insulin at 4 

mU/kg/min maintained throughout the experiment (Humulin R; Eli Lilly).  In the five 

hour-fasted mouse the insulin dose of 4 mU/kg/min and the corresponding plasma insulin 

concentration results in complete suppression of hepatic glucose production and increases 

the rate of glucose disposal approximately three-fold over basal conditions (13).  This 

methodology allows assessment of insulin action on peripheral tissues at high 

physiological insulin levels.  Stable euglycemia (plasma glucose: ∼8.5 mM) was 

maintained during the insulin clamps by measuring blood glucose.  Mice received saline-

washed erythrocytes from donors for the duration of the insulin clamps (5 µl/minute of 

saline-washed erythrocytes) to prevent a fall of >10% hematocrit.  In all mice, at t= 0 

minutes, ~50 ul of arterial blood was sampled to determine arterial plasma glucose and 

NEFA.  Immediately after sampling, a bolus containing 2-[14C]DG (13 µCi) and [125I]-
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BMIPP (20 µCi) was administered into the jugular vein to provide an index of tissue-

specific glucose and long chain fatty acid (LCFA) uptake and clearance.  At t = 2, 5, 10, 

15 and 20 minutes, ~50 µl of arterial blood was sampled to determine arterial plasma 

glucose, NEFA, 2-[14C]DG and [125I]-BMIPP.  Hematocrit was also measured at t = 20 

minutes. At t = 30 minutes, ~200 µl of arterial blood was taken for the measurement of 

arterial glucose, insulin, NEFA, 2-[14C]DG and [125I]-BMIPP.  Plasma was stored at -

20°C until analysis.  Mice were then immobilized by cervical dislocation and tissues were 

rapidly excised for immediate analysis or flash frozen in liquid nitrogen, and stored at -

80°C for future analysis.  Tissues collected included the heart, gastrocnemius, superficial 

vastus lateralis and white adipose tissue from the epididymal deposits.  For the heart, 

cardiac tissue was dissected into remote left ventricle and peri-infarct regions.  For all 

experiments conducted in this dissertation, the left ventricle peri-infarct was defined as 

the cardiac tissue directly adjacent to the infarcted region up to 2 mm.  The remote left 

ventricle was considered the left ventricular tissue beyond this 2 mm region.   

3.2.6 Plasma and tissue analyses 

 Plasma and tissue [125I]-BMIPP radioactivity was determined directly using a 

gamma (γ-) counter (Beckman Instruments).  Plasma 2-[14C]DG was assessed following 

deproteinization (298).  Tissue phosphorylated 2-[14C]DG (2-[14C]DG-P) was measured 

using a liquid scintillation analyzer (PerkinElmer).  Plasma insulin was assayed via 

double antibody method (218) and plasma NEFA were measured using a colorimetric 

assay (Wako Chemicals).  Plasma glucose was determined from the same deproteinized 

sample used to determine 2-[14C]DG radioactivity.  Briefly, plasma glucose was 

determined spectrophotometrically (Molecular Devices) in a two-reaction process 
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measuring the arising reduced nicotinamide adenine dinucleotide phosphate (NADPH) at 

340 nm.  The reaction mixture included 2.84 mg/ml ATP, 200 mM Tris-HCl (pH7.4), 10 

mM MgCl2, 2.03 mg/ml NADP, 1.73 U/ml hexokinase and 0.86 U/ml glucose-6-phoshate 

dehydrogenase.  The relationship between γ-radioactivity and β-emissions was 

established in the experimental counters. 

3.2.7 Whole body and tissue-specific substrate kinetics   

 The metabolic index of glucose (Rg) and fatty acid (Rf) uptake was calculated 

(299) and expressed (276) as previously described.  Briefly, glucose clearance (Kg) and 

Rg indices were calculated from the tissue accumulation of 2-[14C]DG-P and the integral 

of the plasma 2-[14C]DG concentration following the administration of a 2-[14C]DG 

bolus.  The relationships were defined as: 

Kg = [2-[14C]DG-P]tissue (t)/
0

t

∫  [2-[14C]DG]plasmadt 

Rg = Kg  x [Glucose]plasma 

Similarly, long chain fatty acid clearance (Kf) and Rf indices were calculated from the 

tissue accumulation of [125I]-BMIPP and the integral of the plasma [125I]-BMIPP 

concentration following the administration of a [125I]-BMIPP bolus.  The equations used 

were: 

 Kf = [[125I]-BMIPP]tissue (t)/
0

t

∫  [[125I]-BMIPP]plasmadt 

Rg = Kf  x [NEFA]plasma 
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Whole-body glucose (MCRg) and fatty acid (MCRf) clearance were determined as 

previously reported (301).  MCRs were determined from the initial tracer dose 

administered (D) and the tracer disappearance in the plasma.  The equations used were: 

 MCRg = D/
0

t

∫  [2-[14C]DG]plasma(t)dt 

 MCRf = D/
0

t

∫  [[125I]-BMIPP]plasma(t)dt 

Rg for cardiac and peripheral tissues were expressed relative to Rg of the brain, which 

represents constant reservoir of glucose uptake under various physiological conditions 

(276).  As a result of no tissue exhibiting constant fatty acid uptake, [125I]-BMIPP 

accumulation in the tissue was expressed as absolute values.  MCR values were 

expressed relative to the SHAM group.  

3.2.8 Mitochondrial respiration and enzymatic measurements   

 Peri-infarct permeabilized fibers were prepared as described (178).  In brief, 

cardiac samples were excised following the insulin clamp and permeabilized in buffer X 

(7.23 mM K2EGTA, 2.77 mM CaK2EGTA, 20 mM imidazole, 0.5 mM DTT, 20 mM 

taurine, 5.7 mM ATP, 14.3 mM PCr, 6.56 mM MgCl2, 50 mM K-MES, 50 µg/ml saponin 

(pH 7.1)).  Fiber bundles were washed in buffer Z (105 mM K-MES, 30 mM KCl, 10 

mM K2HPO4, 5 mM MgCl2, 5 g/L BSA, 1 mM EGTA (pH 7.1)).  High resolution 

respirometry (Oroboros Instruments) was performed in duplicate at 37°C in buffer Z.  

Substrates included 10 mM glutamate plus 2 mM malate, 5 mM ADP and 10 mM 

succinate.   
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 Peri-infarct citrate synthase activity was determined through adaptation of 

previous methods (125) at 25°C.   Following slight modifications, peri-infarct NADH-

cytochrome c oxidoreductase activity (CI+III) was determined as previously reported 

(183).  Protein was determined using the Bradford method (BioRad).    

3.2.9 Immunoblotting and immunostaining 

 Muscle samples were homogenized in a lysis buffer containing 50 mM HEPES 

(pH 7.5), 2 mM EDTA, 10% glycerol, 1% NP-40, 150 mM NaCl, 2 mM PMSF, 10 mM 

β-glycerophosphate, 1 mM CaCl2, 1 mM MgCl2, 2 mM Na3VO4,  10 mg/L Aprotinin,  10 

mg/L Leupeptin, 3 mM Benzamidine, 10 mM NaF, and 20 mM NaP.  Tissue homogenate 

was centrifuged (10 minutes at 1000 g and 4°C) and protein determination in the 

supernatant was assessed using the Bradford method (BioRad).  Protein expression of 

glucose transporter 4 (GLUT4), hexokinase II (HKII), peroxisome proliferator-activated 

receptor gamma coactivator-1alpha (PGC-1α), glutathione peroxidase (GPx), 

mitochondrial oxidative phosphorylation complexes I to V (CI to CV), uncoupling 

protein 3 (UCP3) and adenine nucleotide translocase (ANT) in the peri-infarct region of 

cardiac tissue were determined.  Proteins (20-30 ug) were resolved on NuPAGE 4-12% 

Bis-Tris gels (Invitrogen) and transferred to a polyvinylidene fluoride membrane.  The 

membranes were blocked and subsequently probed with anti-UCP3 (Abcam, 1:1000) 

anti-ANT (Santa Cruz Biotechnology, 1:500), anti-GLUT4 (Abcam, 1:10,000), anti-

hexokinase (Chemicon, 1:1000), anti-PGC-1α (Santa Cruz, 1:1000), anti-α-actin 

(Thermoscientific, 1:2000) and anti-VDAC (Abcam, 1:1000).  OXPHOS complexes of 

the electron transport chain were determined using MitoProfile® Total OXPHOS Rodent 

WB Antibody Cocktail (MitoSciences, 1:500).  Following incubation with HRP-
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conjugated secondary antibodies, the membranes were exposed to a chemiluminescent 

HRP-substrate (Millipore) and imaging was performed using Chemigenius² BioImaging 

System (SynGene).  Densitometry was completed using Gene Tools software (Syngene).  

Protein expression was normalized to voltage dependent anion channel (VDAC) 

expression; which has routinely been used as a mitochondrial loading control.  α-actin 

was used as the control for GLUT4, HKII and PGC-1α.  

 Capillary density was assessed in 8 µm sections of formalin fixed paraffin-

embedded cardiac tissue following immunofluorescence detection of platelet endothelial 

cell adhesion molecule1 (PECAM-1).  For immunofluorescence, sections were washed 

with PBS and then incubated with a PBS-blocking buffer (1% BSA and 10% goat serum) 

for 30 minutes.  The slides were then incubated with rabbit anti-PECAM-1 (Santa Cruz; 

1:250) overnight at 4°C.  The sections were washed three times and incubated with the 

fluorescently labeled secondary antibody (Alexa Fluor 546-labeled anti-rabbit IgG; 

Invitrogen) at room temperature for one hour.  Sections were washed three times with 

PBS and mounted with Prolong Gold Antifade Reagent (Invitrogen).  Quantification of 

vascularity (PECAM-1) in the heart was evaluated on nine to ten randomly chosen fields 

(objective 40x/0.75) from tissues obtained from mice by fluorescence microscopy. For 

confocal microscopy analysis, an Olympus BX61 W confocal microscope was used and 

images were generated using Fluorview 1000 software.  The PECAM-1 positive area of 

tissue for each field was quantified using Image J by outlining tissue and calculating total 

area per field.  Areas are expressed relative to the SHAM group for the infarct and remote 

left ventricle. 
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3.2.10 Quantitative real-time PCR 

 Total RNA was extracted from freeze-clamped heart tissue with Trizol reagent 

(Invitrogen).  Reverse transcription, real-time PCR and data analysis were performed as 

previously described (300).  Real-time PCR reactions were employed with Quantitect 

mouse atrial natriuretic peptide primer pairs (Qiagen) and the following mouse β-actin 

primers: forward (TGTTACCAACTGGGACGACA) and reverse 

(GGGGTGTTGAAGGTCTCAAA).  β-actin was used as a housekeeping gene as it did 

not change between treatment groups.  Relative gene expression levels are presented as 

the fold-change compared to the SHAM group, for which all levels were designated as 1.     

3.2.11 Statistical analyses  

 ANOVAs were performed to detect statistical differences (p< 0.05). Differences 

within the ANOVA were determined using Tukey’s post hoc test.  All data are reported 

as means ± SEM.  

 

3.3 Results 

3.3.1 Metabolic characteristics 

 Prior to the initiation of the insulin clamps baseline metabolic parameters were 

evaluated (Table 3.1).  Fasting concentrations of arterial plasma glucose, NEFA and 

insulin were similar between groups.  Additionally, the experimental plasma insulin 

concentration in response to the constant insulin infusion was comparable for animals of 

each treatment group. 
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Table 3.1 Biometric characteristics of C57BL/6 mice 

 SHAM MI+PBS MI+MSC 

Fasting Plasma Glucose (mM) 6.2 +/- 0.8 6.2 +/- 0.3 5.8 +/- 0.5 

Fasting Plasma NEFA (mM) 0.98+/- 0.09 1.12 +/- 0.11 1.13 +/- 0.22 

Fasting Plasma Insulin (µU/ml) 33.2 +/- 4.7 24.7 +/- 2.9 22.5 +/- 3.3 

Experimental Plasma Insulin (µU/ml) 79.8 +/- 8.4 80.8 +/- 11.1 99.9 +/- 13.0 
Data are mean ± SEM for n=8-12 mice per group for plasma glucose; n=7-8 for plasma 

NEFA; n=11-15 for fasting plasma insulin; n= 9-16 for experimental plasma insulin.   

 

3.3.2 Cardiovascular parameters 

 To gain insight into the impact of MSC therapy on left ventricle contractile 

performance, echocardiography was performed on conscious mice prior to, seven and 23 

days post-MI. Functional abnormalities (Table 3.2) were observed in the MI+PBS group, 

indicative of left ventricle systolic impairment with depressed ejection fraction (Figure 

3.2A) and fractional shortening (Figure 3.2B). The effects of MSC transplantation were 

manifested seven days post-surgery with preservation of fractional shortening (Figure 

3.2B).  At 23 days, the MSC transplantation blunted abnormalities in ventricular function.  

MI+PBS mice had a lower fractional shortening than the SHAM and MI+MSC animals 

(Figure 3.2B).  However, fractional shortening was decreased in MSC-treated mice 

compared to the SHAM mice (Figure 3.2B).  The data demonstrates MSC injection post-

MI preserves left ventricle contractile performance.   Indices of alterations in cardiac 

structure and geometry were evaluated.  Post-MI hearts exhibited pathological 

hypertrophy as the heart weight-to-body weight ratio was increased (Figure 3.2C). MSC 

treatment normalized heart weight-to-body weight (Figure 3.2C).  Additionally, cardiac 
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ANP gene expression was elevated in the MI+PBS mice (Figure 3.2D).  Unexpectedly, 

ANP was further elevated in the MI+MSC animals (Figure 3.2D).  

 

Table 3.2 Cardiovascular parameters in the conscious C57BL/6 mice 

 Baseline 7 days 23 days 

 SHAM MI+ 
PBS 

MI+ 
MSC SHAM MI+ 

PBS 
MI+ 
MSC SHAM MI+ 

PBS 
MI+ 
MSC 

HR 
(bpm) 

694 ± 
4 673 ± 7 676 ± 10 706 ± 

13 
685 ± 

22 697 ± 6 700 ± 
10 

673 ± 
18 692 ± 9 

FS 
0.500 

± 
0.005 

0.495 ± 
0.002 

0.503 ± 
0.004 

0.488± 
0.005 

0.376 ± 
0.008* 

0.466 ± 
0.005† 

0.484± 
0.004 

0.360 ± 
0.009* 

0.455 ± 
0.007*† 

EF 
0.864 

± 
0.004 

0.866 ± 
0.002 

0.871 ± 
0.003 

0.858± 
0.004 

0.743 ± 
0.01* 

0.840 ± 
0.004† 

0.853± 
0.004 

0.723 ± 
0.01* 

0.828 ± 
0.008† 

IVSd 
(cm) 

0.067 
± 

0.001 

0.066 ± 
0.001 

0.063 ± 
0.001*† 

0.071± 
0.002 

0.068 ± 
0.002 

0.068 ± 
0.001 

0.072± 
0.002 

0.073 ± 
0.002 

0.069 ± 
0.002 

LVIDd 
(cm) 

0.287 
± 

0.004 

0.289 ± 
0.002 

0.293 ± 
0.004 

0.300± 
0.005 

0.340 ± 
0.01* 

0.301 ± 
0.007† 

0.290± 
0.006 

0.354 ± 
0.009* 

0.310 ± 
0.008† 

LVPWd 
(cm) 

0.052 
± 

0.001 

0.054 ± 
0.001 

0.054 ± 
0.001 

0.060± 
0.002 

0.066 ± 
0.002 

0.064 ± 
0.002 

0.060± 
0.002 

0.062 ± 
0.002 

0.064 ± 
0.002 

IVSs 
(cm) 

0.119 
± 

0.002 

0.116 ± 
0.002 

0.110 ± 
0.002* 

0.120± 
0.001 

0.106 ± 
0.003* 

0.115 ± 
0.003 

0.120± 
0.002 

0.114 ± 
0.002 

0.117 ± 
0.004 

LVIDs 
(cm) 

0.145 
± 

0.003 

0.144 ± 
0.001 

0.146 ± 
0.002 

0.154± 
0.003 

0.213 ± 
0.008* 

0.16 ± 
0.004† 

0.150± 
0.003 

0.227 ± 
0.008* 

0.169 ± 
0.006† 

LVPWs 
(cm) 

0.084 
± 

0.001 

0.081 ± 
0.001 

0.085 ± 
0.002 

0.085± 
0.001 

0.095 ± 
0.003* 

0.095 ± 
0.002* 

0.088± 
0.002 

0.090 ± 
0.003 

0.091 ± 
0.002 

*p<0.05 vs. SHAM at specified time point.  

†p<0.05 vs. MI+PBS at specified time point. 

Data are mean ± SEM for n=15-19 mice per group.   
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Abbreviations:  HR, heart rate; FS, fractional shortening; EF, ejection fraction; IVSd, 

interventricular septal thickness in diastole; LVIDd, left ventricle (LV) end-diastolic 

dimension; LVPWd, LV posterior wall thickness in diastole; IVSs, interventricular septal 

thickness in systole; LVIDs, LV end-systolic dimension; LVPWs, LV posterior wall 

thickness in systole.  
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Figure 3.2 Cardiac functional and structural indices 

 

Figure 3.2: (A) Cardiac ejection fraction prior to, seven and 23 days following a MI.  (B) 

Fractional shortening prior to, seven and 23 days following a MI. n=15-19 mice per 

group.  (C) Heart weight-to-body weight ratio 28 days following a MI. n=12-18 mice per 

group.  (D) Cardiac atrial natriuretic peptide (ANP) gene expression 28 days following a 

MI relative to the SHAM mice. n=6-7 mice per group.  Data are mean ± S.E.M.  *p<0.05 

vs. SHAM.  †p<0.05 vs. MI+PBS.   
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3.3.3 Metabolic indices of cardiac-specific glucose and fatty acid metabolism 

 Isotopic tracers were administered during insulin clamps in the conscious, 

unrestrained mouse to evaluate glucose and fatty acid uptake at high physiological insulin 

levels.  Cardiac glucose uptake (Rg) exhibited regional differences in the infarcted heart.  

MI+PBS mice were found to have a similar peri-infarct glucose uptake compared to 

SHAM mice (Figure 3.3A).  However, the remote left ventricle glucose utilization was 

elevated (Figure 3.3B).  MSC therapy inhibited the increase in remote left ventricle 

glucose metabolism (Figure 3.3B).  Similarly, insulin-stimulated cardiac fatty acid uptake 

(Rf) displayed site-specific differences following a MI.  The peri-infarct fatty acid uptake 

was depressed and the remote left ventricle was unaltered in the MI+PBS animals (Figure 

3.3C and 3.3D).  More importantly, this is the first report to demonstrate MSC 

transplantation maintains peri-infarct fatty acid uptake post-MI (Figure 3.3C).   

 Given the alterations in substrate kinetics, protein levels of key regulators of 

substrate metabolism were evaluated.  GLUT4 and HKII, key mediators in glucose 

transport and phosphorylation, were comparable (Figure 3.4A and 3.4B).  However, 

PGC-1α, a transcriptional coactivator exhibiting a central role in the regulation of fatty 

acid oxidation, mitochondrial biogenesis and OXPHOS, was depressed post-MI (Figure 

3.4A and 3.4B).  Substrate uptake is also influenced by substrate availability, muscle 

blood flow and capillary recruitment (350).  The depressed peri-infarct fatty acid 

utilization may be influenced by differences in vascularity given infarct PECAM-1 

positive area was lower in MI+PBS mice (Figure 3.4C).  However, aberrations in 

substrate utilization in the remote left ventricle were independent of vascular density as 

PECAM-1 positive area was similar between groups (Figure 3.4D).  
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Figure 3.3 Cardiac metabolic indices 

 

Figure 3.3: (A) Metabolic index of glucose uptake (Rg) in the peri-infarct.  (B) Metabolic 

index of glucose uptake remote left ventricle.  (C) Metabolic index of long chain fatty 

acid uptake (Rf) in the peri-infarct.  (D) Metabolic index of long chain fatty acid uptake 

remote left ventricle.  Cardiac Rg values are relative to brain Rg.  n=8-12 mice per group. 

Data are mean ± S.E.M.  *p<0.05 vs. SHAM. 



 

69 

Figure 3.4 Metabolic regulators of substrate metabolism and capillary density 

 

Figure 3.4: (A) Glucose transporter 4 (GLUT4), hexokinase II (HKII) and peroxisome 

proliferator-activated receptor gamma coactivator-1alpha (PGC-1α) from the peri-infarct 

region as determined by immunoblotting.  (B) Representative immunoblotting performed 

to measure GLUT4, HKII, PGC-1α.  Protein levels are normalized to actin content and 

are relative to the SHAM group. n=6-8 mice per group.  (C) PECAM-1 

immunofluorescence staining of the infarct.  (D) PECAM-1 immunofluorescence staining 

of the remote left ventricle.  Vascular density determined as the percentage of 

immunopositive PECAM-1 area/total tissue area.  Values are relative to SHAM LV.  

n=9-10 mice per group.  Scale bar, 50µm.  Data are mean ± S.E.M.  *p<0.05 vs. SHAM.  

Of note, the order presentation of the groups in panel B is different than the order 

presentation of the groups in panels A, C and D.  The SHAM group presented in panels C 

and D are the same data set. 
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3.3.4 Metabolic indices of whole body and peripheral tissue glucose metabolism 

 To assess insulin sensitivity, insulin clamps were performed in conscious animals.  

Glucose infusion rate (Figure 3.5A) was not different between treatments, indicating no 

difference in whole body insulin sensitivity with MSC administration.  Figures 3.5B and 

3.5C represent a time-course of arterial plasma glucose and NEFA concentration during 

the insulin clamps and confirms stable euglycemia was achieved.  Additionally, systemic 

glucose uptake was examined to evaluate whole body metabolic alterations following a 

MI and/or MSC therapy.  Whole body clearance of glucose from the blood (MCRg; 

Figure 3.6A) was comparable between groups.   Peripheral tissue glucose uptake was 

assessed.  Specifically, gastrocnemius (Figure 3.6B), superficial vastus lateralis (Figure 

3.6C) and white adipose tissue (Figure 3.6D) substrate utilization was determined.  As 

exhibited by whole body glucose clearance, peripheral tissue glucose utilization was 

similar between groups.  
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Figure 3.5 Insulin sensitivity and plasma substrates during the insulin clamp 

 

Figure 3.5: (A) Glucose infusion rate (GIR) during the insulin clamp.  The GIR is 

equivalent to glucose disposal rate in response to insulin stimulation.  The GIR is 

presented as a time course starting twenty minutes prior to administration of 2-[14C]DG 

and [125I]-BMIPP (-20 minute time point) until 30 minutes following 2-[14C]DG and 

[125I]-BMIPP infusion (30 minute time point).  (B) Arterial, plasma glucose concentration 

following 2-[14C]DG and [125I]-BMIPP injection.  (C) Arterial, plasma non-esterified 

fatty acids (NEFA) in mice following 2-[14C]DG and [125I]-BMIPP injection.  Data are 

mean ± SEM for n=8-12 mice per group. 
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Figure 3.6 Whole body and peripheral tissue glucose utilization 

 

Figure 3.6: (A) Index of whole body glucose clearance rate (MCRg).  MCRg values are 

relative to the SHAM group.  SHAM values are set to an arbitrary value of one.  (B) 

Metabolic index of glucose uptake (Rg) in the gastrocnemius.  (C) Metabolic index of 

glucose uptake (Rg) in the superficial vastus lateralis.  (D) Metabolic index of glucose 

uptake (Rg) in white adipose tissue.  Tissue Rg values are relative to brain Rg.  n=8-12 

mice per group. 
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3.3.5 Metabolic indices of whole body and peripheral tissue long-chain fatty acid 

metabolism 

 Peripheral fatty acid metabolism was also evaluated following a MI and/or MSC 

transplantation.  Whole body, LCFA clearance from the circulation (MCRf; Figure 3.7A) 

was similar between groups.   Identical to glucose utilization, peripheral tissue fatty acid 

uptake was assessed.  Gastrocnemius (Figures 3.7B), superficial vastus lateralis (Figure 

3.7C) and white adipose tissue (Figure 3.7D) fatty acid uptake kinetics were determined.  

Unexpectedly, gastrocnemius fatty acid uptake was significantly lower in the MI+PBS 

mice compared to the MSC-treated mice (Figure 3.7B).  
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Figure 3.7 Whole body and peripheral tissue long-chain fatty acid utilization 

 

Figure 3.7: (A) Index of whole body long-chain fatty acid (LCFA) clearance rate 

(MCRf).  MCRf values are relative to the SHAM group.  SHAM values are set to an 

arbitrary value of one.  (B) Metabolic index of LCFA uptake (Rf) in the gastrocnemius.  

(C) Metabolic index of LCFA uptake (Rf) in the superficial vastus lateralis.  (D) 

Metabolic index of LCFA uptake (Rf) in white adipose tissue.  n=8-11 mice per group.  

Data are mean ± S.E.M.  *p<0.05 vs. MI+PBS. 

 

3.3.6 Cardiac mitochondrial function 

 Because contractile function and substrate utilization are affected by energy 

metabolism, polarographic oxygen consumption measurements were performed using 

permeabilized cardiac fibers to evaluate the integrative function of OXPHOS.  MSC 
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therapy lowered basal oxygen consumption through complex I (Figure 3.8A; V0).  

Adenosine diphosphate (ADP)-stimulated oxygen consumption through complex I was 

reduced in MI+PBS and MI+MSC animals (Figure 3.8A; VMAX-CI).  Similarly, ADP-

stimulated oxygen consumption via convergent electron flux was reduced in both 

treatment groups (Figure 3.8A; VMAX-CI+CII).  The succinate control ratio (SCR) was 

unchanged suggesting complex II is not responsible for the lower respiratory capacity 

(Figure 3.8B).  Interestingly, the respiratory control ratio (RCR) was depressed in the 

MI+PBS mice (Figure 3.8B) compared to the MI+MSC mice.  This indicates reduced 

coupling of ADP phosphorylation and oxygen consumption and translates into a 

decreased efficiency of mitochondrial OXPHOS in the infarcted mice.  Citrate synthase 

activity was assessed to determine the influence of mitochondrial heterogeneity on the 

reduced oxygen flux.  Citrate synthase activity was similar between groups excluding any 

effect of mitochondrial content on OXPHOS (Figure 3.8E).  This prompted the 

evaluation of mitochondrial protein content.  Protein expression of mitochondrial 

OXPHOS CI-CV and ANT were unchanged (Figures 3.8C and 3.8D). The absence of 

differences in many of the mitochondrial proteins did not account for the reduced oxygen 

flux following MSC therapy.  However, a reduced CI+CIII activity (Figure 3.8F) 

provides a mechanism, in part, for the depressed oxygen flux through complex I in 

MI+MSC mice.  Peri-infarct UCP3 was lower in the MI+PBS mice (Figures 3.8C and 

3.8D), consistent with reduced fatty acid uptake.  The lower UCP3 may be an adaptive 

response to depressed fatty acid utilization.  In addition to generating ATP, mitochondria 

are a source of reactive oxygen species (ROS).  The alterations in mitochondrial function 



 

76 

and efficiency provided rationale for cardiac antioxidant defense assessment.  GPx, a 

ROS scavenger, exhibited lower protein levels in the MI+MSC mice (Figure 3.8C-D).   

 

Figure 3.8 Peri-infarct mitochondria 

 

Figure 3.8: (A) Peri-infarct permeabilized cardiac fiber basal oxygen consumption 

supported by glutamate and malate (V0), maximal oxygen consumption supported by 

glutamate and malate through complex I (VMAX-CI) and maximal convergent oxygen 

consumption supported by glutamate, malate and succinate (VMAX-CI+CII).  (B) Respiratory 

control ratio (RCR; defined as VMAX-CI/V0) and Succinate Control Ratio (SCR; defined as 

VMAX-CI+CII/ VMAX-CI).  n=8 mice per group.  (C): Mitochondrial oxidative 

phosphorylation (OXPHOS) complexes, uncoupling protein 3 (UCP3), adenine 
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nucleotide translocase (ANT) and glutathione peroxidase (GPx) from the peri-infarct 

region as determined by immunoblotting.  (D) Representative immunoblotting of 

OXPHOS complexes, UCP3, ANT, GPx and VDAC.  Protein levels were normalized to 

VDAC content and are relative to the SHAM group. n=6 mice per group.  Of note, the 

order presentation of the groups in panel D is different than the order presentation of the 

groups in panel C (E) citrate synthase activity (CSA) (mmol/min/mg protein).  (F) 

Relative CI+CIII activity (nmol/min/mg protein) normalized to CSA.  n=6-8 mice per 

group.  Data are mean ± S.E.M.  *p<0.05 vs. SHAM.  †p<0.05 vs. MI+PBS. 

 

3.4 Discussion 

 Metabolic remodelling is a hallmark characteristic post-MI (230).  This study 

uniquely combines a series of technically challenging experiments to address the 

therapeutic value of MSCs as a metabolic modulator to rescue the infarcted heart from 

contractile and energetic alterations in the conscious mouse.  We report regional 

differences in insulin-stimulated cardiac glucose uptake post-MI.  The peri-infarct 

glucose uptake was comparable and the remote left ventricle glucose uptake was 

increased.  Novel findings show that MSC transplantation normalized the deranged 

insulin-stimulated cardiac glucose uptake in vivo.  This extends a recent report that MSC 

transplantation prevents increases in basal glucose uptake ex vivo (113).  Additionally, 

insulin-stimulated fatty acid utilization exhibited site-specific alterations in the infarcted 

heart.  A depression in the peri-infarct fatty acid uptake was observed, however, the 

remote left ventricle was unaffected.  In agreement, a reduced utilization of fatty acids is 

an oft-reported alteration under basal conditions following a MI (123).  Moreover, this is 
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the first study to show MSC treatment preserves in vivo peri-infarct fatty acid uptake.  A 

growing number of reports postulate that fatty acids are required for optimal left ventricle 

function (341, 367).  We found MSC therapy minimized left ventricle systolic 

dysfunction and pathological hypertrophy as indicated by improved fractional shortening 

and reduced heart weight-to-body weight body, respectively.  Our findings suggest that in 

the early stages and/or presence of moderate insult post-MI, the maintenance of a 

metabolic network that can utilize both fatty acids and glucose has positive associations 

with improved cardiac structure and function.       

 The switch away from fatty acid utilization towards a glucose preference may be 

in response to alterations in substrate availability.  Following a MI, capillary density is 

lost in the infarcted region (369).  Our findings show that the infarcted region of the 

MI+PBS mice has a lower PECAM-1 positive area suggesting a reduction in capillary 

supply to the insulted region of the heart.  The decline in infarct capillary density may 

contribute to the reduced peri-infarct fatty acid utilization in the untreated mice.  In 

contrast, the transplantation of MSCs preserved capillary density in infarcted mouse heart 

and may assist in the maintenance of cardiac fatty acid uptake.    

 Alterations in substrate utilization may also be the result of abnormal molecular 

regulation.  Of note, PGC-1α is a transcription factor co-activator that promotes the 

expression of target genes involved in fatty acid uptake and oxidation (184).  Our results 

indicate PGC-1α protein levels were reduced in the peri-infarct region following a MI, 

however, levels were maintained in the peri-infarct region of MSC-treated mice.  These 

results suggest MSC therapy inhibits the decline in PGC-1α.  This could maintain 

activation of genes involved in fatty acid metabolism and assist in preserving fatty acid 
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utilization in the peri-infarct region of the MI+MSC mice.  The decline in PGC-1α 

following a MI may also link abnormalities in cardiac fatty acid metabolism and 

mitochondrial function.  

 PGC-1α promotes mitochondrial biogenesis, respiration and OXPHOS coupling 

in addition to its role in fatty acid metabolism (184).  Upon evaluation, maximal oxygen 

flux was reduced in the peri-infarct bundles of the infarct-only hearts.  Our findings 

suggest the decline in ADP-stimulated respiration was unrelated to alterations in the 

individual electron transport complexes.  Protein levels of mitochondrial CI-CIV as well 

as the enzymatic activity were unchanged in the MI+PBS mice.  The reduction in 

maximal respiration in the absence of electron transport chain alterations suggests that the 

supramolecular complex structures or phosphorylation system is impaired.  Further 

support for these alterations is the reduced RCR in the MI+PBS mice.  This ratio 

represents coupling between ADP phosphorylation and oxygen consumption.   

 Of particular interest, cell-based therapy appears to elicit changes in cardiac 

mitochondria that do not completely normalize energetics.   Recently, Eun et al. (77) 

reported that MSC transplantation into infarcted rat hearts produce ATP synthesis-related 

metabolite profiles significantly different than that of control and infarct-only animals.  

MSC transplantation has also been shown to reduce complex I subunit gene expression in 

the peri-infarct region four months post-MI (148).  We did not identify differences in the 

protein levels of the OXPHOS complexes.  This may be due to the current study 

determining alterations in complex I at four weeks post-MI rather than four months.  

Additionally, the contrasting findings may arise from the evaluation of different complex 

I subunits.  However, in agreement with the previous report that MSC therapy augments 
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cardiac complex I characteristics, our data shows a reduced CI+CIII activity induced by 

the MSC treatment.  This catalytic reduction in OXPHOS components contributes to the 

depressed oxygen flux in the peri-infarct fiber bundles following MSC injection.  The 

causation for the lowered OXPHOS enzymatic activity is currently unknown.  Jameel et 

al. (148) hypothesized that a reduction in regional wall stress and energetic demands 

following the cell-based therapy may result in the differential complex I subunit gene 

expression and may contribute to OXPHOS enzymatic alterations.  In support, we 

observed cardiac ANP gene expression to be increased in the MI+MSC mice above that 

of the MI+PBS and SHAM animals.  The biological functions of ANP include diuresis, 

natriuresis, hypotensive promotion as well as anti-hypertrophic and -fibrotic actions 

(281).  In speculation, the large increase in ANP expression mediated by the MSC 

transplantation may have augmented wall stresses leading to complex I alterations.  

Additionally, previous work evaluating MSC administration into the infarcted swine 

heart has been reported to blunt the peri-infarct PCr/ATP ratio decline (85, 369).  We 

found the RCR to be higher in MSC-treated mice compared to MI+PBS mice.  This 

suggests MSCs preserve mitochondrial efficiency and ADP responsiveness for adequate 

high-energy phosphate provision to assist in the maintenance of the PCr/ATP ratio.   

 To date, little data is available concerning the influence of MSC transplantation 

on cardiac oxidative stress and antioxidant status.  Of interest, Kim et al. (169) reported 

that human dermal fibroblasts treated with the conditioned culture medium of adipose-

derived MSCs augments the activity of fibroblast GPx and superoxide dismutase.  In 

agreement, our findings also show that MSC treatment influences the anti-oxidant 

defence systems of the heart.  Specifically, MSC transplantation depressed GPx protein 



 

81 

levels in the peri-infarct region four weeks post-MI.  Although preliminary, this may 

indicate cell-based therapies induce alterations in the anti-oxidant defence systems.  

Future work is warranted to identify the role of MSC transplantation on ROS production 

and whether MSCs minimize oxidative stress as a means of cardioprotection following a 

MI.   

 The therapeutic influence of intramyocardial administration of MSCs also extends 

beyond the heart.  Fatty acid uptake by the gastrocnemius was lower in the MI+PBS mice 

compared to the MI+MSC animals.  To our knowledge this is the first study to address in 

vivo skeletal muscle substrate utilization post-MI.  As such, mechanisms for the 

depressed fatty acid uptake observed are currently unknown.  Previous reports indicate 

PGC-1α expression is reduced in the gastrocnemius of a rat MI model (374).  A reduction 

in PGC-1α may explain, in part, the observed depression in gastrocnemius fatty acid 

uptake. 

 

3.5 Conclusion 

 These experiments are the first to combine a comprehensive in vivo approach for 

evaluating insulin sensitivity, substrate uptake and cardiac function with stem cell therapy 

following a standardized MI in the conscious mouse.  The experimental approach 

required for these studies is technically demanding, but can be applied to a variety of 

murine models to further address mechanism.  Our findings show MSCs exhibit 

therapeutic potential as a metabolic intervention that attenuates post-MI energetic 

abnormalities.  Specifically, the MSC therapy inhibited a shift in substrate reliance 

towards glucose and increased mitochondrial ADP responsiveness for improved energetic 
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efficiency (Figure 3.9).  This may preserve metabolic flexibility and improve the heart’s 

ability to meet the energy demands of cardiac contraction. 

 

Figure 3.9 Schematic representation of metabolic signalling pathways that may be 
influenced by MSC transplantation following a MI 

 

Figure 3.9: Twenty-eight days following a myocardial infarction (MI), hearts exhibited 

an increase in glucose uptake in the remote left ventricle and a decrease in fatty acid 

utilization in the peri-infarct region.  Fatty acid uptake may be hindered by a reduction in 

vascular density in the infarct region or depression in peroxisome proliferator-activated 

receptor γ coactivator 1α (PGC-1α).  Also, mitochondrial oxygen flux in response to 

ADP and the respiratory control ratio was compromised.  Again, PGC-1α may contribute 

to these mitochondrial irregularities.  MSC transplantation prevented the changes in 
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substrate utilization, vascular density, and PGC-1α.  Also, mitochondrial efficiency was 

improved through a lowering of uncoupling.    
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2CHAPTER FOUR: THE ROLE OF MESENCHYMAL STEM CELL 

TRANSPLANTATION IN MINIMIZING ENERGY METABOLISM 

ABNORMALITIES IN THE INFARCTED HEART EXIHIBITING SEVERE 

SYSTOLIC DYSFUNCTION  

 

4.1 Introduction 

Following a myocardial infarction (MI) the heart undergoes remodelling that 

often augments its shape, size and function (322).  Additionally, changes in cardiac 

structure and performance post-MI are routinely accompanied by metabolic abnormalities 

that limit the ability of the heart to meet the constant energetic requirements of 

contraction (230).  The compromised capability to match energy supply and demand in 

the failing myocardium is, in part, the result of potentially impaired insulin signalling, a 

decline in insulin-mediated glucose uptake and the overall rate of glucose utilization 

being depressed (152, 188, 230).  While the impediment in fuel delivery that 

accompanies insulin resistance may limit ATP synthesis, further detriment to energy 

provision is facilitated through alterations in mitochondria (271).  Integrative 

mitochondrial oxidative phosphorylation (OXPHOS) may be repressed as indicated by a 

decline in ADP-stimulated oxygen consumption (285, 296).  Additionally, defects in 

individual electron transport chain (ETC) complex activities (122) and a lowering of 

mitochondrial density have been reported in the post-infarcted heart (100).  These adverse 

                                                

2 A version of this chapter has been accepted for publication.  Hughey, C.C., James, F.D., Ma, L., Bracy, 
D.P., Wang, Z., Wasserman, D.H., Rottman, J.N., and Shearer, J.  Diminishing impairments in glucose 
uptake, mitochondrial content and ADP-stimulated oxygen flux by mesenchymal stem cell therapy in the 
infarcted heart.  American Journal of Physiology-Cell Physiology.  In press.  
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mitochondrial characteristics are exacerbated by reduced peroxisome proliferator-

activated receptor γ coactivator 1α (PGC-1α) in the infarcted and failing heart (50).  

PGC-1α is a master regulator that influences mitochondrial respiration and coupling 

(184, 185).  Also, this co-activator promotes the transcription and replication of nuclear 

and mitochondrial DNA via nuclear respiratory factors (NRFs) and mitochondrial 

transcription factor A (TFAM) (364).                 

Cell-based treatments have been investigated as a therapeutic agent for repairing 

cardiac tissue and attenuating dysfunction in the infarcted heart.  However, the efficacy of 

cell transplantation to minimize disparities in ATP supply/demand has been largely 

unstudied.  Bone marrow mononuclear cell transplantation into the heart has been 

reported to enhance the cardiac p-Akt-to-Akt ratio following ischemia-reperfusion injury 

(197).  This suggests potential utility in combating impaired insulin-mediated glucose 

uptake.  Additionally, following a MI the surviving myocardium of mesenchymal stem 

cell (MSC)-treated hearts exhibited an elevation in the peri-infarct (~30%) and whole left 

ventricle (~16%) phosphocreatine (PCr)-to-ATP ratio (85).  The PCr/ATP ratio reflects 

OXPHOS function, efficiency of myocardial energy provision, and correlates well with 

LV contractile function (85, 369). 

The current report aimed to further these experimental studies indicating stem cell 

administration provides the post-infarcted heart relief from “energy starvation” by 

examining the conservation of metabolic function post-MI with MSC treatment.  To 

uncover contributors to energy preservation with MSC administration, cardiac 

mitochondrial function, content, and regulators of mitochondrial biogenesis such as PGC-

1α, NRF-1 and TFAM were assessed.  Hyperinsulinemic-euglycemic clamps combined 
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with a radioactive glucose tracer provided indices of whole body and tissue-specific, 

insulin-stimulated glucose uptake in vivo.  Together, these measures allowed for 

identification of potential means by which the transplanted cells improve cardiac ATP 

provision and act as a metabolic therapy for the infarcted heart. 

 

4.2 Materials and methods 

See Figure 4.1 for a schematic of experimental outline. 

Figure 4.1 Schematic representation of experimental procedures and timelines 

 

Figure 4.1: Echocardiography on conscious mice was performed prior to as well as seven 

and 28 days following ligation of the left anterior descending (LAD) coronary artery.  

Arterial and jugular chronic catheterization was performed 28 days following the 

myocardial infarction event for the arterial sampling and venous infusion protocols of the 

hyperinsulinemic-euglycemic (insulin) clamp.  Insulin clamps were executed after seven 
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days of recovery from the catheterization surgeries (36 days post-infarct) to assess insulin 

sensitivity in the conscious, unrestrained mouse.  Isotopic tracer (2-[14C]deoxyglucose (2-

[14C]DG) administration during insulin clamps allowed for tissue-specific glucose uptake 

to be assessed in vivo.  Additional experiments included evaluation of mitochondrial 

respiration in permeabilized cardiac fibers and regulators of metabolism by 

immunoblotting. 

 

4.2.1 Animals and myocardial infarction 

Procedures were approved by the Vanderbilt University Animal Care and Use 

Committee and performed according to the Guide for the Care and Use of Laboratory 

Animals published by the National Institutes of Health (NIH Publication No. 85-23, 

revised 1996, A3227-01). 

Thirteen week-old, male C57BL/6J mice (Jackson Laboratories, Bar Harbour, 

ME, USA) were randomly separated into three groups: SHAM, MI + phosphate buffered 

saline (MI+PBS) and MI + mesenchymal stem cells (MI+MSC).  A left anterior 

descending coronary artery (LAD) chronic ligation model was employed to induce a MI 

as previously described (137).  Immediately following the ligation, 25 µl of PBS (pH 7.2) 

or 2.5 × 105 MSCs in 25 µl of PBS (pH 7.2) was administered via a single 

intramyocardial injection into the blanching peri-infarct area of the MI+PBS or MI+MSC 

mice, respectively.  The mice were anesthetized with 50 mg/kg sodium pentobarbital via 

intraperitoneal injection prior to the surgeries.  Adequate intra-procedural anaesthesia was 

confirmed by the absence of withdrawal reflex and evaluating respiratory and/or heart 

rate. 
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4.2.2 Mesenchymal stem cells 

 Human bone marrow-derived MSCs were purchased from the Center for the 

Preparation and Distribution of Adult Stem Cells (Texas A&M Health Science Center 

College of Medicine Institute for Regenerative, Temple, TX, USA) that provides 

standardized preparations of MSCs with NIH/NCRR (P40 RR 17447-06) support.  The 

MSCs have been identified to consistently exhibit the capacity for osteoblast, adipocyte 

and chondrocyte lineage differentiation as well as be CD90+, CD105+, CD49c+, CD49f+, 

CD166+, CD59+, CD29+, CD44+, CD45-, CD34-, CD117- and CD36- (236).  MSCs were 

cultured in alpha minimum essential medium (αMEM) with L-glutamine (Life 

Technologies, Burlington, ON, Canada), 16.5% defined FBS (HyClone, Logan, UT, 

USA), streptomycin (100 µg/ml) and penicillin (100 units/ml).  All MSCs for injection 

were obtained from a single donor and passages 3-7 were utilized. 

4.2.3 Cardiac function 

 Cardiac systolic function was evaluated by M-mode echocardiography in 

conscious mice prior to the LAD ligation procedures as well as seven and 28 days post-

MI as previously described (79, 278). 

4.2.4 Chronic catheterization procedures 

In preparation for the hyperinsulinemic-euglycemic clamps (insulin clamps), the 

mice underwent chronic venous and arterial catheterization surgery 28 days post-ligation 

as previously described (137).  The mice were housed individually for seven days post-

catheterization to ensure the mice were within 10% of pre-surgical weight for use in the 

insulin clamps. 
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4.2.5 Hyperinsulinemic-euglycemic clamps and isotopic tracer administration 

Insulin clamps were executed 36 days post-MI as previously described (13).  Mice 

were fasted at 7:00 a.m. for five hours before the initiation of the experiments.  One hour 

prior to the insulin clamps the mice were given an opportunity to acclimate to their 

environment by connecting the externalized mouse catheters to all catheter leads and 

infusion syringes.  Just prior to insulin clamp commencement, an arterial blood sample 

was obtained for fasted plasma glucose, insulin, non-esterified fatty acids (NEFA) and 

hematocrit measures. To prevent a decline in hematocrit a continuous, venous 

administration of saline-washed erythrocytes (5 µl/minute) was performed.  Each 

experiment maintained a constant, continuous infusion (4 mU/kg/min) of insulin for 

133.17 ± 10.02 minutes.  Euglycemia (~7.0 mM) was maintained during the insulin 

clamps.  Once a stable glucose infusion rate (GIR) and euglycemia was a achieved for at 

least 30 minutes arterial blood was sampled for glucose concentration (t=0 minutes).  

Following this sample, a bolus containing 2-[14C]DG (13 µCi) was administered via the 

jugular vein to provide an index of tissue-specific glucose uptake.  At t = 2, 5, 10, 15, 20 

minutes, arterial blood was sampled to determine glucose and 2-[14C]DG.  At t = 30 

minutes, arterial blood was taken for the measurement of glucose, experimental insulin, 

2-[14C]DG and hematocrit.  Plasma samples were stored at -20°C until analysis.  Once the 

insulin clamp was completed mice were sacrificed via cervical dislocation.  Tissues 

(heart, soleus, gastrocnemius, superficial vastus lateralis and white adipose tissue from 

epididymal deposits) were immediately excised for analysis or stored at -80°C.  
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4.2.6 Plasma analyses 

Plasma insulin was evaluated by a double antibody method as previously 

performed (218).  Plasma NEFAs (NEFA C kit; Wako Chemicals, Richmond, VA, USA) 

and glucose were determined spectrophotometrically (Molecular Devices, Sunnyvale, 

CA) as previously described (137).  Plasma 2-[14C]DG was assessed as previously 

outlined (298).   

4.2.7 Tissue-specific substrate kinetics  

Tissue 2-[14C]DG and phosphorylated 2-[14C]DG (2-[14C]DG-P) were evaluated 

as previously described (298).  The metabolic index of glucose (Rg) uptake was 

calculated (299) and expressed (276) as previously outlined.  Rg for tissues were 

expressed relative to the brain Rg, which represents constant reservoir of glucose uptake 

(276). 

4.2.8 Mitochondrial oxygen consumption and enzymatic activity 

 Saponin-permeabilized, cardiac fibers from the peri-infarct area were prepared as 

described (136).  High-resolution respirometry (Oroboros Instruments, Innsbruck, 

Austria) was performed in duplicate at 37°C in MiR05 (0.5 mM EGTA, 3 mM 

MgCl2⋅6H2O, 20 mM taurine, 10 mM KH2PO4, 20 mM HEPES, 1 g/L BSA, 60 mM 

potassium-lactobionate, 110 mM sucrose, pH 7.1, adjusted at 30°C).  Substrates included 

10 mM glutamate plus 2 mM malate and 5mM pyruvate, 5 mM ADP and 10 mM 

succinate.  10 mM cytochrome c was added to ensure the outer mitochondrial membrane 

was intact after processing.  Following the respirometry studies, the fibers were stored at 

-80°C until use for citrate synthase activity determination as previously outlined (137). 
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4.2.9 Immunoblotting 

 Cardiac tissue was homogenized in a lysis buffer containing 20 mM NaCl, 20 mM 

Tris-HCl, 0.1 mM EDTA, 1% Triton X-100, 0.5% sodium deoxycholate, and 0.1% β-

mercaptoethanol (pH 7.4) in the presence of a protease inhibitor cocktail (Sigma-Aldrich, 

Oakville, ON, Canada) and phosphatase inhibitor cocktail (Thermo Fisher Scientific, 

Mississauga, ON, Canada).  Tissue homogenate was centrifuged (10 minutes at 1000g 

and 4°C) and supernatant protein determination was assessed using the Bradford method.  

Cardiac (15-50 µg) proteins were separated on NuPAGE 4-12% Bis-Tris gels (Life 

Technologies) and transferred to a polyvinylidene fluoride membrane.  Membranes were 

probed with peroxisome proliferator-activated receptor gamma coactivator-1alpha (PGC-

1α; Santa Cruz Biotechnology, Santa Cruz, CA, USA), glucose transporter 4 (GLUT4; 

Abcam, Cambridge, MA, USA), hexokinase II (HKII; Chemicon, Temecula, CA, USA), 

UCP3 (Abcam), phospho-insulin receptor substrate 1(Tyr608) (p-IRS-1; EMD Millipore 

Chemicals, Billerica, MA, USA), IRS-1 (EMD Millipore Chemicals), phospho-

Akt(Ser473) (p-Akt; Cell Signaling Technology, Whitby, ON, Canada), Akt (Cell 

Signaling Technology), nuclear respiratory factor 1 (NRF-1; Santa Cruz Biotechnology), 

mitochondrial transcription factor A (TFAM; Santa Cruz Biotechnology) and oxidative 

phosphorylation complexes I-V (OXPHOS CI-CV; Abcam) antibodies.  Glyceraldehyde 

3-phosphate dehydrogenase (GAPDH; Abcam) protein was utilized as a loading control.  

4.2.10 Statistical analyses 

 One-way ANOVA or two-way repeated measures ANOVA were performed to 

detect statistical differences (p< 0.05) as appropriate followed by Tukey’s post hoc tests.  

All data are reported as mean ± SEM. 



 

92 

 

4.3 Results 

4.3.1 Stem cell administration minimizes cardiac contractile dysfunction 

Echocardiography was employed in the conscious mouse to evaluate cardiac 

contractile function (Table 4.1).  Systolic dysfunction was identified in the MI+PBS 

group seven and 28 days post-infarction as indicated by the depression in ejection 

fraction (Figure 4.2A) and fractional shortening (Figure 4.2B).  The MSC administration 

exhibited the ability to lessen the insult induced by the MI.   The MSC-treated animals 

displayed a reduction in ejection fraction (Figure 4.2A) and fractional shortening (Figure 

4.2B) at seven and 28 days post-MI compared to the SHAM group.  However, the MSC-

treated hearts exhibited a greater ejection fraction (Figure 4.2A) and fractional shortening 

(Figure 4.2B) than the MI+PBS mice at seven and 28 days following cardiac insult.  

Cardiac hypertrophy was also assessed in the mice.  The heart-to-body weight (Figure 

4.2C) was elevated in MI+PBS mice 36 days post-MI.  The MSC administration 

minimized the increase in heart-to-body weight (Figure 4.2C). 
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Table 4.1 Cardiovascular parameters in conscious C57BL/6 mice 

 Baseline 7 days post-MI 28 days post-MI 

 SHAM MI+ 
PBS 

MI+ 
MSC SHAM MI+ 

PBS 
MI+ 
MSC SHAM MI+ 

PBS 
MI+ 
MSC 

HR 
(bpm) 691 ± 7 646 ± 

34 
666 ± 

13 716 ± 8 692 ± 
16 678 ± 7 777 ± 

43 
799 ± 

69 
689 ± 
9*† 

IVSd 
(mm) 

0.79 ± 
0.01 

0.77 ± 
0.01 

0.76 ± 
0.01 

0.84 ± 
0.01 

0.81 ± 
0.05 

0.78 ± 
0.02* 

0.77 ± 
0.02 

0.77 ± 
0.03 

0.81 ± 
0.01 

LVIDd 
(mm) 

2.93 ± 
0.05 

3.09 ± 
0.10 

3.33 ± 
0.09 

3.02 ± 
0.04 

4.44 ± 
0.32* 

3.93 ± 
0.28* 

2.98 ± 
0.04 

4.76 ± 
0.33* 

4.35 ± 
0.14* 

LVPWd 
(mm) 

0.78 ± 
0.02 

0.76± 
0.03 

0.74 ± 
0.01 

0.77 ± 
0.02 

0.77 ± 
0.07 

0.80 ± 
0.02 

0.74 ± 
0.03 

0.60 ± 
0.06* 

0.83 ± 
0.02*† 

IVSs 
(mm) 

0.93 ± 
0.02 

0.89 ± 
0.02 

0.93 ± 
0.02 

0.95 ± 
0.03 

0.91 ± 
0.04* 

0.93 ± 
0.02 

0.88± 
0.02 

0.81 ± 
0.03 

0.93 ± 
0.02† 

LVIDs 
(mm) 

1.45 ± 
0.03 

1.53 ± 
0.06 

1.73 ± 
0.06 

1.53 ± 
0.03 

3.36 ± 
0.29* 

2.86 ± 
0.14*† 

1.52 ± 
0.03 

3.69 ± 
0.32* 

2.94 ± 
0.16*† 

LVPWs 
(mm) 

0.97 ± 
0.02 

0.97 ± 
0.02 

1.02 ± 
0.02 

0.99 ± 
0.03 

0.86 ± 
0.07* 

0.96 ± 
0.02 

0.92 ± 
0.03 

0.75 ± 
0.07* 

1.01 ± 
0.02*† 

*p<0.05 vs. SHAM at specified time point.  

†p<0.05 vs. MI+PBS at specified time point. 

Data are mean ± SEM for n=6-14 mice per group.   

Abbreviations:  HR, heart rate; IVSd, interventricular septal thickness in diastole; LVIDd, 

left ventricle (LV) end-diastolic dimension; LVPWd, LV posterior wall thickness in 

diastole; IVSs, interventricular septal thickness in systole; LVIDs, LV end-systolic 

dimension; LVPWs, LV posterior wall thickness in systole.   
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Figure 4.2 Cardiac functional and hypertrophic indices 

 

Figure 4.2: (A) Cardiac ejection fraction (%) prior to a myocardial infarction (MI), 7 and 

28 days following a MI. n=6-14 mice per group.   (B) Cardiac fractional shortening (%) 

prior to a MI, 7 and 28 days following a MI. n=6-14 mice per group.  (C) Heart weight-

to-body weight ratio 36 days following a MI. n=11-12 mice per group.  Data are mean ± 

S.E.M.  *p<0.05 vs. SHAM.  †p<0.05 vs. MI+PBS. 

 

4.3.2 MSC therapy dampens impairment in glucose uptake in the infarcted heart   

 Insulin clamps in the conscious, unrestrained mouse were employed to evaluate in 

vivo whole body glucose disposal in response to insulin and as a means of identifying a 

systemic effect of the MI and MSC treatment.  The glucose infusion rate (GIR) required 

to achieve euglycemia (~7.0 mM) was similar between groups (Figure 4.3A).  Blood 
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glucose levels were comparable between groups during the insulin clamp  (Figure 4.3B).  

Isotopic glucose (2-[14C]DG) was administered during the insulin clamps to assess 

insulin-stimulated, tissue-specific glucose uptake.  Both the remote left ventricle 

(MI+PBS LV) and the peri-infarct region (MI+PBS PI) in the MI+PBS animals exhibited 

a lower rate of glucose utilization compared the SHAM group (Figure 4.3C and 4.3D).  In 

contrast, a regional effect was observed in the MSC-treated mice.  An intramyocardial 

injection of MSC preserved cardiac glucose uptake in response to insulin in the remote 

left ventricle (MI+MSC LV) but was not able to rescue the peri-infarct region (MI+MSC 

PI) from impaired glucose uptake (Figure 4.3C and 4.3D).   
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Figure 4.3 Insulin-stimulated whole body disposal and cardiac-specific glucose 
uptake 

 

Figure 4.3: (A) Glucose infusion rate (GIR) during the insulin clamp.  The GIR is 

equivalent to the whole body glucose disposal rate in response to venous infusion of 

insulin.  The GIR is shown as a time course starting twenty minutes prior to 

administration of 2-[14C]DG (-20 minute time point) to 30 minutes following 2-[14C]DG 

infusion (30 minute time point).  (B) Arterial, blood glucose concentration following 2-

[14C]DG for 30 minutes post-administration.  Data are mean ± SEM for n=6-10 mice per 

group.  (C) Metabolic index of glucose uptake (Rg) in the remote left ventricle (LV) and 

(D) metabolic index of glucose uptake in the peri-infarct region of the left ventricle (PI).  
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Cardiac Rg values are relative to brain Rg. n=6-8 mice per group.  Data are mean ± 

S.E.M.  *p<0.05 vs. SHAM.   

4.3.3 Diminishing impairments in regulators of glucose uptake by MSC transplantation 

Regulators of glucose metabolism were evaluated to identify the mechanisms by 

which MSC administration preserved cardiac glucose uptake in the remote left ventricle.  

The insulin signalling pathway was probed by determining p-IRS-1(Tyr608), total IRS-1, 

p-Akt(Ser473) and total Akt.  Both infarct groups displayed a reduction in p-IRS-1 in the 

remote left ventricle and peri-infarct region (Figure 4.4A-C).  Total IRS-1 was similar 

between groups, however, total IRS-1 may have trended towards a significant decline 

given the p-IRS-1/IRS-1 ratio was comparable between groups (Figure 4.4A-C).  The MI 

event resulted in a reduction of the p-Akt/Akt ratio in the remote left ventricle of the 

MI+PBS mice (Figure 4.4D and 4.4F).  The MSC administration minimized the p-

Akt/Akt decline in the remote left ventricle (Figure 4.4D and 4.4F).  The remote left 

ventricle region displayed similar PGC-1α between groups (Figure 4.4G and 4.4I).  

However, the MI-induced a depression in cardiac PGC-1α that was inhibited by the MSC 

treatment in the peri-infarct region (Figure 4.4H and 4.4I).  Cardiac GLUT4 and HKII in 

the remote left ventricle and peri-infarct regions were comparable between groups 

(Figure 4.4G-I).   
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Figure 4.4 Mediators of cardiac glucose uptake 

 

Figure 4.4: (A) Remote left ventricle and (C) peri-infarct cardiac phospho-insulin 

receptor substrate 1 (p-IRS-1), IRS-1 and p-IRS-1-to-total IRS-1 ratio (p-IRS-1/IRS-1) as 

determined by immunoblotting.  (C) Representative immunoblotting performed to 

measure p-IRS-1 and IRS-1.  (D) Remote left ventricle and (E) peri-infarct cardiac 

phospho-Akt (p-Akt), Akt and p-Akt-to-total Akt ratio (p-Akt/Akt) as determined by 

immunoblotting.  (F) Representative immunoblotting performed to measure p-Akt and 

Akt.  (G) Remote left ventricle and (H) peri-infarct cardiac peroxisome proliferator-

activated receptor gamma coactivator-1alpha (PGC-1α), glucose transporter 4 (GLUT4) 

and hexokinase II (HKII) as determined by immunoblotting.  (I) Representative 

immunoblotting performed to measure PGC-1α, GLUT4 and HKII.  Protein levels are 
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normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) content and are 

relative to the SHAM group. n=5-6 mice per group.  Data are mean ± S.E.M.  *p<0.05 vs. 

SHAM.  

 

4.3.4 Potential for increased peripheral tissue glucose uptake post-MSC therapy 

 It has been proposed that cardiomyopathy is associated with generalized energetic 

failure and systemic insulin resistance (271, 321).  Given this, in addition to cardiac-

specific glucose uptake, insulin-stimulated glucose uptake in the soleus, white adipose 

tissue, superficial vastus lateralis and gastrocnemius was assessed (Figure 4.5A-D).  The 

MI+MSC soleus exhibited an elevated Rg compared to that of the SHAM and MI+PBS 

mice (Figure 4.5A).  The rate of glucose utilization in the white adipose tissue, superficial 

vastus lateralis and gastrocnemius was similar between groups (Figure 4.5B-D).  Also, 

the five-hour fasted levels of arterial glucose and non-esterified fatty acids were 

comparable between groups (Table 4.2). 
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Figure 4.5 Insulin-stimulated peripheral tissue glucose uptake 

 

Figure 4.5: (A) Metabolic index of glucose uptake (Rg) in the soleus.  (B) Metabolic 

index of glucose uptake (Rg) in white adipose tissue.  (C) Metabolic index of glucose 

uptake (Rg) in the superficial vastus lateralis.  (D) Metabolic index of glucose uptake (Rg) 

in the gastrocnemius.  Tissue Rg values are relative to brain Rg. n=6-9 mice per group.  

*p<0.05 vs. SHAM.  †p<0.05 vs. MI+PBS. 
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Table 4.2 Biometric characteristics of C57BL/6 mice 

 SHAM MI+PBS MI+MSC 

Fasting Plasma Glucose (mM) 9.05 ± 0.31 8.18 ± 0.37 8.43 ± 0.33 

Fasting Plasma NEFA (mM) 0.9 ± 0.05 0.94 ± 0.05 1.0 ± 0.05 
Experimental Plasma Insulin 

(µU/ml) 103.87 ± 22.32 90.25 ± 13.58 91.67 ± 12.40 

Body Weight (g) 26.61 ± 0.85 25.77 ± 0.98 27.9 ± 0.55 

Muscle (%) 90.88 ± 0.88 90.03 ± 0.41 89.15 ± 0.94 

Fat (%) 7.66 ± 0.68 7.93 ± 0.32 8.59 ± 0.97 

Free Fluid (%) 1.46 ± 0.36 2.04 ± 0.20 2.21 ± 0.17 
Data are mean ± SEM for n=12-13 mice per group for plasma glucose; n=11-12 for 

plasma NEFA; n= 6-9 for experimental plasma insulin; n=7-9 for body weight; n=11-15 

for body composition measurements.   

 

4.3.5 MSC transplantation preserves mitochondrial content and improves efficiency 

In addition to cardiac function and glucose utilization indexes, polarographic 

oxygen flux measurements were performed to evaluate mitochondrial OXPHOS.  Basal 

oxygen consumption (V0) supported by complex I substrates malate, glutamate and 

pyruvate was comparable between groups (Figure 4.6A).  The MI-only animals displayed 

a reduction in maximal ADP-stimulated oxygen flux (VMAX-CI; Figure 4.6A).  In contrast, 

ADP-stimulated oxygen consumption through complex I in MI + MSC animals was 

comparable to the SHAM group (Figure 4.6A).  The addition of succinate to assess ADP-

stimulated oxygen flux via convergent electron flux through mitochondrial complexes 

I+II showed a significant reduction in the MI+PBS mice only (VMAX-CI + CII; Figure 4.6A).  

The respiratory control ratio (RCR) was reduced in the MI + PBS hearts but preserved in 
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the MI+MSC cardiac fibers (Figure 4.6B).  This suggests a decrease in ADP 

responsiveness in the MI+PBS mice.  Intriguingly, the succinate control ratio was 

heightened in the MI+PBS peri-infarct region (VMAX-CI + CII / VMAX-CI; Figure 4.6B).  

Citrate synthase activity was assessed to identify a possible effect of mitochondrial 

heterogeneity on potential for energy provision.  Citrate synthase activity was reduced in 

the MI+PBS group, however, MSC transplantation protected hearts from a decline in this 

mitochondrial content maker (Figure 4.6C).  The preservation of ADP-stimulated oxygen 

flux and cardiac citrate synthase activity in the MI+MSC mice prompted the evaluation 

of mitochondrial proteins involved in function and biogenesis.  In the remote left 

ventricle mitochondrial OXPHOS CI–CV, NRF-1, TFAM and were similar between 

groups (Figure 4.6D and 4.6F).  Peri-infarct complex I and TFAM were lowered in both 

infarct groups (Figure 4.6E and 4.6F).  UCP3 in the peri-infarct region was lower in the 

MI+PBS mice (Figure 4.6E and 4.6F).     
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Figure 4.6 Cardiac mitochondrial function and characteristics 

 

Figure 4.6: (A) Peri-infarct permeabilized cardiac fiber basal oxygen consumption 

supported by glutamate, malate and pyruvate (V0), maximal oxygen consumption (ADP-

stimulated) supported by glutamate, malate and pyruvate through complex I (VMAX-CI) 

and maximal convergent oxygen flux supported by glutamate, malate, pyruvate and 

succinate (VMAX-CI+CII). n=8-10 mice per group.  (B) Respiratory control ratio (RCR; 

defined as VMAX-CI/V0) and succinate control ratio (SCR; defined as VMAX-CI+CII/VMAX-CI). 

n=9-10 mice per group.  (C) Peri-infarct citrate synthase activity (CS) (mmol/min/mg 

protein). n=8-10 mice per group.  (D) Remote left ventricle (LV) and (E) peri-infarct (PI) 

mitochondrial oxidative phosphorylation (OXPHOS) complexes I-V (CI-CV), nuclear 

respiratory factor 1 (NRF-1), mitochondrial transcription factor A (TFAM) and 
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uncoupling protein 3 (UCP3) as determined by immunoblotting.  (F) Representative 

immunoblotting of the regional protein levels OXPHOS CI-CV, NRF-1, TFAM and 

UCP3.  Protein levels were normalized to glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) content and are expressed relative to the SHAM group. n=6 mice per group.  

Data are mean ± S.E.M.  *p<0.05 vs. SHAM.  †p<0.05 vs. MI+PBS PI. 

 

4.4 Discussion 

The current study aimed to evaluate the ability of MSC therapy to attenuate 

aberrations in cardiac glucose utilization and mitochondria.  Such disturbances may 

hinder energy provision required to sustain contractile performance.  Experimental 

studies have previously reported MSC-treated hearts to exhibit elevated high-energy 

phosphates compared to infarct-only hearts (85).  Furthermore, this improvement in the 

energy state of the heart was accompanied by lower cardiac dysfunction (85).  However, 

it remains to be completely determined which metabolic processes involved in energy 

provision are modulated by MSC therapy to achieve these therapeutic effects.    

Our results indicated systolic performance was reduced 40-55% as indicated by 

ejection fraction and fractional shortening following the MI.  A single intramyocardial 

injection of MSC minimized the decline in contractile performance to approximately 25-

36%.  Also, the exogenous cells mediated a mild inhibition of the hypertrophic response 

following a MI.  The improvement in cardiac function and structure was associated with 

the ability of the MSC transplantation to lessen irregularities in in vivo cardiac glucose 

uptake.  Thirty-six days after the MI, infarct-only hearts exhibited a decline in insulin-

stimulated glucose uptake in the remote left ventricle and peri-infarct regions.  The MSC 
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treatment impeded a significant reduction in glucose utilization in the remote left 

ventricle.  In contrast, the cell-based therapy could not prevent a decline in insulin-

stimulated glucose uptake in the peri-infarct region.  These results indicate that the 

intramyocardial injection of MSCs may exert regional influences and at the very least 

slow the onset of alterations in glucose utilization associated with cardiac remodelling 

post-MI. 

Following evaluation of glucose uptake, immunoblotting was performed to 

identify potential mediators contributing to the maintenance of insulin-mediated glucose 

uptake in the MSC-treated remote left ventricle.  The MSC administration did not rescue 

the infarcted heart from a fall in p-IRS-1.  However, the stem cell transplantation did 

appear to provide some protection to components involved in insulin signalling through 

the attenuation of a significant decline in the remote left ventricle p-Akt-to-Akt ratio.  

This may have provided some beneficial effect on insulin-stimulated glucose uptake even 

in the presence of IRS-1 impairment as constitutively active Akt has been reported to 

almost match the effect of insulin in vitro (171, 232).  Furthermore, the ability of MSC 

therapy to protect Akt phosphorylation is in agreement with previous studies that indicate 

the cell-based treatment enhances PI3K-Akt pathway signalling (304).   

In addition to substrate flux, modulation mitochondrial OXPHOS may be a means 

by which the stem cell therapy may improve cardiac energetic abnormalities following a 

MI.  The current study found MSC transplantation to minimize impairments in ADP-

stimulated oxygen consumption supported by pyruvate, malate and glutamate from 

decline.  Also, the MSC transplantation impeded an overt depression in RCR suggesting 

that the cell-based therapy confers modest protection to the infarcted heart from declines 
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in OXPHOS ADP responsiveness.  These mitochondrial characteristics may contribute to 

the elevated high-energy phosphates previously identified following MSC transplantation 

in the infarcted heart.  Also, the MI+PBS animals displayed an elevated SCR.  While a 

persistent decline VMAX-CI + CII may indicate dysfunction downstream of complex I and II, 

the combination of depressed RCR, complex I protein, and elevated SCR hints that 

complex I could be mediating this dysfunction as there is availability for increased flux 

downstream of complex I. 

The preservation of cardiac ADP-stimulated oxygen flux in saponin-

permeabilized fibers from the peri-infarct region led us to explore PGC-1α.  PGC-1α is a 

transcriptional co-activator that augments mitochondrial function (346).  Previous studies 

overexpressing PGC-1α in rodent ventricular myocytes have identified that this 

transcription factor co-activator promotes an increase in ADP-stimulated oxygen flux 

supported by malate and glutamate (184).  Cardiac PGC-1α is of interest in our MI-

model because this master regulator of energy metabolism declines as the heart 

progresses towards overt failure (271).  Similarly, the current study identified peri-infarct 

PGC-1α to be reduced in the MI-only mice.  

Concurrent with its role in enhancing mitochondrial oxidative capability, PGC-1α 

promotes mitochondrial biogenesis (184).   A loss of mitochondrial content has been 

observed in rodent models of heart failure (100).  The current study identified a 

depression in citrate synthase activity, a marker of mitochondrial density, in the MI+PBS 

mice.  However, the MSC-treated hearts exhibited no alterations in the activity of this 

tricarboxylic acid cycle enzyme.   The preservation of cardiac mitochondria content 



 

107 

following MSC transplantation may play a role in the improved PCr/ATP ratio and 

cardiac energy homeostasis.  A downstream effector of PGC-1α-mediated mitochondrial 

nuclear gene transcription is NRF-1 (106).  Moreover, PGC-1α acts in concert with the 

NRFs and is proposed to be the limiting factor in NRF target gene expression (106).   

NRF-1 was comparable between groups suggesting the ability of the MSC treatment to 

diminish a decline in PGC-1α may play an important role in the conservation of 

mitochondrial content.  Of note, our results indicate that the lowering of TFAM following 

a MI was not blunted by the MSCs.  TFAM is a nuclear-encoded transcription factor that 

regulates the replication and transcription of mitochondrial DNA (86, 302).  As such, 

caution must be exerted when it comes to conclusions concerning the ability of the cell-

based treatment to prevent long-term impairments in mitochondrial density.   

 

4.5 Conclusion 

 In summary (Figure 4.7), the current study found MSC transplantation for the 

infarcted heart to lessen declines in in vivo, insulin-stimulated cardiac glucose uptake.  

Also, the stem cell administration exhibited a protective effect on integrative OXPHOS 

function and mitochondrial density following a MI.  These mitochondrial improvements 

may have been conferred by the ability of MSC therapy to prevent alterations in PGC-1α 

and its downstream signalling.   From a therapeutic perspective, the reduction in 

metabolic insults induced by the MSC transplantation could assist in allowing the heart to 

minimize disparities in energy supply and demand. 
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Figure 4.7 Schematic representation of metabolic signalling pathways that may be 
influenced by MSC transplantation following a MI 

 

Figure 4.7: Thirty-six days following a myocardial infarction (MI), hearts exhibited a 

decrease in glucose uptake.  The dysfunction in insulin-stimulated glucose utilization was 

associated with a depression in phosphorylated insulin substrate receptor 1 (p-IRS-1) 

and/or a phosphorylated Akt-to-total Akt ratio.  Also, mitochondrial ADP-stimulated 

respiration, density, efficiency were reduced.  Peroxisome proliferator-activated receptor 

γ coactivator 1α (PGC-1α), a regulator of mitochondrial function and biogenesis was 

lower.  MSC transplantation diminished the decline in glucose uptake and p-Akt/Akt ratio 

in the remote left ventricle and the mitochondrial insults in the peri-infarct region. 
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3CHAPTER FIVE: THE ROLE OF MESENCHYMAL STEM CELL 

TRANSPLANTATION IN MINIMIZING ENERGY METABOLISM 

ABNORMALITIES IN THE DIET-INDUCED INSULIN 

RESISTANT/INFARCTED HEART 

 

5.1 Introduction 

The regional loss of cardiac myocytes following a myocardial infarction (MI) 

compromises the ability of the heart to pump blood to peripheral sites and may initiate 

compensatory mechanisms in an attempt to preserve cardiac function (322) .  Researchers 

in regenerative medicine have become excited by the possibility of repairing and/or 

replacing pathological tissue via administration of exogenous cells (124, 163, 216).  

Experimental study and clinical trials have identified cell-based therapies to consistently 

improve systolic function (114, 120, 149, 150, 247, 259).  However, cell transplantation 

has been less than adequate at replacing the lost cells; which may be, in part, due to poor 

cell persistence following administration in the infarcted heart (118, 269). 

 In the presence of poor cell survival and engraftment, the mechanisms promoting 

beneficial results reported following stem cell transplantation have been subject to an 

increasing number of studies that suggest cell-mediated paracrine effects are likely the 

major mediator for the improvement in cardiac function and the attenuation or slowing of 

the maladaptive processes (114).  The release of paracrine factors have a potential 

                                                

3A version of this chapter has been published.  Hughey, C.C., Ma, L., James, F.D., Bracy, D.P., Wang, Z., 
Wasserman, D.H., Rottman, J.N., Hittel, D.S., and Shearer, J.  Mesenchymal stem cell transplantation for 
the infarcted heart: therapeutic potential for insulin resistance beyond the heart. Cardiovascular 
Diabetology.  2013, 12(1):128. 
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regulatory role in various processes that influence cardiac function including anti-

apoptotic signalling and neovascularization as well as the modulation of inflammation, 

fibrosis, cardiac contractility, host stem cell activation and metabolism (114, 360).   

In terms of cardiac metabolism, animal studies indicate the ability of stem cell 

transplantation, specifically mesenchymal stem cell (MSC) transplantation, to lessen 

aberrations in glucose utilization, mitochondrial function and high-energy phosphate 

provision in the infarcted heart (85, 113, 137, 209, 369).  Since diabetes and heart disease 

often co-aggregate (132, 157, 292), the absence of metabolic dysfunction associated with 

type 2 diabetes in previous studies may not provide a complete model in assessing the 

utility of cell transplantation for the infarcted heart.  Of particular interest is insulin 

resistance, as it enhances the risk of experiencing cardiovascular disease and a MI (143, 

349).  Moreover, individuals with insulin resistance and type 2 diabetes exhibit a greater 

probability of developing heart failure and higher mortality following a MI (105, 192, 

349).   

From a mechanistic perspective, insulin resistance may enhance cardiac pathology 

following a MI by inhibiting changes in metabolic characteristics that are initially 

suggested to be adaptive (5, 146, 230, 328, 342).  The cardiac metabolic phenotype shifts 

away from its predominant reliance on fatty acid oxidation towards increased glucose 

utilization early post-MI (5, 146, 230, 328, 342).  Glucose oxidation is more oxygen 

efficient and may provide a more effective means of ATP provision (152).  An alternative 

means of providing energy for cardiac contraction in an economical fashion involves the 

down-regulation of mitochondrial uncoupling proteins (UCPs) in the failing heart (152, 

260).  UCPs create an environment where oxygen consumption does not contribute to 
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ATP synthesis, which is achieved through the uncoupling of the electrochemical gradient 

and ADP phosphorylation (151).  These adaptations in cardiac metabolic pathways may 

assist in meeting the energetic demand of contraction.  However, this metabolic 

flexibility demonstrated by the heart is impeded in insulin resistance (359).  Insulin 

resistance inhibits glucose uptake creating a situation of severe detriment given both fatty 

acid and glucose metabolism are impaired and energy provision is compromised in the 

insulin resistant, infarcted heart (359).  Further insult occurs from hyperglycemia and 

hyperlipidemia (147, 354).  For example, elevated circulating fatty acids promote an 

increase in cardiac UCP3 levels (223).  The increase in UCP3 may stimulate higher 

mitochondrial uncoupling and further energy demand/supply disparities. 

 Given the deleterious impact of insulin resistance on the infarcted heart, this study 

aimed to identify whether the efficacy of MSC administration to minimize alterations in 

metabolic processes that assist in ATP provision following a MI is maintained in a 

murine model of diet-induced insulin resistance/MI. 

 

5.2 Materials and methods 

 See Figure 5.1 for a schematic of experimental outline. 
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Figure 5.1 Schematic representation of experimental procedures and timeline 

 

Figure 5.1: Echocardiography on conscious mice was performed prior to, seven and 28 

days following ligation of the left anterior descending coronary artery (LAD).  Arterial 

and jugular catheterization was performed 28 days following the LAD ligation for the 

sampling and infusion protocols of the hyperinsulinemic-euglycemic (insulin) clamp.  

Insulin clamps were performed following seven days of recovery from the catheterization 

surgeries (36 days post-LAD ligation/13 weeks of high-fat feeding) to assess insulin 

action in the conscious, unrestrained mouse.  Isotopic tracer 2-[14C]deoxyglucose (2-

[14C]DG) administration during the insulin clamps allowed for whole body and tissue-

specific substrate uptake to be assessed in vivo.  Additional experiments included 

evaluation of mitochondrial respiration in permeabilized cardiac tissue and key molecular 

regulators of metabolism by immunoblotting.  MI+PBS, myocardial infarction + 

phospho-buffered saline; MI+MSC, myocardial infarction + mesenchymal stem cells. 
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5.2.1 Animal characteristics and myocardial infarction 

Procedures were approved by the Vanderbilt University Animal Care and Use 

Committee and performed according to the Guide for the Care and Use of Laboratory 

Animals published by the National Institutes of Health (NIH Publication No. 85-23, 

revised 1996, A3227-01).  Thirteen week-old, eight week high-fat fed (HFF) (F3282, 

60% calories from fat, Bio-Serv, Frenchtown, NJ, USA), C57BL/6J, male mice (Jackson 

Laboratories, Bar Harbour, ME, USA) were randomly separated into three groups: 

SHAM, MI + phosphate buffered saline (MI+PBS) and MI + mesenchymal stem cells 

(MI+MSC).  A left anterior descending coronary artery (LAD) chronic ligation induced a 

MI as described (137).  Following the ligation, 25 µl of PBS (pH 7.2) or 2.5 × 105 MSCs 

in 25 µl of PBS (pH 7.2) were injected into the blanching peri-infarct area of the MI+PBS 

or MI+MSC mice, respectively.   

5.2.2 Mesenchymal stem cells 

Human MSCs were purchased from the Texas A&M Health Science Center 

College of Medicine Institute for Regenerative (Temple, TX, USA) that provides 

standardized MSC preparations through support from the NIH/NCRR (P40 RR 17447-

06). The MSCs have been described to consistently exhibit trilineage potential and be 

CD90+, CD105+, CD49c+, CD49f+, CD166+, CD59+, CD29+, CD44+, CD45-, CD34-, 

CD117- and CD36- (236).  MSCs were expanded in alpha minimum essential medium 

(αMEM) with L-glutamine (Life Technologies, Burlington, ON, Canada), 16.5% defined 

FBS (HyClone, Logan, UT, USA), penicillin (100 units/ml) and streptomycin (100 

µg/ml).  All mice received MSCs from a single donor and passages 3-8 were utilized.  
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5.2.3 Echocardiography 

To assess cardiac contractile function, M-mode echocardiography was completed 

in conscious mice prior to the MI as well as seven and 28 days post-MI as previously 

described (79, 278). 

5.2.4 Catheterization procedures 

Chronic catheterization surgeries were performed 28 days post-ligation (12 weeks 

HFF) as those previously described for hyperinsulinemic-euglycemic (insulin clamps) 

(137).  Post-surgery, the mice were housed individually for seven days to ensure the mice 

were within 10% of pre-surgical weight prior to insulin clamps. 

5.2.5 Hyperinsulinemic-euglycemic clamp 

 Our laboratory has shown that insulin resistance is induced in 12 weeks HFF 

C57BL/6 mice (96, 298).  Insulin clamps were performed with procedural considerations 

previously described (13) at 36 days post-MI (13 weeks HFF).  Mice were fasted at 7:00 

a.m., five hours prior to initiation of the insulin clamps.  One hour prior to the 

experiment, the externalized mouse catheters were connected to catheter extensions 

attached to infusion syringes.  Just prior to the onset of the insulin clamp, an arterial 

blood sample was obtained to evaluate levels of arterial glucose, insulin, non-esterified 

fatty acids (NEFA) and hematocrit.  Each experiment consisted of a continuous infusion 

(4 mU/kg/min) of insulin.  Euglycemia (blood glucose: ~7.0 mM) was maintained during 

the insulin clamps.  Venous infusion of saline-washed erythrocytes (5 µl/min) during the 

insulin clamp prevented a decline in hematocrit due to arterial sampling.  Insulin clamp 

duration averaged 122.07 ± 9.48 minutes until a stable glucose infusion rate (GIR) and 

euglycemia was achieved for at least 30 minutes.  Arterial blood was sampled to 
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determine glucose levels (t=0 minutes) had achieved the steady state.  Immediately 

following the blood sampling, a bolus containing 2-[14C]deoxyglucose (2-[14C]DG; 13 

µCi) was administered into the jugular vein to provide an index of tissue-specific glucose 

uptake.  At t = 2, 5, 10, 15, 20 minutes, arterial blood was sampled to determine glucose 

and 2-[14C]DG.  At t = 30 minutes, arterial blood was taken for the measurement of 

glucose, experimental insulin, 2-[14C]DG and hematocrit.  Plasma was stored at -20°C 

until analysis.  Following the insulin clamp, mice were killed via cervical dislocation and 

tissues were immediately excised for analysis or stored at -80°C.  The heart, soleus, 

gastrocnemius, superficial vastus lateralis and white adipose tissue from the epididymal 

fat pad were collected. 

5.2.6 Plasma analyses 

Arterial insulin was assayed via a double antibody method (218).  Plasma NEFAs 

(NEFA C kit; Wako Chemicals, Richmond, VA, USA) and glucose were determined 

spectrophotometrically as previously described (137).  Plasma 2-[14C]DG was assessed as 

previously outlined (298).   

5.2.7 Tissue-specific substrate kinetics 

 Tissue 2-[14C]DG and tissue phosphorylated 2-[14C]DG (2-[14C]DG-P) were 

determined as previously described (298).  The metabolic index of glucose (Rg) uptake 

was calculated (299) and expressed as previously described (276). 

5.2.8 Mitochondrial respiration and enzymatic measurements 

Cardiac peri-infarct fibers were prepared and saponin-permeabilized as described 

(136).  High-resolution respirometry (Oroboros Instruments, Innsbruck, Austria) was 

performed in duplicate at 37°C in MiR05 (Final concentration: 0.5 mM EGTA, 3 mM 
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MgCl2⋅6H2O, 20 mM taurine, 10 mM KH2PO4, 20 mM HEPES, 1 g/L BSA, 60 mM 

potassium-lactobionate, 110 mM sucrose, pH 7.1, adjusted at 30°C).  Substrates (final 

concentration) included 10 mM glutamate plus 2 mM malate and 5 mM pyruvate, 5 mM 

ADP and 10 mM succinate.  Cytochrome c (10 mM) was added to ensure the outer 

mitochondrial membrane was intact after processing.  Peri-infarct citrate synthase activity 

was determined via previous methods (137). 

5.2.9 Immunoblotting 

Tissues were homogenized in a lysis buffer (final concentration) containing 20 

mM NaCl, 20 mM Tris-HCl, 0.1 mM EDTA, 1% Triton X-100, 0.5% (wt./vol.) sodium 

deoxycholate, and 0.1% β-mercaptoethanol (vol./vol.) (pH 7.4) in the presence of a 

protease inhibitor cocktail (Sigma-Aldrich, Oakville, ON, Canada) and phosphatase 

inhibitor cocktail (Thermo Fisher Scientific, Mississauga, ON, Canada).  Cardiac (20-30 

µg), gastrocnemius (40 µg) and white adipose tissue (40 µg) proteins were resolved on 

NuPAGE 4-12% (vol./vol.) Bis-Tris gels (Life Technologies) and transferred to a 

polyvinylidene fluoride membrane.  Membranes were probed with peroxisome 

proliferator-activated receptor gamma coactivator-1alpha (PGC-1α; Santa Cruz 

Biotechnology, Santa Cruz, CA, USA), glucose transporter 4 (GLUT4; Abcam, 

Cambridge, MA, USA), hexokinase II (HKII; Chemicon, Temecula, CA, USA), UCP3 

(Abcam), phospho-Akt(Ser473) (p-Akt; Cell Signaling Technology, Whitby, ON, 

Canada) and Akt (Cell Signaling Technology) and oxidative phosphorylation complexes 

I-V (OXPHOS CI-CV; Abcam) antibodies. A goat-anti-mouse secondary antibody 

(Thermo Fischer Scientific) was used for the OXPHOS CI-CV primary antibody cocktail.  

A goat-anti rabbit secondary antibody (Cell Signaling Technologies) was used for all 



 

117 

other primary antibodies.  Glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 

Abcam) expression was employed as a control for all immunoblots.   

5.2.10 Statistical analyses 

ANOVA or two-way repeated measures ANOVA were performed to detect 

statistical differences (p< 0.05) as appropriate followed by Tukey's post hoc tests.  All 

data are reported as means ± SEM.  

 

5.3 Results 

5.3.1 Stem cell therapy promotes improvement in cardiac contractile function 

Contractile abnormalities were observed using echocardiography (Table 5.1) in 

the MI+PBS group seven and 28 days following a MI as indicated by the depression in 

ejection fraction (Figure 5.2A) and fractional shortening (Figure 5.2B).  The MSC-treated 

animals displayed a comparable reduction in ejection fraction as the MI+PBS group at 

seven days post-MI (Figure 5.2A).  However, the MSC-treated hearts exhibited a greater 

ejection fraction than the MI+PBS mice at 28 days following cardiac insult (Figure 

5.2A).  The MI+MSC mice, similar to the MI+PBS animals, displayed a depression in 

fractional shortening at seven and 28 days post-MI (Figure 5.2B).   

Indices of cardiac structural alterations were also assessed.  Heart weight (Figure 

5.2C) and heart-to-body weight (Figure 5.2D) were increased in MI+PBS mice 36 days 

post-MI.  A comparable elevation in these hypertrophy markers was observed in the 

MSC-treated mice (Figure 5.2C and 5.2D).  Of note, measurement of body weight from 

one week prior to the ligation surgery to five weeks post-MI indicated that the MI+PBS 

mice were lower as a result of the MI (Figure 5.2E).  In contrast, mice receiving MSC 
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transplantation displayed a comparable body weight to animals of the SHAM group 

(Figure 5.2E).  Given the changes in body weight, tibial length was used to normalize 

heart weight and provide another index of pathological cardiac hypertrophy.  Tibial 

length was unchanged between groups (Figure 5.2F).  Both infarcted groups displayed an 

elevated heart-to-tibial length compared to the SHAM group (Figure 5.2F) indicating a 

hypertrophic response to the infarct that was not inhibited by the MSC therapy.   
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Table 5.1 Cardiovascular parameters in conscious high-fat fed C57BL/6 mice 

 
Data are mean ± SEM for n=8-13 mice per group   

*p<0.05 vs. SHAM at specified time point   

†p<0.05 vs. MI+PBS at specified time point   

Abbreviations:  HR, heart rate; FS, fractional shortening; EF, ejection fraction; IVSd, 

interventricular septal thickness in diastole; LVIDd, left ventricle (LV) end-diastolic 

dimension; LVPWd, LV posterior wall thickness in diastole; IVSs, interventricular septal 

 Baseline 7 days post-MI 28 days post-MI 

 SHAM MI+ 
PBS 

MI+ 
MSC SHAM MI+ 

PBS 
MI+ 
MSC SHAM MI+ 

PBS 
MI+ 
MSC 

HR 
(bpm) 

647 ± 
16 

662 ± 
16 689 ± 9* 720 ± 

8 
699 ± 

10 713 ± 12 710 ± 
11 

720 ± 
13 731 ± 6 

FS (%) 49.58 
± 0.75 

48.88 
± 1.02 

48.74 ± 
0.46 

49.12 
± 0.78 

29.88 
± 

3.16* 

30.90 ± 
2.03* 

48.99 
± 0.70 

27.34 
± 

2.84* 

32.90 ± 
2.02* 

EF (%) 82.07 
± 0.72 

81.37 
± 1.01 

81.23 ± 
0.45 

81.80 
± 0.76 

56.51 
± 

4.88* 

58.48 ± 
2.9* 

81.48 
± 0.74 

52.80 
± 

2.93* 

61.10 ± 
2.88*† 

IVSd 
(mm) 

0.77 ± 
0.02 

0.81 ± 
0.02 

0.79 ± 
0.01 

0.76 ± 
0.02 

0.73 ± 
0.04 

0.84 ± 
0.01*† 

0.79 ± 
0.01 

0.76 ± 
0.03 

0.85 ± 
0.01*† 

LVIDd 
(mm) 

3.19 ± 
0.07 

3.21 ± 
0.08 

3.28 ± 
0.04 

3.02 ± 
0.04 

4.31 ± 
0.24* 

4.01 ± 
0.13* 

3.23 ± 
0.08 

4.32 ± 
0.21* 

4.27 ± 
0.13* 

LVPWd 
(mm) 

0.72 ± 
0.01 

0.69 ± 
0.02 

0.80 ± 
0.02† 

0.74 ± 
0.02 

0.68 ± 
0.07 

0.86 ± 
0.03*† 

0.77 ± 
0.02 

0.71 ± 
0.04 

0.91 ± 
0.03 

IVSs 
(mm) 

0.91 ± 
0.02 

0.91 ± 
0.02 

0.90 ± 
0.01 

0.88 ± 
0.02 

0.87 ± 
0.05 

0.92 ± 
0.02 

0.88± 
0.01 

0.84 ± 
0.02 

0.96 ± 
0.01*† 

LVIDs 
(mm) 

1.61 ± 
0.04 

1.65 ± 
0.06 

1.68 ± 
0.03 

1.54 ± 
0.04 

3.06 ± 
0.28* 

2.79 ± 
0.16* 

1.65 ± 
0.06 

3.17 ± 
0.26* 

2.89 ± 
0.17* 

LVPWs 
(mm) 

0.97 ± 
0.02 

0.98 ± 
0.04 

1.04 ± 
0.01 

0.88 ± 
0.02 

0.83 ± 
0.09 

1.01 ± 
0.02*† 

0.96 ± 
0.02 

0.82 ± 
0.06* 

1.11 ± 
0.03*† 
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thickness in systole; LVIDs, LV end-systolic dimension; LVPWs, LV posterior wall 

thickness in systole   
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Figure 5.2 Cardiac functional and hypertrophic indices 
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Figure 5.2: (A) Cardiac ejection fraction (%) prior to, seven and 28 days following a MI. 

n=8-13 mice per group.   (B) Cardiac fractional shortening (%) prior to, seven and 28 

days following a MI. n=8-13 mice per group.  (C) Heart weight 36 days post-MI surgery. 

n=11-14 mice per group.  (D) Heart weight-to-body weight ratio 36 days following a MI. 

n=11-14 mice per group.  (E) Time course of body weight from one week prior to chronic 

left anterior descending coronary artery ligation to five weeks post-ligation. n=10-12 

mice per group.  (F) Tibial length 36 days following a MI. n=11-14 mice per group.  (G) 

Heart weight-to-tibial length 36 days post-MI. n=11-14 mice per group.  Data are mean ± 

S.E.M.  *p<0.05 vs. SHAM.  †p<0.05 vs. MI+PBS. 

 

5.3.2 Enhanced insulin-stimulated cardiac glucose utilization in MSC-treated mice 

Isotopic glucose  (2-[14C]DG) was administered during the insulin clamps to 

assess tissue-specific glucose uptake.  A MI did not influence regional insulin-stimulated 

glucose uptake (Rg) in the heart.  The remote left ventricle (MI+PBS LV) and the peri-

infarct region (MI+PBS PI) in the MI+PBS animals were comparable the SHAM group 

(Figure 5.3A and 5.3B).  In contrast, intramyocardial injection of MSCs enhanced cardiac 

Rg in response to insulin.  The remote left ventricle of the MSC-treated mice (MI+MSC 

LV) displayed greater Rg compared to that of the MI+PBS mice (Figure 5.3A).  

Furthermore, the insulin-mediated response of the peri-infarct region of the MI+MSC 

hearts (MI+MSC PI) was more apparent.  The MI+MSC PI region exhibited a higher Rg 

than the SHAM hearts and the peri-infarct region of the MI+PBS group (Figure 5.3B). 

To identify the mechanisms by which MSC administration promoted cardiac 

glucose uptake key regulators of glucose metabolism were evaluated.  The remote left 
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ventricle and peri-infarct PGC-1α, GLUT4 and HKII were comparable between groups 

(Figure 5.3C and 5.3D).  The insulin signalling pathway was also probed by determining 

p-Akt(Ser473) and total Akt.  Again, the regional p-Akt/Akt ratio was similar between 

groups (Figure 5.3E and 5.3F). 

 

Figure 5.3 Regional insulin-stimulated cardiac glucose uptake 

 

Figure 5.3: (A) Metabolic index of glucose uptake (Rg) in the remote left ventricle and 

(B) peri-infarct region of the left ventricle.  Cardiac Rg values are relative to brain Rg. 

n=8-9 mice per group.  (C) Remote left ventricle and (D) peri-infarct peroxisome 

proliferator-activated receptor gamma coactivator-1alpha (PGC-1α), glucose transporter 4 

(GLUT4) and hexokinase II (HKII) as determined by immunoblotting.  (E) Left ventricle 
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and (F) peri-infarct phospho-Akt (p-Akt), Akt and p-Akt-to-total Akt ratio (p-Akt/Akt) as 

determined by immunoblotting.  (G) Representative immunoblotting performed to 

measure PGC-1α, GLUT4, HKII, p-Akt and Akt.  Cardiac proteins are normalized to 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) content and are relative to the 

SHAM group.  n=6 mice per group.  Data are mean ± S.E.M.  *p<0.05 vs. SHAM.  

†p<0.05 vs. MI+PBS. 

 

5.3.3 MSC transplantation augments mitochondrial physiology 

Given both contractile function and substrate utilization may be influenced by 

energy metabolism, respirometry measurements were performed to assess integrative 

mitochondrial OXPHOS.  The MI+PBS peri-infarct fibers exhibited a reduced basal 

oxygen consumption (V0) supported by glutamate, malate and pyruvate compared to the 

SHAM group (Figure 5.4A).  Interestingly, MSC-treated hearts displayed an even further 

depression in basal oxygen flux compared to the MI+PBS and SHAM peri-infarct regions 

(Figure 5.4A).  ADP-stimulated oxygen consumption through complex I was reduced in 

MI+PBS and MI+MSC animals (VMAX-CI; Figure 5.4A).  Similarly, ADP-stimulated 

oxygen flux via convergent electron flux through mitochondrial complexes I+II was 

reduced in both infarcted groups (VMAX-CI + CII; Figure 5.4A).  Intriguingly, the respiratory 

control ratio (RCR) was reduced in the MI+PBS hearts compared with the MI+MSC 

cardiac fibers (Figure 5.4B).  This suggests a decrease in OXPHOS efficiency in the 

MI+PBS mice.  Citrate synthase activity was assessed to identify differences in 

mitochondrial content.  The MI+PBS group exhibited a decline in citrate synthase 

activity (Figure 5.4C).  The preservation of cardiac citrate synthase activity in the 
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MI+MSC mice prompted the evaluation of mitochondrial proteins in an effort to identify 

mechanisms contributing to the reduced V0 but greater RCR.  Protein expression of 

mitochondrial OXPHOS complexes showed the MI+MSC mice to have a lower complex 

I protein in the remote left ventricle region (Figure 5.4D and 5.4F).  Similarly, the 

MI+PBS and MI+MSC peri-infarct region exhibit a reduced complex I protein compared 

to the SHAM heart  (Figure 5.4E and 5.4F).  Surprisingly, there was an added effect of 

the MSC therapy.  The MI+MSC peri-infarct region displayed a lower complex II and 

complex V compared to the SHAM hearts (Figure 5.4E and 5.4F).  Another potential 

contributor to the lower basal oxygen flux but elevated RCR is the peri-infarct UCP3 that 

was lower in the MI+MSC mice (Figure 5.4E and 5.4F). 
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Figure 5.4 Cardiac mitochondrial function and characteristics 

 

Figure 5.4: (A) Peri-infarct permeabilized cardiac fiber basal oxygen consumption 

supported by glutamate, malate and pyruvate (V0), maximal oxygen consumption (ADP-

stimulated) supported by glutamate, malate and pyruvate through complex I (VMAX-CI) 

and maximal convergent oxygen flux supported by glutamate, malate, pyruvate and 

succinate (VMAX-CI+CII). n=8-9 mice per group.  (B) Respiratory control ratio (RCR; 

defined as VMAX-CI/V0). n=8-9 mice per group.  (C) Peri-infarct citrate synthase activity 

(CSA) (mmol/min/mg protein). n=8-9 mice per group.  (D) Remote Left ventricle and (E) 

peri-infarct mitochondrial oxidative phosphorylation (OXPHOS) complexes I-V (CI-CV) 

and uncoupling protein 3 (UCP3) as determined by immunoblotting.  (F) Representative 

immunoblotting of the regional protein levels OXPHOS complexes I-V and UCP3.  
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Cardiac protein was normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

content and expressed relative to the SHAM group.  n=6 mice per group.  Data are mean 

± S.E.M.  *p<0.05 vs. SHAM.  †p<0.05 vs. MI+PBS. 

 

5.3.4 Reduced fasting plasma glucose and fatty acids following MSC administration 

 High-fat diets have been reported to promote an increase in tissue UCP3 protein.  

More specifically, cardiac UCP3 positively correlates with circulating fatty acid levels 

(223) .  As such, we evaluated fasting plasma non-esterified fatty acid (NEFA) 

concentration.  There was a lowering of NEFA levels in the MI+MSC mice (Table 5.2).  

In addition, fasting plasma glucose concentration was reduced following MSC therapy 

(Table 5.2).  Of note, arterial insulin concentrations in the fasted state and during the 

insulin clamp were both similar between groups (Table 5.2). 
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Table 5.2 Biometric characteristics of high-fat fed C57BL/6 mice 

Data are mean ± SEM  

n=11-12 mice per group for plasma glucose, n=10-12 for plasma NEFA, n=8-9 for 

fasting plasma insulin, n= 8 for experimental plasma insulin, n=9-13 for body 

composition 

*p<0.05 vs. SHAM  

†p<0.05 vs. MI+PBS  

 

5.3.5 Systemic insulin sensitivity elevated by MSC injection 

 The lowering of fasting plasma glucose and fatty acids suggested a systemic 

effect of the MSC administration.  To this end, insulin clamps were performed in the 

conscious, unrestrained mouse to evaluate whole body glucose disposal in response to 

insulin in vivo.  The GIR required to maintain an arterial glucose concentration of 7.0 

mM was elevated in MI+MSC mice throughout the duration of the insulin clamp (Figure 

5.5A). The GIR for the MI+PBS mice was similar to the SHAM group (Figure 5.5A).  

Arterial glucose was comparable between groups during the insulin clamp  (Figure 5.5B). 

 SHAM MI+PBS MI+MSC 

Fasting Plasma Glucose (mM) 11.37 ± 0.48 10.81 ± 0.43 9.06 ± 0.32*† 

Fasting Plasma NEFA (mM) 1.04 ± 0.05 1.09 ± 0.06 0.8 ± 0.06*† 

Fasting Plasma Insulin (µU/ml) 60.08 ± 13.22 50.76 ± 16.15 42.46 ± 11.13 
Experimental Plasma Insulin 

(µU/ml) 128.02 ± 15.77 108.17 ± 8.84 160.04 ± 24.32 

Muscle (%) 68.70 ± 1.76 77.75 ± 1.96* 67.88 ± 2.38† 

Fat (%) 29.53 ± 1.80 20.74 ± 2.02* 30.25 ± 2.42† 

Free Fluid (%) 1.77 ± 0.11 1.51 ± 0.17 1.87 ± 0.27 
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Figure 5.5 Whole body insulin sensitivity and blood glucose during the insulin clamp 

 

Figure 5.5: (A) Glucose infusion rate (GIR) during the insulin clamp.  The GIR is 

equivalent to the whole body glucose disposal rate in response to venous insulin infusion.  

The insulin infusion was for approximately 120 minutes prior to 2-[14C]deoxyglucose (2-

[14C]DG) administration.  The GIR is displayed as a time course commencing twenty 

minutes prior to administration of 2-[14C]DG (-20 minute time point) to 30 minutes 

following 2-[14C]DG infusion (30 minute time point).  (B) Arterial, blood glucose 

concentration following 2-[14C]DG for 30 minutes post-administration.  Data are mean ± 

SEM for n=9-12 mice per group.  *p<0.05 vs. SHAM. 

 

5.3.6 Increased peripheral tissue glucose uptake post-MSC therapy 

In agreement with the increased GIR, the MSC administration increased insulin-

stimulated Rg in peripheral tissues.  The MI+MSC soleus, superficial vastus lateralis, 

gastrocnemius and white adipose tissue had a greater Rg compared to the same tissues of 

the SHAM group (Figure 5.6A-D).  The MI+MSC gastrocnemius also exhibited an 

elevated Rg compared to that of the MI+PBS mice (Figure 5.6C).  The MI+PBS mice 
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displayed a higher Rg in white adipose tissue compared to the SHAM group (Figure 

5.6D).  The protein expression of regulators involved in insulin-mediated Rg was 

evaluated in the gastrocnemius and white adipose tissue.  GLUT4 was higher in the 

MI+MSC gastrocnemius compared to the SHAM group (Figure 5.6E and 5.6F).  Also, 

gastrocnemius p-Akt and the p-Akt-to-Akt ratio were greater in the MI+MSC mice 

(Figure 5.6E and 5.6F).  Both the MI+MSC and MI+PBS groups displayed higher 

GLUT4 in the white adipose tissue (Figure 5.6G and 5.6H).  However, only the MI+MSC 

exhibited elevated p-Akt relative to the SHAM group in white adipose tissue (Figure 

5.6G and 5.6H).  Furthermore, the p-Akt-to-Akt ratio in MI+MSC white adipose tissue 

was greater than that of the SHAM and MI+PBS mice (Figure 5.6G). 
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Figure 5.6 Insulin-stimulated peripheral tissue glucose utilization 
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Figure 5.6: (A) Metabolic index of glucose uptake (Rg) in the soleus.  (B) Metabolic 

index of glucose uptake (Rg) in the superficial vastus lateralis.  (C) Metabolic index of 

glucose uptake (Rg) in the gastrocnemius.  (D) Metabolic index of glucose uptake (Rg) in 

white adipose tissue.  Tissue Rg values are relative to brain Rg. n=9 mice per group.  (E) 

Gastrocnemius glucose transporter 4 (GLUT4), phospho-Akt (p-Akt), Akt and p-Akt-to-

total Akt ratio (p-Akt/Akt) as determined by immunoblotting. n=6-8 mice per group.  (F) 

Representative immunoblotting performed to measure gastrocnemius GLUT4, p-Akt and 

Akt.  (G) White adipose tissue glucose transporter 4 (GLUT4), phospho-Akt (p-Akt), Akt 

and p-Akt-to-total Akt ratio (p-Akt/Akt) as determined by immunoblotting. n=6 mice per 

group.  (H) Representative immunoblotting performed to measure white adipose tissue 

GLUT4, p-Akt and Akt.  Protein levels are normalized to glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) content and are expressed relative to the SHAM group.  Data 

are mean ± S.E.M.  *p<0.05 vs. SHAM.  †p<0.05 vs. MI+PBS. 

 

5.4 Discussion 

Numerous studies have reported that cell-based therapeutics can minimize insult 

to the infarcted heart, in large part, through trophic mechanisms (114, 360).  However, as 

stem cell therapy transfers to clinical trials and ideally to routine use in the clinical setting 

a clearer understanding as to how the transplanted cells improve outcomes is needed.  To 

gain greater insight into the mechanisms of action, stem cell administration in models of 

physiological relevance is required.  Few studies have included type 2 diabetes and/or its 

associated metabolic dysregulation on the effect of stem cell transplantation in the 

infarcted heart.  Yan et al. (366) assessed the influence of induced-pluripotent stem (iPS) 
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cell administration in the db/db mouse heart following a MI.  Echocardiography revealed 

that 14 days post-MI left ventricle contractile dysfunction was minimized by iPS cell 

transplantation (366).  The current study expands on the work of Yan and colleagues 

(366) by employing a diet-induced insulin resistant C57BL/6 mouse model and assessing 

the ability of MSC administration to minimize cardiac systolic abnormalities post-infarct.  

We report the MSC therapy to improve cardiac ejection fraction 28 days post-MI.  This 

indicates that MSC transplantation holds similar potential in restoring left ventricle 

systolic function in the presence of diet-induced systemic metabolic insults.  Furthermore, 

our experiments investigate beyond cardiac contractile function to evaluate the effect of 

MSC transplantation on metabolic characteristics that may minimize dysfunction.  

The superior contractile function in the MSC-treated mice may be due to the 

ability of the hearts to more effectively utilize substrates and synthesize ATP.  The 

current study demonstrates intramyocardial administration of MSCs to improve the 

ability of the heart to transport glucose in the remote left ventricle and peri-infarct region.  

This improvement in glucose utilization may assist in energetic provision.  Molecular 

regulators of glucose metabolism were evaluated to provide insight into the mechanisms 

through which the MSC transplantation elevated cardiac glucose uptake.  The current 

study did not expose alterations in regional cardiac levels of PGC-1α, GLUT4, HKII, p-

Akt, Akt and the p-Akt-to-Akt ratio.  This suggests key proteins involved in glucose 

uptake and insulin signalling were not augmented by the MSC treatment in the heart.  

The absence of changes in these proteins led us to explore mitochondrial function as a 

possible mechanism by which glucose would be utilized at a higher rate. 
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Downstream of glucose transport, phosphorylation and glycolysis, mitochondria 

OXPHOS acts as a link between glucose uptake and ATP generation.  Early studies 

evaluating the effect of MSC transplantation show an improvement in the infarct border 

zone and whole left ventricle phosphocreatine (PCr)-to-ATP ratio (85, 113, 369).  The 

PCr-to-ATP ratio reflects efficiency of myocardial energy provision, and correlates well 

with LV contractile function (85, 119, 231, 370).  Furthermore, MSC therapy reduces 

basal mitochondrial oxygen consumption (V0) and improves cardiac RCR (VMAX-CI/V0) 

(137).  V0 represents futile respiration that does not contribute to ATP synthesis and a 

lower basal oxygen flux helps increase RCR; which is indicative of a more efficient 

OXPHOS.  Mitochondrial dysfunction has been theorized to promote insulin-resistance 

(324).  Conversely, improved mitochondrial function may help alleviate impaired glucose 

uptake and assist in greater ATP synthesis.  In the current study, MSC therapy was also 

able to lower V0 and increase RCR.  The mechanisms through which MSCs promote 

these alterations on mitochondrial function may be due to a direct influence on OXPHOS 

complexes.  Jameel at al. (148) indicate that MSC administration for the infarcted heart 

reduces gene expression of complex I subunits.  We report that in the peri-infarct region, 

there was a decline in complex I protein levels following a MI.  However, MSC 

transplantation enhanced the reduction in complex I as indicated by the decline induced 

in the remote left ventricle and peri-infarct region.  Complex II and V were also lower in 

the MSC-treated peri-infarct region.  A reduction in OXPHOS complexes I, II and V may 

explain the diminished V0 as a repressed complex number could potentially subdue 

electron flux and oxygen consumption.  Another potential mechanism for the lower V0 

and elevated RCR is alterations in UCP3.  UCP3 has been suggested to function as a 
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potential OXPHOS uncoupler (57).  As such, a reduction in protein may promote a 

decline in UCP3-mediated uncoupling. 

Increases in tissue UCP3 are often more pronounced with high-fat diets and with 

elevated circulating fatty acids (16, 223).  We report that MSC-treated mice exhibited a 

reduction in fasted plasma NEFAs.  This decline would promote a lower tissue 

expression of UCP3.  Further systemic influence of the MSC therapy was observed in 

fasting plasma glucose.  We found plasma glucose levels were diminished in the MSC-

treated animals.  In agreement, animal studies indicate that MSC therapy is capable of 

lowering blood glucose levels in both type 1 diabetes (80, 182) and type 2 diabetes (304).  

A recent pilot clinical study has reported a reduction in blood glucose in individuals with 

type 2 diabetes following MSC transplantation (155).    

The exact mechanisms by which MSC exert these effects on metabolism have yet 

to be elucidated.  To date, the majority of studies evaluating stem cell transplantation in 

diabetes have focused on the ability of the administered cells to regenerate and/or protect 

the insulin-producing beta cells of the pancreas as a means of providing improved 

glucose control and reducing diabetic complications (58).  To the authors’ knowledge, 

only a single study has evaluated the influence of cell-based therapy on peripheral tissue 

glucose disposal as a mechanism through which the treatment reduces hyperglycemia.  Si 

et al. (304) employed insulin clamps to test whether MSC administration improves 

whole-body insulin sensitivity in streptozotocin/high-fat diet-induced diabetes rodents.  It 

was reported that MSC therapy increased GIR but there was not a complete restoration to 

that of a chow fed animal (304).  We achieved comparable results employing insulin 

clamps to show the MSC-treated animals display greater systemic insulin sensitivity.  
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Mice receiving MSC displayed an approximately 40% increase in the GIR compared to 

SHAM mice.  However, the current study provides further support for a system-wide 

elevation in insulin-mediated glucose uptake by combining the insulin clamp with 

isotopic techniques to evaluate tissue-specific glucose utilization.  In addition to 

increased cardiac glucose uptake, the soleus, superficial vastus lateralis, gastrocnemius 

and white adipose tissue exhibited an elevated rate of insulin-stimulated glucose uptake 

following MSC transplantation.  The rise in glucose utilization in a range of insulin-

sensitive tissues suggests the stem cell therapy is indeed acting in a systemic fashion 

rather than solely via tissue-specific mechanisms. 

To address the mechanisms by which the MSC treatment promoted glucose 

uptake in the selected tissues, GLUT4 protein was examined.  Both gastrocnemius and 

white adipose tissue total GLUT4 content was elevated in the MSC-treated mice.  In the 

current study plasma fasting and experimental insulin concentrations were comparable 

between groups, however, there was an insulin-dependent influence conferred by the 

MSC transplantation.  The gastrocnemius and white adipose tissue displayed higher p-

Akt and an elevated p-Akt-to Akt ratio.  This suggests the cell therapy may augment the 

insulin signalling pathway to enhance glucose uptake.   

 

5.5 Conclusion 

In summary (Figure 5.7), the novel findings of this study are the MSC-mediated 

increase in both cardiac glucose uptake and mitochondrial OXPHOS efficiency.  These 

metabolic improvements may assist in greater ATP provision for contractile demands 

following a MI.  Our results also demonstrate MSC transplantation to reduce 
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hyperglycemia, hyperlipidemia and improve peripheral tissue insulin-mediated glucose 

uptake.  These findings differ from the effects of MSC therapy in the absence of type 2 

diabetes and/or its metabolic abnormalities.  Previous work by the authors evaluating the 

therapeutic influence of MSC transplantation on cardiac glucose utilization post-MI in 

chow fed mice did not identify MSC-induced alterations in cardiac glucose metabolism 

(137).  Furthermore, no apparent whole body effect on insulin sensitivity was mediated 

by MSC transplantation (137).  By utilizing a combined diet-induced insulin resistant/MI 

model the current study identifies that not only does MSC transplantation potentially 

lessen impairment in cardiac contractile performance via augmentation of cardiac-

specific metabolism but also holds the ability to reach farther than the heart to dampen 

systemic dysregulation that may contribute to the maladaptive alterations in cardiac 

function. 
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Figure 5.7 Schematic representation of metabolic signalling pathways that may be 
influenced by MSC transplantation following a MI 

 

Figure 5.7: Thirty-six days following a myocardial infarction (MI), hearts of high-fat fed 

mice exhibited a reduction in mitochondrial ADP-stimulated respiration, density and 

efficiency.  MSC-treated hearts displayed an increase in glucose uptake in response to 

insulin.  Mitochondrial density and oxidative phosphorylation efficiency were preserved.  

These cardiac improvements may have been in response to the administered MSCs 

enhancing whole body, insulin-stimulated glucose uptake and/or lowering blood glucose 

and fatty acid concentrations in the fasted state.     
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4CHAPTER SIX: CHARACTERIZING MITOCHONDRIAL OXIDATIVE 

PHOSPHORYLATION IN ‘SUPERHEALER’ MESENCHYMAL STEM CELLS 

 

6.1 Introduction 

Advances in stem cell therapy for treating a myocardial infarction (MI) are 

impeded by inadequate survival and engraftment of implanted cells in the host tissue.  Up 

to 99% of mesenchymal stem cells (MSCs) experience cell death following 

administration into the infarcted heart (90, 335).  A predominant factor for the poor 

survival is ischemia (118, 269).  Ischemia results in ATP depletion, a reduction in 

mitochondrial oxidative phosphorylation (OXPHOS) and increased reliance on glycolysis 

leading to cellular acidosis and cell death (269).  

The bone marrow-derived ‘Superhealer’ MRL/MpJ MSC (MRL-MSC) has been 

reported to exhibit greater engraftment in the infarcted heart (8).  This improved retention 

promoted superior cardio-protection as indicated by increased angiogenesis, reduced 

infarct size and improved contractility in a murine MI model (8).  The primary 

contributor of MRL-MSC-mediated wound repair and cardiac contractile improvements 

was identified as the paracrine/autocrine factor, secreted frizzled-related protein 2 

(sFRP2) (8, 9).  sFRP2 is a member of the secreted frizzled-related protein (sFRP) family 

that exhibits a cysteine-rich domain that binds Wnt glycoproteins (102).  sFRP binding 

diminishes Wnt interactions with frizzled receptors, which propagate apoptosis through 

                                                

4 A version of this chapter has been published.  Hughey, C.C., Alfaro, M.P., Belke, D.D., Rottman, J.N., 
Young, P.P., Wasserman, D.H., Shearer, J.  Increased oxygen consumption and energetic reserve in 
‘superhealer’ mesenchymal stem cells.  Cell Regeneration.  2012 June 28;1:3. doi:10.1186/2045-9769-1-3. 
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the canonical β-catenin pathway (372).  In addition to its involvement in apoptosis, 

Wnt/β-catenin signalling promotes a switch in glucose metabolism from OXPHOS to 

glycolysis (47).  

Given the infarcted region of the heart receives impaired oxygen and nutrient 

supply, the current study evaluates MSC OXPHOS to determine whether innate 

differences in the MRL-MSC oxygen utilization and mitochondrial energetics could 

explain their enhanced viability.   

 

6.2 Materials and methods 

6.2.1 Mesenchymal stem cells and cardiac myocytes 

 The University of Calgary and Vanderbilt University Animal Care and Use 

Committees approved procedures.  Murine WT- and MRL-MSCs were generated and 

expanded from C57BL/6 and MRL/MpJ strains, respectively, as described (8, 339).  

Briefly, WT- and MRL-MSCs were cultured in a humidified atmosphere containing 5% 

CO2 at 37°C in low glucose Dulbecco’s Modified Eagle Medium (DMEM; GIBCO) 

containing 1000 mg/L glucose, 110 mg/L sodium pyruvate, 10% defined fetal bovine 

serum (FBS; HyClone), 10% penicillin-streptomycin, 10% fungizone and 10 µg/L 

platelet-derived growth factor-ββ (PDGF-ββ; R&D Systems).  The immunophenotype of 

MSCs were CD44⁺, LY6A/E/Sca1⁺, CD45⁻, CD14⁻, CD11b⁻, CD16/32⁻, CD144⁻ and 

CD146⁻ as previously reported (8).  MSC capacity for trilineage differentiation was 

confirmed as previously described (8).  Passages 4 through 14 were used for all 

measurements.  Primary cardiac myocytes from ten week-old, male, CD-1 mice were 

isolated using a collagenase digestion method as previously described (21).   
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6.2.2 Mitochondrial respiration 

 Cellular respiration was measured using the Oxygraph-2k (Oroboros Instruments) 

at 37°C.  Experiments evaluating intact cell respiration were performed with MSCs 

suspended in culture medium consisting of low glucose DMEM (GIBCO) containing 

1000 mg/L glucose and 110 mg/L sodium pyruvate.  Experiments evaluating 

permeabilized cell oxygen consumption were performed with MSCs suspended in a 

mitochondrial respiration medium (MiR05) containing 0.5 mM EGTA, 3 mM 

MgCl2.6H2O, 20 mM taurine, 10 mM KH2P04, 20 mM HEPES, 1 g/L BSA, 60 mM 

potassium-lactobionate, 110 mM sucrose, pH 7.1 (111).   

 A phosphorylation control protocol was performed to assess intact cell respiration 

(109).  Without substrate addition, routine respiration (RDMEM) was determined.  

Oligomycin (2 µg/ml) evaluated futile oxygen flux (LEAK) (141).  Maximal capacity of 

the electron transfer system (ETS) was evaluated via the step-wise (0.5 µM steps) 

titration of carbonyl cyanide-p-trifluoromethoxyphenylhydraz-one (FCCP).  All 

respiratory states were corrected for residual/non-mitochondrial oxygen consumption (0.5 

µM rotenone and 2.5 µM antimycin A).   

 Digitonin-permeabilized cell analysis was employed to assess complexes I and II.  

Optimal digitonin concentrations required to permeabilize MSCs were determined as 

previously outlined (110).  Cardiac myocytes were permeabilized with digitonin as 

indicated by Liu et al. (190).  Routine respiration (RMiR05) was identified in MiR05.  State 

2 respiration (VCI) was assessed by the addition of complex I substrates glutamate (10 

mM) and malate (2 mM).  ADP (5 mM) induced state 3 respiration/maximal oxygen 

consumption (VMAX-CI).  A subsequent titration of succinate (10 mM) allowed for 
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evaluation of state 3 respiration by convergent electron input.  Convergent electron input 

is defined as electrons being passed through a series of oxido-reduction reactions from 

both complex I and II to the Q-junction which is followed by the flow of electrons 

through complex III, cytochrome c and complex IV (107).  Inhibition of complex I with 

0.5 µM rotenone revealed succinate-supported respiration (VMAX-CII).  The respiratory 

control ratio (RCR) was defined as VMAX-CI relative to VCI.  A titration of 10 µm 

cytochrome c evaluated intactness of the outer mitochondrial membrane and provided 

quality control for the digitonin-permabilized cell preparations.    

6.2.3 Glucose deprivation and ischemic culture conditions 

  WT-and MRL-MSCs were plated at a density of 3000 cells/cm2 on 58 cm2 dishes 

(Nunc) for two days under the previously described conditions.  The cells were washed 

with Dulbecco’s phosphate buffered saline (GIBCO) and randomly segregated into three 

groups: control, glucose-deprived and ischemic.  Control cells were cultured in a 

humidified atmosphere of 5% CO2 and 37°C in low glucose DMEM (GIBCO) containing 

1000 mg/L glucose, 110 mg/L sodium pyruvate, 10% defined fetal bovine serum (FBS; 

HyClone), 10% penicillin-streptomycin, 10% fungizone and 10 µg/ml platelet-derived 

growth factor-ββ (PDGF-ββ; R&D Systems).  Glucose-deprived cells were cultured at 

5% CO2 and 37°C in no glucose DMEM (GIBCO) supplemented with 10 mg/L glucose, 

1.1 mg/L sodium pyruvate, 10% penicillin-streptomycin, 10% fungizone creating 

conditions of 1% glucose and pyruvate compared to the control group.  Ischemic 

conditions were identical to the glucose-deprived MSCs with the addition of 12 ml of 

sterile mineral oil (Sigma) creating an oil layer of approximately 5 mm over the cells to 

induce an oxygen-deprived environment.  The WT-and MRL-MSCs remained under 
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these conditions for 48 hours prior to further analysis.  The length of culture conditions 

was chosen to provide the most relevance to cell-based therapy for the infarcted heart.  

Intramyocardial injection of stem cells into the acutely infarcted heart has been reported 

to result in approximately 40-50% retention (of total transplanted cells) one to two hours 

following transplantation (189, 269, 332).  The initial attrition of cells within two hours 

of delivery via direct intramyocardial injection is largely the consequence of cell leak 

from the injection site, being “washed away” by local bleeding resulting from the 

injection and/or being expelled by myocardium contraction (332).  Of the cells remaining 

in the cardiac tissue, further cell death/loss occurs in the first 48 hours (1-25% of total 

transplanted cells are retained) with cell death stabilizing by seven days following 

delivery (189, 269, 332). 

6.2.4 Flow cytometry 

 Flow cytometry (Guava easyCyte 6HT 2L; Millipore) was employed to measure 

the level of apoptosis induced by simulated glucose deprivation and ischemia.  

FlowCellect MitoLive Kit (Millipore) was performed according to the manufacturer's 

instructions to detect three cellular states: Healthy, viable cells (intact mitochondrial 

membrane potential and intracellular esterase activity), early apoptosis (impaired 

mitochondrial membrane potential) and late apoptotic/cell death events (impaired 

mitochondrial membrane potential and intracellular esterase activity).  Mitosense red with 

an excitation/emission wavelength of 640/650 nm is employed by the FlowCellect 

MitoLive Kit (Millipore) to evaluate mitochondrial membrane potential.  Calcein, 

acetoxymethlester (AM) is cell permeant and non-flurorescent.  This compound is 

hydrolyzed by intracellular esterases to a fluorescent anion calcein with an 
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excitation/emission wavelength of 488/525 nm, which is utilized by the FlowCellect 

MitoLive Kit (Millipore) to assess cellular vitality. 

6.2.5 Statistical analyses  

 One-way ANOVA and Two-way ANOVA were utilized to assess statistical 

differences (p < 0.05). Differences within the ANOVAs were determined using Tukey’s 

post hoc.  Data are reported as means ± SEM. 

 

6.3 Results 

6.3.1 Elevated intact MRL-MSC oxygen consumption 

The initial incubation in culture medium allowed for determination of RDMEM.  

RDMEM in WT-MSCs was 33.1 ± 2.5 pmol O2/s/106 cells (Figure 6.1A).   MRL-MSC 

RDMEM was elevated at 69.4 ± 3.9 pmol O2/s/106 cells (Figure 6.1A).  Oligomycin-

induced LEAK respiration allowed for determination of non-ADP phosphorylating 

oxygen utilization.  LEAK respiration was similar between WT-MSCs compared to the 

MRL-MSCs, 11.7 ± 1.2 vs. 20.0 ± 1.6 pmol O2/s/106 cells (Figure 6.1A).  Maximal 

capacity of the electron transport system (ETS) differed between cell types.  In intact 

WT-MSCs, the ETS of 54.4 ± 7.4 pmol O2/s/106 cells was lower than the MRL-MSCs 

ETS of 190.1 ± 15.3 pmol O2/s/106 cells (Figure 6.1A).  These results indicate that 

absolute oxygen flux in the routine respiratory state and maximal respiratory rate are 

elevated in the MRL-MSCs.  

LEAK respiration operates at 0.25 ± 0.05 of ETS in the WT-MSCs compared to 

0.11 ± 0.01 of ETS in MRL-MSCs (Figure 6.1B).  This indicates a higher portion of 

maximal electron transport system capacity is used for futile reactions in WT-MSCs.  The 
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LEAK/RDMEM ratio was not altered between cell types.  LEAK oxygen flux was 0.36 ± 

0.04 of WT-MSC RDMEM compared to 0.31 ± 0.02 of MRL-MSC RDMEM (Figure 6.1B).  

RDMEM functions at 0.65 ± 0.06 of ETS in WT-MSCs, which was significantly higher 

than the RDMEM/ETS ratio of 0.35 ± 0.01 exhibited by MRL-MSCs (Figure 6.1B).  The 

lower RDMEM/ETS ratio in the MRL-MSCs indicates that the ‘Superhealer’ cell type 

display a greater potential electron transport capacity in excess of routine requirements.  
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Figure 6.1 Oxygen flux in intact mesenchymal stem cells 

 

Figure 6.1: (A) RDMEM, LEAK and ETS oxygen consumption in intact WT-MSC and 

MRL-MSC.  RDMEM represents routine respiration, LEAK represents oxygen 

consumption independent of ADP phosphorylation and ETS indicates maximal electron 

transport capacity.  (B) Flux control ratios (FCR).  Ratios of oxygen flux in differing 

respiratory control states, normalized to a defined reference respiratory state. n=6, data 

are mean ± S.E.M. *p<0.05 vs. WT-MSC. 
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6.3.2 Superior permeabilized MRL-MSC oxygen flux 

 Oxygen consumption in permeabilized cells was evaluated to obtain a greater 

understanding of the OXPHOS function.  Suspension of intact MSCs in MiR05 did not 

change routine respiration.  RMiR05 remained significantly lower in the WT-MSCs, 37.3 ± 

4.7 vs. 63.5 ± 3.3 pmol O2/s/106 cells (Figure 2A).  State 2 respiration (VCI), was similar 

between WT- and MRL-MSCs.  WT-MSC state 2 respiration was 11.4 ± 0.6 pmol 

O2/s/106 cells compared to the MRL-MSC respiration of 21.8 ± 2.7 pmol O2/s 106 cells 

(Figure 2A).  Following the addition of ADP, state 3 (VMAX-CI) was lower in the WT-

MSCs compared to the MRL-MSCs, 90.0 ± 13.0 vs. 112.0 ± 2.7 pmol O2/s/106 cells 

(Figure 2A).  In addition, state 3 in WT-MSCs supported by succinate alone (VMAX-CII) 

was 102.0 ± 2.8 pmol O2/s/106 cells.  This was significantly lower than the VMAX-CII 

exhibited by MRL-MSCs, 140.1 ±5.7 pmol O2/s/106 cells (Figure 2A).  As a comparison, 

isolated cardiac myocyte oxygen flux was higher than that of both WT- and MRL-MSCs.  

Isolated, cardiac myocyte VCI, VMAX-CI and VMAX-CII were 1.44 ± 0.24, 6.84 ± 1.08 and 

18.33 ± 2.18 nmol O2/s/106 cells, respectively (Inset, Figure 2B).  Additionally, the RCR 

did not differ between WT- and MRL-MSCs (Figure 2C).  
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Figure 6.2 Oxygen flux in permeabilized mesenchymal stem cells 

 

Figure 6.2: (A) Routine respiration in MiR05 (RMiR05) in intact MSCs.  State 2 oxygen 

consumption through Complex I supported by glutamate and malate (VCI) in digitoin-

permabilized MSCs.  State 3 or maximal oxygen consumption through Complex I 

supported by glutamate and malate (VMAX-CI) in digitoin-permabilized MSCs.  State 3 or 

maximal oxygen consumption through Complex II supported by succinate (VMAX-CII) in 

digitoin-permabilized MSCs.  (B) Given MSCs are transplanted into the infarcted heart, 

isolated, primary cardiac myocyte oxygen utilization is provided as a metabolic reference 

state.  Cardiac myocyte state 2 oxygen consumption through Complex I supported by 

glutamate and malate (VCI) in digitoin-permabilized cardiac myocytes.  State 3 or 

maximal oxygen consumption through Complex I supported by glutamate and malate 

(VMAX-CI) in digitoin-permabilized cardiac myocytes.  State 3 or maximal oxygen 
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consumption through Complex II supported by succinate (VMAX-CII) in digitoin-

permabilized cardiac myocytes.  (C) Respiratory control ratio (RCR; defined as VMAX-

CI/VCI).  n=6-9, data are mean ± S.E.M. *p<0.05 vs. WT-MSC. †p<0.05 vs. MRL-MSC. 

 

6.3.3 Increased MRL-MSC viability following glucose and oxygen deprivation 

 Manipulation of culture conditions to simulate 48 hours of glucose deprivation 

exhibit a clear induction of early apoptosis defined by mitochondrial membrane potential 

impairment (Figure 6.3A and 6.3B).  WT-MSCs under glucose deprivation-only 

conditions for 48 hours resulted in a drastic increase in early apoptosis (43.61 ± 7.59% 

vs. 2.57 ± 0.69%; Figure 6.3B).  The effect of glucose deprivation on MRL-MSCs also 

resulted in an increased percentage of cells undergoing early apoptosis (8.02 ± 1.37% vs. 

1.16 ± 0.69%; Figure 6.3B).  However, the proportion of mitochondrial membrane 

impaired MRL-MSCs was significantly lower than that of WT-MSCs following glucose 

deprivation (8.02 ± 1.37% vs. 43.61 ± 7.59%; Figure 6.3B).  Interestingly, ischemic 

culture conditions did not promote significant increases in early apoptotic WT-MSCs or 

MRL-MSCs compared to control MSCs (Figure 6.3B).  Furthermore, the reduced oxygen 

availability may have provided a mitochondrial protective effect in the presence of 

glucose deprivation as the WT-MSCs (43.61 ± 7.59% vs. 6.29 ± 2.55%; Figure 6.3B) and 

MRL-MSCs (8.02 ± 1.37% vs. 1.11 ± 0.47%; Figure 6.3B) exhibited elevated early 

apoptosis in the glucose-deprived condition compared to the ischemic condition.  

 Simulated 48 hours of glucose deprivation and ischemia in vitro resulted in late 

apoptosis/cell death defined by impaired mitochondrial membrane potential and cellular 

activity (Figure 6.3A and 6.3C).  WT-MSC exposure to reduced glucose for two days 
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showed an increase in late apoptosis (7.47 ± 1.28% vs. 1.04 ± 0.69%; Figure 6.3C).  

Glucose deprivation did not evoke alterations in the percentage of MRL-MSC undergoing 

late apoptosis (2.08 ± 0.18% vs. 0.38 ± 0.21%; Figure 6.3C).  The combination of 

decreased oxygen and substrate availability showed an increase in WT-MSCs (9.01 ± 

2.19% vs. 1.04 ± 0.69%; Figure 6.3C) and MRL-MSCs (2.33 ± 0.87% vs. 0.38 ± 0.21%; 

Figure 6.3C) late apoptosis/cell death compared to control conditions (Figure 6.3B).  

However, the proportion of dead MRL-MSCs was significantly lower than that of WT-

MSCs following the 48 hour ischemia (2.33 ± 0.87% vs. 9.01 ± 2.19%; Figure 6.3B).  In 

summary, the aforementioned experiments evaluated WT-and MRL-MSCs early and late 

apoptosis following two days of depressed substrate availability or ischemia in vitro.  Our 

results suggest MRL-MSC exhibited a lower rate of apoptosis compared to WT-MSCs 

under nutrient deprivation.  Such characteristics may be transferable to the in vivo 

conditions of the infarcted heart allowing for greater MRL-MSC survival and a 

subsequent increase in their therapeutic effects.  
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Figure 6.3 MSC survival following 48 hours of limited glucose and oxygen 
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Figure 6.3: (A) Representative fluorescence-activated cell sorting analysis of apoptotic 

cells after mitosense red and calcein, AM staining. Healthy, viable MSCs are mitosense 

red+/calcein, AM+. The mitosense red-/calcein, AM+ MSCs are in the early apoptotic 

phase, whereas the mitosense red-/calcein, AM+ MSCs are in the late apoptotic/cell death 

phase.  (B) Quantitation of MSC early apoptosis induced by two days of glucose 

deprivation and ischemia with mitosense red and calcein, AM staining. The graph shows 

the percentage of all MSCs that are mitosense red-/calcein, AM+ MSCs after glucose 

deprivation and ischemia.  (C) Quantified MSC late apoptosis/cell death induced by 48 

hours of glucose deprivation and ischemia with mitosense red and calcein, AM staining. 

The graph shows the percentage of all MSCs that are mitosense red-/calcein, AM- MSCs 

after glucose deprivation and ischemia.  n=6-7 independent experiments, data are mean ± 

S.E.M. *p<0.05 vs. WT-MSC Control. †p<0.05 vs. MRL-MSC Control.  ¶p<0.05 vs. 

WT-MSC of identical experimental conditions.  §p<0.05 vs. WT-MSC Glucose 

Deprivation.  #p<0.05 vs. MRL-MSC Glucose Deprivation.  

 

6.4 Discussion 

 Upon transplantation, MRL-MSCs exhibit increased engraftment and survival in 

the infarcted heart compared to WT-MSCs (8).  We aimed to evaluate innate differences 

in mitochondrial function between these cell types to explain differences in cell viability.  

Novel findings identify unique energetic characteristics of MRL-MSCs that would be 

protective in glucose-compromised and ischemic environments.   

 Assessment of oxygen utilization in the intact cell allowed for the determination 

of physiological respiratory states.  MRL-MSCs displayed similar LEAK respiration, 
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however, routine respiration and maximal electron transport capacity were greater.  In 

order to eliminate the potential confounding influence of mitochondrial density, flux 

control ratios (FCR) were evaluated.  Results revealed a lower LEAK and routine 

respiration as a proportion of maximal electron transport capacity in MRL-MSCs.  This 

suggests the presence of higher electron transport capacity in MRL-MSCs.  To identify 

regulatory factors responsible for the increased OXPHOS potential, two major sites of 

electron input into the electron transport system (complex I and complex II) were 

examined.  In the presence of ADP, oxygen flux through complex I was higher in the 

MRL-MSCs.  Because complex I is not the only site of electron input into the electron 

transport system, succinate-supported, maximal respiration was determined.  This 

complex II-mediated oxygen flux was higher in the MRL-MSCs and indicates a greater 

aerobic energy production in the MRL-MSCs.  Given the MSCs are transplanted into the 

heart, we also assessed the oxygen consumption of primary cardiac myocytes to provide a 

metabolic reference state to which MSC oxygen utilization could be compared.  Relative 

to the WT-MSCs, cardiac myocyte VCI, VMAX-CI and VMAX-CII were 127-, 77- and 180-

fold greater, respectively.   This indicates the oxidative capacity of MSCs is relatively 

minor in comparison to that of cardiac myocytes and the MRL-MSC respiration is only 

modestly higher than WT-MSCs.  The mechanism responsible for the increased intact 

cell oxidative function and permeabilized cell complex I- and II-supported respiration in 

the MRL-MSCs is currently unknown.  Given the role of sFRP2 in modulating apoptosis 

and glucose metabolism, future experiments evaluating the effect of sFRP2 on 

mitochondrial OXPHOS in the WT-and MRL-MSCs is a notable, initial mechanistic 

target.  
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 Several reports conclude WT-MSCs preferentially derive energy from glycolysis 

with little dependence on glucose oxidation (64, 196, 228).  We report MRL-MSCs 

exhibit elevated absolute OXPHOS function (RDMEM/MiR05, VMAX-CI, VMAX-CII and ETS) 

and higher OXPHOS potential (RDMEM/ETS).  Based on these observations we propose 

the slight elevation in OXPHOS displayed by the ‘Superhealer’ MRL-MSCs is 

advantageous.  For instance, in MSCs, there is a shift towards OXPHOS dependence 

under glucose deprivation (191).  The increase in oxidative function is thought to be an 

adaptive attempt to maximize ATP synthesis in the nutrient shortage given glucose 

oxidation produces more ATP per mole of glucose than glycolysis (326).  To evaluate 

this hypothesis we cultured WT-and MRL-MSCs under glucose-deprived conditions for 

48 hours where oxygen was not limiting.  We found that WT-and MRL-MSCs displayed 

a reduction in mitochondrial membrane potential; an early indicator of apoptosis (98).  

However, WT-MSCs exhibited a significantly higher proportion of cells with diminished 

mitochondrial membrane potential compared to MRL-MSCs.  Additionally, the 

percentage of late apoptotic/dead cells was also higher in WT-MSCs compared to the 

MRL-MSCs following the reduced glucose conditions.  The elevated routine oxygen flux 

and electron transport capacity in MRL-MSCs may provide benefits when faced with a 

lack of substrate by better accommodating the switch towards oxidative metabolism.  

This could assist in preservation of ATP levels and prevent energetic starvation.  

Furthermore, a potential for increased coupling of glycolysis to glucose oxidation in 

MRL-MSCs could minimize intracellular acid load and improve cell viability in the 

infarcted heart. 



 

155 

 Recently, reports indicate that substrate deprivation is much more detrimental to 

MSC survival than hypoxia (64, 228).  To expand on our glucose deprivation studies we 

assessed MSC apoptosis following 48 hour of ischemia (glucose and oxygen 

deprivation).  Under the ischemic conditions, WT- and MRL-MSCs showed an elevated 

proportion of late apoptotic/dead cells.  However, there was no added effect of depressed 

oxygen availability on late apoptosis/cell death over reduced glucose availability.   These 

findings are consistent with the reports that substrate availability and not hypoxia is more 

influential in MSC viability.  Also, the percentage of late apoptotic cells was elevated in 

the WT-MSCs compared to the MRL-MSCs which are in agreement with studies 

indicating MRL-MSC exhibit increased engraftment and survival in the infarcted heart 

(8). 

 Interestingly, ischemia had an unexpected influence on impaired mitochondrial 

membrane potential/early apoptosis.  The portion of early apoptotic WT-and MRL-MSCs 

was significantly lower following 48 hours of combined substrate and oxygen reduction 

compared to early apoptotic cells under decreased glucose-only conditions.  The 

mechanism for this finding is currently unclear.  It is possible that the oxygen deprivation 

results in a compensatory reduction in MSC oxidative metabolism thereby exhibiting a 

protective effect on the MSCs by finding a unique compromise between OXPHOS and 

glycolysis that provides a more optimal balance between ATP synthesis, glycolysis-

mediated acidosis from the lack of oxygen and reactive oxygen species-induced damage 

resulting from OXPHOS under high oxygen concentrations.  Alternatively, it cannot be 

ignored that ischemia may primarily induce late apoptotic events independent of early 

mitochondrial dysfunction.  Of note, a limitation of this study is the use of mineral oil to 
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induce hypoxia without measuring oxygen concentration in the culture medium.  Future 

studies should more accurately control oxygen concentrations to identify the effect of 

various oxygen levels in combination with substrate deprivation on mitochondrial-

induced apoptosis.   

 

6.5 Conclusion 

 In summary (Figure 6.4), little attention has been given to the optimal metabolic 

characteristics that would allow transplanted cells to cope with oxygen and glucose 

deprivation.  We found MRL-MSCs display elevated OXPHOS that may minimize 

metabolic stress and subsequently improve cell viability upon transplantation into the 

infarcted heart.   
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Figure 6.4 Schematic representation of mitochondrial physiology that may influence 
MSC viability upon transplantation into the infarcted heart 

 

Figure 6.4: The modest increase in electron transport capacity of the MRL-MSC may 

provide oxidative phosphorylation (OXPHOS) flexibility to better adapt to the 

compromised glucose and oxygen availability characterizing the infarct region of the 

heart following transplantation.  This phenotype may improve the ability of the MRL-

MSC to meet its ATP requirements, lessen ischemia-induced dissipation of ion 

homeostasis and improve cell survival. 
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CHAPTER SEVEN: CONCLUSIONS AND GENERAL DISCUSSION 

 

7.1 Introduction 

  As indicated throughout this dissertation, the infarcted heart is characterized by 

alterations in substrate utilization and mitochondrial oxidative phosphorylation 

(OXPHOS) that may compromise efficient and absolute ATP synthesis.  It has been 

proposed that the altered metabolism limits contractile function and could exacerbate the 

potential transition to heart failure.  Although evidence for a causal role remains elusive, 

there is growing appreciation for the potential importance of cardiac metabolism in 

ischemic heart disease.  The European Society of Cardiology guidelines on the 

management of patients with stable angina acknowledge the use of metabolic therapies 

such as Trimetazidine (1-[2,3,4-trimethoxybenzyl] piperazine dihydrochloride) as an 

effect adjunctive therapy in improving cardiac physical performance and reducing pain 

(65).  Trimetazidine is a pharmacological agent that lessens fatty acid β-oxidation by 

inhibiting long chain 3-ketoacyl-CoA thiolase (5, 193).  This relieves some of the 

inhibitory effect that fatty acid utilization has on glucose oxidation and allows the heart to 

use the more oxygen efficient substrate (5, 193).  While reducing cardiac metabolic 

flexibility and promoting the heart to utilize a single substrate such as glucose may not be 

an optimal long-term solution to cardiac dysfunction (173, 340), the growing acceptance 

that cardiac metabolism may be a viable therapeutic target in addition to current medical 

interventions is exciting for metabolic researchers. 

 Mesenchymal stem cell (MSC) transplantation as a regenerative medicine to 

replace lost tissue following a myocardial infarction (MI) has not achieved initial 
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expectations, however, the exogenous cell therapy consistently minimizes cardiac 

dysfunction post-MI in human and animal studies.  This functional improvement is 

encouraging that with a greater understanding as to how the MSCs confer such benefit 

the MSC therapy may be optimized for further superior outcomes.  As such, the major 

aim of work presented in this dissertation was to evaluate the efficacy of MSC therapy to 

lessen metabolic aberrations post-MI as a potential means through which cardiac 

performance is mended.  Secondarily, this thesis assessed mitochondrial characteristics of 

MSCs that may assist in enhancing viability upon transplantation into the infarcted heart.   

 This final chapter will commence with a summary of the strengths, limitations, 

and rationale for the methodology employed.  Additionally, an overview and 

interpretation of the findings, proposed future scientific pursuits, and the significance of 

the completed work are provided. 

 

7.2 Strengths and limitations of experimental protocols 

7.2.1 Left anterior descending coronary artery ligation model 

 Models of permanent coronary artery ligation in the mouse were initially 

employed to gain insight into the pathophysiology of post-MI remodelling and 

dysfunction (243).  Given the goal of regenerative medicine is to replace the lost tissue 

via exogenous cell administration, stem cell therapy researchers find this MI model 

attractive as the chronic ligation consistently results in tissue necrosis and ventricular 

function is largely dependent on the infarct size induced due to the acute nature of insult 

onset (251).   
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 Evidence of the ability of MSC therapy to augment cardiac glucose uptake in the 

post-MI heart is conflicting.  Reports have indicated minimization in cardiac dysfunction 

following cell transplantation is associated with the reduction and elevation in cardiac 

glucose uptake post-MI (113, 208, 209).  This may be the result of differing degrees of 

insult.  In the C57BL/6 mouse the LAD follows a branching pattern that supplies the free 

wall of the left ventricle and apex (284).  As such, ligating the LAD closer to the atria 

creates a larger infarct compared to an occlusion completed near the apex (7).  This logic 

was employed in the current dissertation as Chapter 3 employed a LAD ligation closer to 

the apex than in Chapter 4.  Of note, infarct size was not evaluated in the studies.  

However, there was a further 15-25% decline left ventricle systolic function induced by 

the MI event in Chapter 4 compared to Chapter 3 suggesting a larger infarct size. 

 Another pursuit of the current dissertation was to identify regional heterogeneity 

of insulin-mediated glucose uptake in the infarcted heart.  One of the areas of interest was 

the peri-infarct region.  In the clinical setting, tissue salvage and infarct size reduction is 

based on the assumption that the core of the infarct is severely ischemic and necrotic 

(121).  Moreover, this core is surrounded by an area of jeopardized tissue called the peri-

infarct region that can be salvaged by reperfusion efforts (121).  In experimental ligation 

models this is not observed.  Rather than a progressive transition from infarct to viable 

tissue there is an abrupt, but irregular, changeover from ischemic zone to perfused, viable 

tissue (121, 217).  This is an advantage to the studies conducted in Chapter 3, 4 and 5 as 

this model lessens the role of compromised blood flow as a prominent regulator of 

insulin-stimulated glucose uptake following the MI event (352).  Thus, more focus can be 

given to the membrane and glucose phosphorylation components of glucose uptake. 
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7.2.2 Dietary intervention 

 The first experimental documentation of high-fat feeding as a nutritional 

intervention was in 1959 by Masek and Fabry (39, 207).  Numerous subsequent studies 

have displayed a high-fat diet promotes the gradual onset of hyperglycemia, 

hyperlipidemia, a decrease in whole body and tissue-specific insulin responsiveness, and 

adaptive β-cell function (12, 39, 55, 237, 297).  As such, high-fat feeding is a commonly 

employed in rodent models to mimic metabolic phenotypes that characterize human type 

2 diabetes.  Chapter 5 experimental protocol involved feeding C57BL/6 mice a high-fat 

diet for eight weeks prior to the MI event and 13 weeks in total.  The fat source was 

animal-based (lard) and 60% of calories consumed were by fat.  The 13 weeks of high-fat 

feeding was chosen based on previous work in our laboratory having identified this 

dietary intervention to reproducibly precipitate insulin resistance, hyperglycemia, 

hyperlipidemia, and hyperinsulinemia compared to chow fed mice by 12 weeks of the 

high-fat diet being consumed (96, 298).   

 In addition, ad libitum feeding of mice a high-fat diet with 55-60 % of the caloric 

content being derived from fatty acids induces cardiovascular irregularities.  After 16 

weeks of high-fat feeding, systolic and diastolic blood pressure is markedly elevated 

compared to chow fed mice (11% calories by fat) (170).  Park et al. (239) identified 

C57BL/6 mice to exhibit impaired systolic performance following 20 weeks of high-fat 

feeding as indicated by fractional shortening.  The decline in fractional shortening 

displayed by C57BL/6 mice has also been observed in our laboratory at 20 weeks of 

high-fat feeding (Figure 7.1). 
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Figure 7.1 Fractional shortening following 20 weeks of high-fat feeding 

 

Figure 7.1: Fractional shortening (%) in chow fed (CHOW) mice (13.5% of calories 

from fat) compared to high-fat fed (HFF) mice (60% of calories from fat) following 20 

weeks of high-fat feeding.  Of note, mice were sedated with isoflurane and placed in the 

supine position during the acquisition of echocardiographic images.  *p<0.05 vs. CHOW.  

Data are mean ± SEM for n=10 mice per group. 

 

 The above characteristics of high-fat feeding in mice provide some resemblance 

of the metabolic and cardiac dysfunction identified in individuals with type 2 diabetes 

and make it an appealing means of studying the gene-environment interactions that 

increase the risk of developing diabetes-related complications.  However, there are 

obvious limitations that have often been highlighted by opponents of utilizing high-fat 

feeding-induced insulin resistance models.  First, the source of fat such as that derived 

from animals or plants and the fraction (20-60 % of calories) of fat used in the literature 

varies extensively (233, 238).  This macronutrient complexity makes interpretation of the 

exact metabolic aberrations promoted and the temporal onset of these alterations difficult 
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to summarize and compare between laboratories.  Another drawback that is commonly 

proposed is that high-fat alone is not complex enough to adequately model the human 

diet (233, 238).  For example, high carbohydrate composition and the use of artificial 

additives have been used alone or in combination with high-fat feeding to induce 

diabetes-associated alterations (56, 233, 238).  Finally, in mice, diagnostic criteria are not 

generally employed to identify type 2 diabetes (211).  Instead a comparative approach is 

used to highlight statistical differences between the intervention and control groups.  

Given this, McMurray et al. (211) have proposed that part of the definition of diabetes in 

mice be that plasma glucose concentrations following a four to six hour fast be greater 

than 20 mM.  Such overt hyperglycemia is not regularly reported in mice fed a high-fat 

diet (233) and the proposed criteria would make it difficult to attribute abnormal 

metabolic processes to pathological glucose handling in high-fat fed mice. 

7.2.3 Intramyocardial injection of mesenchymal stem cells 

 The route of cell delivery to the infarcted heart is an important choice as it will 

influence cell retention, survival and functionally as well as effect the functional outcome 

of the treatment and recipient safety risks (43).  Several approaches to exogenous cell 

administration have been utilized in animal and human studies.  However, 

intramyocardial, intracoronary and intravenous modes of delivery are the most common 

employed in clinical trials (43, 353, 362).     

  The intramyocardial injection of MSCs into the epicardial surface of the heart 

was utilized in the current dissertation (Chapters 3, 4 and 5).  The main disadvantages 

associated with intramyocardial delivery of cells to the infarcted heart revolve around 

patient safety.  This technique requires direct exposure to the heart that is obtained 
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through a sternotomy or thoracotomy (43, 353, 362).  In patients requiring open heart 

surgery such as coronary artery bypass surgery, the intramyocardial injection of 

exogenous cells can be used in conjunction to improve cardiac functional outcomes 

(373).   However, the invasiveness of having to gain access to the thoracic cavity renders 

the intramyocardial injection less appealing to use in isolation (43, 353, 362).  Also, the 

direct injection of cells into a single location may enhance the risk of ventricular 

arrhythmias (43, 97, 353, 362, 373).  When using MSCs as the source of exogenous cells 

it has been theorized that the chance of arrhythmias is due to MSCs forming connections 

with host myocytes and impeding impulse propagation and/or increasing sympathetic 

innervation (213). 

 Although concerns with intramyocardial administration may limit clinical use, 

this delivery technique remained the most optimal for employment in the experimental 

studies performed in Chapter 3, 4 and 5.  The induction of the MI required a thoracotomy 

to expose the heart and complete the coronary artery ligation.  This allowed for direct 

visualization of the epicardial surface of the heart to transplant the MSCs without added 

invasiveness of an additional independent surgical procedure.  The intramyocardial 

administration also allows for targeted localization of cells to the site of injury, 

circumventing the need for homing of MSCs to the infarcted region (43, 353, 362).  

Notably, cell retention is poor and non-specific homing to organs such as the lung, spleen 

and liver is observed with intracoronary, intravenous and intramyocardial transplantation 

(43, 130).  However, direct comparison suggests that intramyocardial administration 

exhibits the greatest engraftment and functional improvement in the infarcted heart (130, 

189, 249).  Additionally, the experimental objectives of Chapter 3, 4 and 5 required a 



 

165 

second surgery to catheterize the infarcted mice for hyperinsulinemic-euglycemic 

(insulin) clamps.  Of the three delivery methods commonly employed in clinical trials, 

the intramyocardial administration of MSCs represents the least technically challenging. 

This was enticing as it minimized the need for further surgical expertise to conduct a third 

surgery and subsequently may increase the repeatability of the experimental procedures.  

7.2.4 Echocardiography  

M-mode echocardiography was performed in the conscious mouse in Chapters 3, 

4 and 5 as a means of assessing cardiac structure and function.  This dissertation focused 

on the fractional shortening and ejection fraction indices obtained from 

echocardiographic images.  Under non-pathological conditions fractional shortening and 

ejection fraction are often used as markers of left ventricular systolic function in 

experimental studies (277).  Utilizing these measures to make conclusions concerning 

cardiac function following an MI must be made with caution (99). The spatial resolution 

of M-mode echocardiography is poor.  More specifically, echocardiographic images used 

to obtain fractional shortening were taken via a single line of interrogation at the level of 

the papillary muscles only.  Thus, fractional shortening is a linear measure being utilized 

to convey global function (277).  Also, ejection fraction is acquired via the cubic 

assumption of left ventricle volume (99, 323).  Ultimately, fractional shortening and 

ejection fraction rely on geometrical presumptions that may not maintain the same 

accuracy in the presence of cardiac remodelling processes and regional wall motion 

irregularities that may characterize the post-MI heart (99, 277, 323).   

Although the shortcomings of M-mode echocardiography are not easily 

dismissed, this technique was utilized based on several factors that were perceived to be 
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worthwhile.  First, fractional shortening and ejection are indices that have been utilized in 

human echocardiography (277).   Familiarity with the experimental measures allows 

wider audiences with limited knowledge of the specific research area to better realize the 

information provided.  Also, echocardiography offers the opportunity to avoid terminal 

experimentation.  The technical challenge of successfully completing two surgical 

procedures (MI and catheterization) and an insulin clamp heightened the desire for a 

methodology that could assess systolic performance in a way that did not require the 

animals to be sacrificed.  Moreover, the non-invasiveness of M-mode echocardiography 

allowed for serial measurements.   

 An aim of the dissertation was to perform experimental procedures in the 

conscious mouse, where possible, to simulate more physiological relevance.  While, the 

single line of interrogation reduces the spatial resolution, it increases the temporal 

resolution of echocardiographic images (323).  The heart rate of the conscious C57BL/6 

mouse approaches 700 beats per minute making the high temporal resolution an 

appreciated strength of M-mode echocardiography (277).  Furthermore, evaluating 

cardiac function in the conscious mouse removed the cardiodepressant actions of 

anaesthesia (54, 277, 278).  Experimental variation in duration, type and depth of 

sedation may introduce artificial differences in heart rate and fractional shortening (54, 

277, 278).  Thus, the conscious mouse model provides an opportunity for greater 

repeatability (277).  

7.2.5 Hyperinsulinemic-euglycemic clamp  

 Initially developed by DeFronzo et al. (62) for human use, the insulin clamp has 

been adapted to laboratory animals and is often referenced as the “gold standard” for 
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evaluating insulin action in vivo (13, 135).  This is largely the result of the technique 

reducing a number of assumptions and confounding variables (222).  First, the 

intravenous infusion of glucose and insulin allows the experimenter to erase the effect of 

differing levels of these substrates on data interpretation.  Second, maintenance of 

euglycemia prevents counter regulatory measures in instances of hypoglycaemia 

following insulin administration such as hepatic glucose production.  Third, insulin 

infusion rates between 2.5-4.0 mU/kg/min in the C57BL/6 mouse are often sufficient to 

impede hepatic glucose production (14).  The insulin clamp can also be easily coupled to 

the administration of isotopic glucose and fatty acids.  This allows the experimenter to 

extend investigation beyond systemic insulin-mediated substrate disposal to tissue-

specific substrate metabolism.     

 In mice, no standard operating procedures exist for completing an insulin clamp.  

There are many variations of the insulin clamp being applied to the mouse with each 

having their own advantages and disadvantages.  Blood sampling is most commonly 

performed via arterial catheterization or the tail tip (14).  The methodology used in this 

dissertation employed carotid artery catheterization for blood sampling.  Arterial 

sampling from catheterization lowers stress from handling (13).  For example, obtaining 

blood from the tail may require restraining the mouse and milking the tail.  This results in 

increased catecholamine concentrations, endogenous glucose production and whole body 

glucose disposal (13).  Anaesthesia has been used in an effort to reduce the stress 

response, however, many types of sedation promote hyperglycemia (37, 255, 329).  Thus, 

the arterial catheterization allows for experimentation in a conscious, unrestrained mouse 

and may assist in more closely matching the actual physiology of the mouse. 
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 Despite the benefits of arterial catheterization, the invasiveness of the procedure 

can deter investigators from seeking vascular access for experimental purposes.  Concern 

is reasonable as a subset of animals will not be available for experiments due to surgical 

casualties and loss of catheter patency (14).  For example, across all groups in this 

dissertation, the loss of animals due to surgical casualties and loss of catheter patency was 

approximately 30%.  In-experiment drawbacks include increased risk of stroke during the 

experiment from arterial sampling (14).   Also, during the execution of the insulin clamp 

the activity level and changes in activity of the mouse can create difficulties in achieving 

euglycemia.  Given this, the insulin clamp performed in the conscious, unrestrained 

mouse is often more labour intensive and time consuming (222). 

7.2.6 Permeabilized fibers and cells 

This dissertation employed chemically permeabilized cardiac fibers (Chapters 3, 4 

and 5) and cells (Chapter 6) to evaluate mitochondrial function via respirometric 

measures.  The permeabilized fiber/cell technique was utilized as it offered logistical 

advantages over isolated mitochondria, which currently receives more widespread use 

(252).  Chapter 3, 4 and 5 aimed to explore peri-infarct oxygen flux.  The amount of 

tissue needed to obtain adequate yield and quality of isolated mitochondria usually 

requires in excess of 100 mg (178).  Tissue directly surrounding the infarct is far more 

limited in quantity than 100 mg given the infarcted C57BL/6 mouse heart averaged less 

than 180 mg in this dissertation.  In contrast, the permeabilized fiber model is much more 

feasible to study mitochondrial function in the peri-infarct tissue as only a few milligrams 

of cardiac tissue is needed for experimental analysis (136).  The reduced cell number 

requirement was also an important factor in the use of permeabilized cells in Chapter 6.  
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Up to 120 million cells are used to obtain appropriate quality and yield of isolated 

mitochondria from cultured cells (91).  In contrast, a million MSCs were utilized in each 

individual respirometric assessment in Chapter 6.   

The benefits of this technique also include increased physiological relevance in 

comparison to isolated mitochondria as cellular architecture is preserved.  While the 

plasma membrane is selectively degraded, many intracellular membrane structures 

including mitochondria (282, 345), sarcoplasmic reticulum (345), myofilaments and the 

cytoskeleton (215, 283) remain unaltered.  Moreover, the interactions between 

mitochondria and these structures (215, 283) are preserved.  A method that would 

preserve mitochondrial interactions that may influence OXPHOS function was chosen 

because cardiac myocyte architectural irregularities regularly accompany post-MI 

remodelling and mitochondria have been reported to lose functional connections with 

sarcoplasmic reticulum in the infarcted heart (271, 316).    

Another experimental rationale for studying mitochondria in permeabilized fibers 

was the increased stability.  Fiber preparations may be stored in preservation solutions for 

at least six hours and up to 24 hours (111, 308).  This was of benefit as two to four insulin 

clamps were executed in parallel, however, only fibers from one mouse could be 

evaluated at any one time due to equipment limitations.   

 A notable drawback in the current dissertation arises when it is acknowledged that 

cardiac mitochondria are heterogeneous, consisting of subsarcolemmal and interfibrillar 

populations.  There are reports that the mitochondrial subpopulations are differentially 

affected in the diabetic and failing heart (271).  Unfortunately, in situ mitochondrial 
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respirometry is limited in that the total mitochondrial population is evaluated without the 

ability to distinguish between subsarcolemmal and interfibrillar mitochondria (178). 

 

7.3 Overall summary and interpretation of results 

In concert with improved cardiac systolic performance, the principle findings 

were (1) intramyocardial transplantation of MSCs reduced atypical insulin-stimulated, 

cardiac glucose uptake in the presence and absence of diet-induced insulin resistance; (2) 

mitochondrial function and content were provided protection by MSC administration; (3) 

improvements in glucose uptake and mitochondrial OXPHOS were associated with 

diminished alterations in insulin signalling mediators as well as fatty acid utilization and 

availability; and (4) MSCs displaying higher engraftment and survival upon 

transplantation are characterized by greater electron transport reserve capacity.  This final 

summary will interpret the findings from Chapters 3-6 in regards to glucose uptake, 

cardiac mitochondria and MSC OXPHOS. 

7.3.1 Insulin-stimulated glucose uptake 

Insulin clamps coupled with the administration of isotopic glucose were executed 

in conscious, unrestrained mice to assess whole body insulin sensitivity and tissue-

specific glucose uptake.  A primary objective of this dissertation was to evaluate the 

therapeutic efficacy of MSCs for abnormalities in cardiac glucose uptake post-MI.  Three 

studies with an increasingly greater extent of insult were performed in an attempt to 

clarify the conflicting reports suggesting that MSC therapy prevents an increase in 

glucose uptake or conversely minimizes a decline in glucose uptake following a MI (113, 

208, 209).  More specifically, insulin-stimulated, cardiac glucose uptake was evaluated in 
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chow fed, low left anterior descending coronary artery (LAD) ligated hearts (Chapter 3), 

in chow fed, high LAD ligated hearts (Chapter 4), and high-fat fed (HFF), high LAD 

ligated hearts (Chapter 5).   

Consistent across all studies (Chapter 3, 4 and 5), MSC administration lowered 

the extent of pathological insulin-stimulated glucose uptake in the post-MI heart.  In 

Chapter 3, the MSC transplantation prevented an increase in the metabolic index of 

glucose uptake (Rg) in the remote left ventricle.  In chow fed mice undergoing a LAD 

ligation closer to the atria (Chapter 4), the metabolic index of glucose uptake was lower 

in both the remote left ventricle and peri-infarct region.  The MSC therapy blunted the 

decline in the rate of glucose uptake in the remote left ventricle but did not rescue glucose 

utilization in the peri-infarct region.  In the presence of diet-induced insulin resistance 

(Chapter 5), MSC transplantation elevated the Rg in both areas of the infarcted heart 

assessed.  It should be noted that the functional improvement in Chapter 5 is very modest 

despite the improvement in glucose uptake.  In speculation, this may be due to the 

mortality following the ligation procedure (APPENDIX B).  The proportion of mice 

succumbing to the MI in Chapter 5 was 19.5% of the MI+PBS mice and 13.0% of the 

MSC-treated mice.  There may be a critical systolic function threshold that below which 

life cannot be sustained.  Thus, the apparent functional improvement conferred by the 

exogenous cells may be underestimated.       

The regulation of glucose uptake is dependent of several factors including glucose 

transport, glucose phosphorylation, insulin signalling, substrate availability and fatty acid 

utilization.  In all studies, cardiac GLUT4 and HKII protein were comparable between 

groups.  This suggests the transcriptional and translational regulation of glucose transport 
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and phosphorylation did not play a significant role in the restoration of non-pathological 

insulin-stimulated glucose uptake in the heart following a MI and/or MSC therapy.   

In Chapter 3, an isotopic fatty acid analog was administered during the insulin 

clamp to evaluate tissue-specific long chain fatty acid uptake in parallel with glucose 

uptake.  MSC therapy prevented a depression in the insulin-mediated index of fatty acid 

uptake in the peri-infarct region of the post-MI heart.  Additionally, PGC-1α protein, a 

coactivator of transcription factors involved in the expression of target genes regulating 

fatty acid metabolism, was preserved in the peri-infarct area.  It may be that the cell-

based transplantation attenuated the increase in glucose uptake, in part, by maintaining 

fatty acid utilization and the competitive nature of substrate utilization as described by the 

glucose-fatty acid cycle.   

Recently, Lovell et al. (197) reported bone marrow mononuclear cell 

transplantation into the heart enhances the cardiac p-Akt-to-Akt ratio following ischemia-

reperfusion injury.  In response to the findings of Lovell and colleagues, experimental 

analysis in Chapter 4 focused on the potential for MSC transplantation to modulate 

insulin signalling in the chronically infarcted heart as a means of preventing atypical 

glucose uptake.  While the MSC treatment did not enhance the p-Akt-to-Akt ratio, the 

cells did lessen the decline in this insulin signalling marker following a MI.  The results 

of Chapter 4 indicate that a plausible MSC mode of action to mitigate glucose uptake 

alterations is to reduce impairments in the insulin signalling cascade(s). 

Throughout all studies, substrate availability and systemic insulin sensitivity were 

evaluated as effectors of glucose utilization.  In the chow-fed experiments (Chapter 3 and 

4), plasma glucose, fatty acid and insulin concentrations were similar between groups.  
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Also, systemic glucose disposal in response to insulin (GIR) was unchanged following a 

cardiac infarction and the cell treatment.  In these studies the results indicate the MSC 

therapy did not have a readily apparent systemic effect on metabolism that could 

significantly manipulate cardiac energetics.  In Chapter 3, there was an increase in 

vascular density in the infarction that may have been extended to the peri-infarct region 

allowing greater substrate supply.  Notably, the gastrocnemius exhibited an elevation in 

fatty acid uptake (Chapter 4) and the soleus displayed a heighten rate of glucose uptake 

(Chapter 5) in the MSC-treated mice.  These observations hinted at potential for MSC 

transplantation to manipulate peripheral tissue substrate metabolism.  In Chapter 5, mice 

were fed a high-fat diet to precipitate hyperglycemia, hyperlipidemia and whole body 

insulin resistance.  The MSC-treated animals were characterized by an increase in GIR as 

well as skeletal muscle and adipose tissue glucose uptake in response to insulin 

stimulation.  Furthermore, GLUT4 and the p-Akt-to-Akt ratio were higher following the 

MSC transplantation in skeletal muscle and adipose tissue.  Although unexpected, the 

systemic alterations from a single intramyocardial injection of MSCs were not completely 

surprising.  MSCs administered in this manner have been reported to home to peripheral 

tissues (130).  Additionally, other groups have identified that the relatively thin heart wall 

and rapid murine heart rate can result in the experimenter erroneously injecting the 

exogenous cells into the lumen of the left ventricle (335).  In terms of the mechanisms for 

the increased insulin-stimulated cardiac glucose uptake observed in the HFF mice, the 

MSCs did not alter insulin signalling.  The improved systemic insulin sensitivity may be 

responsible for the lowering of plasma glucose and fatty acids in these mice.  Moreover, 
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the lessening of hyperlipidemia could minimize the fatty acid-induced inhibition of 

cardiac glucose uptake.                       

 It is currently unknown if the results observed in the three studies (Chapters 3, 4 

and 5) are sustainable.  Si et al. (304) evaluated the influence of MSC on whole body 

insulin sensitivity in a STZ/HFF rat model.  The exogenously administered cells 

enhanced whole body insulin-mediated glucose disposal (304).  However, the results 

were transient and required further MSC transplantation at four week intervals to 

maintain the metabolic effects (304).  Thus, at the very least, the MSC therapy delays the 

onset of insulin-stimulated substrate uptake abnormalities following a MI.  From a 

functional perspective, this conservation of a more non-pathological metabolic phenotype 

may provide the heart with the metabolic flexibility required to efficiently and effectively 

provide ATP for contractile processes in response to various physiological stressors.  

7.3.2 Cardiac mitochondria 

 Mitochondria support cardiac function, in part, by liberating energy from 

oxidizable substrates (327).  In the infarcted heart, high-energy phosphates derived from 

substrate catabolism are depressed and MSC therapy minimizes this decline (85, 369).  

Given this, an objective of this thesis was to identify the efficacy of MSC transplantation 

to preserve ATP provision via conservation of mitochondrial content and function.  

Similar to substrate uptake, concern existed as to the likelihood of identifying MSC 

therapeutic potential given aberrations in cardiac mitochondrial oxygen consumption and 

density have been reported to be greatly dependent on injury severity and/or the extent of 

progression towards heart failure post-MI.   This prompted three independent studies 

differing in the extent of insult as a means of broadly evaluating mitochondrial protection 
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delivered by MSCs.  Identical to glucose uptake, mitochondrial characteristics were 

evaluated in chow fed, low LAD ligated hearts (Chapter 3), in chow fed, high LAD 

ligated hearts (Chapter 4) and HFF, high LAD ligated hearts (Chapter 5).   

The results provided in Chapters 3, 4 and 5 indicate that MSC administration 

shortly following a MI may mediate an improvement in the energetic state of the heart 

through maintenance of mitochondrial number.  Following relatively modest cardiac 

injury induced by low LAD ligation (Chapter 3) a decline in PGC-1α was prevented in 

the MI+MSC hearts.  An absence of alterations in mitochondrial density was observed in 

response to both the MI and MSC transplantation.  Although mitochondrial content was 

comparable between groups, the preservation of PGC-1α by the MSC transplantation 

suggests the ability of the cell-based therapy to protect cardiac mitochondria from 

decline.  In Chapter 4, mitochondrial density as indicated by citrate synthase activity, and 

PGC-1α protein were lower in the MI-only hearts.  More importantly, the MSC treatment 

blunted the decline in peri-infarct mitochondria number and PGC-1α.  In the presence of 

diet-induced insulin resistance (Chapter 5), citrate synthase activity was lower following 

the MI event.  Similarly to the chow fed mice, the MSC transplantation attenuated this 

depression in this marker of mitochondria density.  However, PGC-1α was comparable 

between groups.  Thus, the preservation of mitochondria number is not solely reliant on 

preserving PGC-1α protein.  In summary, the results of Chapter 3, 4 and 5 indicate that a 

conservation of total mitochondria and transcriptional regulation of these organelles may 

enhance ATP provision and contribute to the greater ATP-to-PCr ratio in MSC-treated 

hearts.      
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Beyond mitochondria density, MSC-treated hearts displayed a higher RCR in the 

peri-infarct region compared to MI-only hearts in Chapter 3 and 5.  The RCR observed in 

Chapter 4 was not significantly elevated compared to the MI+PBS hearts, however, the 

mice receiving the exogenous cells were rescued from a decline in peri-infarct RCR.  

Together, these results suggest the MSC treatment preserves OXPHOS ADP 

responsiveness and potentially enhances the coupling of electron transport and ATP 

synthesis.  Upon closer inspection, the enhanced RCR in Chapter 3 and 5 appears to be 

subsequent to a decline in state 2 respiration.  This is particularly intriguing as it suggests 

the effect of MSCs on mitochondrial function is not merely secondary to reducing infarct 

size and structural remodelling.   

Oxygen flux in the absence of ADP (state 2) can result from electron slip (33, 

109).  Oxygen consumption via electron slip occurs when an electron is diverted away 

from the electron transport chain (ETC) and reacts with oxygen to form reactive oxygen 

species (109).  Previous work completed by Jameel et al. (148) identified a decline in 

three complex I subunits.  It may be that a reduction in complex I subunits may reduce 

absolute electron flux through complex I and minimize electron slip.  In Chapter 3, a 

lowering of complex I protein was not observed following MSC therapy, however, a 

depression in CI+CIII enzymatic activity was displayed.  In Chapter 5, both MI+PBS and 

MI+MSC peri-infarct regions exhibited a decline in complex I protein.  However, there 

may have been an added effect of the cell therapy as complex I protein in the remote left 

ventricle was lower as well.  Of note, complex I enzymatic activity was not assessed in 

Chapter 5 owing to limited left ventricle peri-infarct tissue following higher ligation 

placement.   In Chapter 4, both infarcted groups displayed a reduction in complex I 
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protein.  The reason for a lack of MSC effect on state 2 respiration in Chapter 4 is not 

clear.  In speculation, the influence of the MSC on cardiac mitochondrial OXPHOS may 

be transient and repeated cell transplantation may be required to maintain their effects.  

Further study is required to confirm our observations that suggest MSCs promote a 

reduction in complex I-mediated electron flux and/or electron slip that may improve 

mitochondrial efficiency.  

Alternatively, proton leak, the major contributor to oxygen consumption in the 

absence of ADP, may be the mechanism through which the MSCs lower futile oxygen 

flux.  In Chapter 3, ANT and UCP3 protein were comparable between groups.  Given, 

ANT-induced proton leak depends greatly on content it appears the MSC therapy does 

not lower state 2 respiration via ANT manipulation (34).  The majority of UCP3 

uncoupling function occurs due to be activation by various inducers.  Reactive oxygen 

species products have been reported to promote UCP3-mediated proton transport (15).  

The potential decline in electron slip from complex I and free radical synthesis may lower 

activation of UCP3.  Alternatively, Chapter 3 results show the reactive oxygen species 

scavenger enzyme, glutathione peroxidase, to be depressed at the protein level in the 

MSC-treated hearts.  In agreement, Jameel et al. (148) reported cardiac glutathione 

peroxidase mRNA to be lower following MSC therapy for the infarcted heart in a swine 

model.  While reactive oxygen species was not measured in this dissertation, previous 

work from our laboratory has identified the ability of MSC transplantation to reduce 

hydrogen peroxide production (235).  In speculation, the decline in glutathione 

peroxidase is in response to the ability of the MSC therapy to depress free radicals.  

Moreover, reduction in reactive oxygen species could lessen the activation of UCP3-
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mediated proton leak.  Also, as previously discussed in Chapter 2, fatty acids can promote 

UCP3 expression and functional activity (68, 75, 103).  Chapter 5 displayed ability of 

MSC administration to minimize circulating fatty acids.  This was associated with a 

dampening of UCP3 protein and possibly UCP3-mediated uncoupling as indicated by a 

decline in state 2 respiration.  In conclusion, MSC transplantation may modulate UCP3 

content and/or functional uncoupling as a means improving OXPHOS efficiency (RCR). 

7.3.3 Mesenchymal stem cell oxidative phosphorylation 

The majority of this dissertation was focused on the influence MSCs have on host 

tissue, however, the recipient environment plays a role in MSC efficacy.  More 

specifically, the ischemia exhibited in the infarcted region contributes to the poor survival 

of transplanted MSCs (118, 269).  The objectives of the experiments in Chapter 6 were to 

identify mitochondrial OXPHOS characteristics that may influence MSC survival if 

transplanted into the ischemic region of the infarcted heart. 

The MRL-MSCs (MSCs obtained from MRL-MpJ mouse) exhibited greater 

resistance to cell death following 48 hours of combined glucose and oxygen deprivation 

compared to WT-MSCs (MSCs derived from C57BL/6 mouse).  The improved viability 

displayed by MRL-MSCs was also very apparent under conditions of reduced glucose 

only.  In addition to survival characteristics in response to substrate withdrawal, 

components of OXPHOS function were different between the cell types.  In intact cells, 

the MRL-MSCs exhibited greater absolute oxygen consumption under culturing 

conditions.  Also, the reserve capacity for greater electron transport was higher.  In 

permeabilized cells, ADP-stimulated oxygen flux supported by complex I and complex II 
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substrates were elevated in the MRL-MSCs.  Interestingly, cardiac myocyte respiration 

under identical conditions was far superior to that of the MSCs. 

 MSCs have been previously reported to contain low levels of mitochondria and 

rely predominantly on glycolysis for ATP synthesis (49).  This may explain the lower 

oxygen consumption rates compared to cardiac myocytes.  Moreover, the relatively low 

reliance on OXPHOS could benefit the transplanted MSCs in situations of low oxygen 

supply.  Conversely, the heightened electron transport reserve capacity displayed by the 

MRL-MSCs may be of benefit when glucose is scare.  MSCs have been reported to shift 

towards OXPHOS dependence under glucose reduction (191).  The increase in oxidative 

function is thought to be an adaptive attempt to maximize ATP synthesis in the nutrient 

shortage.  Thus, the unique MRL-MSC OXPHOS phenotype characterized by low 

respiration with a slight increase in maximal OXPHOS potential may afford these cells 

the metabolic flexibility to better maintain the energetic status and subsequently combat 

cell death due to cell starvation. 

 

7.4 Future directions 

 The studies conducted in this dissertation are largely descriptive, however, the 

results stimulate many questions that may open avenues of research that define the means 

by which exogenous stem cells modulate cardiac metabolism following transplantation.  

Future endeavours must identify whether the findings are a direct effect induced by the 

MSCs on metabolism.  As previously stated, infarct size plays a large role in the extent of 

cardiac dysfunction post-MI (251).  Furthermore, MSCs are capable of reducing the size 

of this akinetic area via paracrine-mediated anti-apoptotic means.  Additional 
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experiments should be completed to eliminate this influence of infarct severity on cardiac 

metabolism by comparing rodents of similar insult.  Histological techniques are 

commonly employed to measure infarct size in cross-sectional samples.  However, a non-

terminal technique is required to measure tissue-specific glucose uptake, mitochondrial 

function, and infarct size in the same heart.  Kanno et al. (158) developed a method of 

measuring scar size using echocardiography.  Rather than taking measures at one level as 

done in Chapter 3, 4 and 5, echocardiographic images were taken at several levels from 

the base to the apex of the left ventricle.  The summation of the akinetic area from each 

cross sectional image allowed for the estimation of infarct size that correlated extremely 

well with histological evaluation (158).  Such a technique would be of value to the 

experimental protocols followed in this dissertation. 

Of particular interest is the reduced state 2 respiration in Chapter 3 and 5 that 

suggest proton leak is lessened by the MSC therapy.  UCP3-mediated proton leak is 

intriguing because UCP3 activity is not simply content reliant but can be 

activated/inactivated.  Additional respiration experiments in the presence and absence of 

UCP inhibitor, GDP, would assist in identifying UCP3 as the facilitator of proton leak.  

Also, assessment of reactive oxygen species production and their by-products such as 

reactive alkenals would shed light on whether MSC antioxidant effects reduced UCP3 

activation.  In Chapter 5, it was proposed that the decline in futile respiration is the result 

of a reduction in fatty acid activation of UCP3 following MSC-induced depression in 

circulating NEFAs.  Further respiration experiments should also be performed during 

insulin clamps or ex vivo experiments where exogenous lipids are infused to ensure 

circulating lipids are equivalent between groups.   
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The observations reported following MSC transplantation into the HFF/infarcted 

mouse heart (Chapter 5) provides the strongest support that the exogenous cells are 

capable of directly manipulating systemic and tissue-specific metabolism.  Given MSCs 

predominantly confer therapeutic effects through paracrine mechanisms, future work 

delineating the bioactive component(s) responsible for the metabolic modulation may be 

most pressing.   

  Although only a single chapter of this dissertation was devoted to the 

experimental analysis of MSC metabolism and viability (Chapter 6), the results are 

encouraging and additional research should be performed to reduce some of the 

limitations of the study.  Future work should be conducted with the realization that 

respiration assessed under air-saturated oxygen concentrations is not physiological.  

Chacko et al. (2009) determined that the partial pressure of oxygen (pO2) in the ischemic 

region was 3.0 ± 0.7 mmHg immediately following infarction compared to 19.7 ± 1.4 

mmHg in the non-infarcted control heart of rats (46).  Evaluating oxygen flux at a pO2 of 

3.0 mmHg using the Oroboros oxygraph-2k would be technically challenging.  However, 

oxygen kinetics of the MSCs at lower oxygen levels may be evaluated to provide 

valuable information.  At oxygen levels of 8 mmHg, intact cells suspended in culture 

medium could be evaluated for oxygen affinity and the pO2 at which half-maximal 

respiration rate (P50) determined.  If a lower P50 is exhibited by MRL-MSCs this may 

indicate an elevated rate of OXPHOS.  In addition, further viability assays following 

glucose and oxygen withdrawal should be performed to identify the importance of the 

increased electron transport potential exhibited by MRL-MSCs.  Prior to substrate 

deprivation, treating the MSCs with carbonyl cyanide-p-trifluoromethoxyphenylhydraz-
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one (FCCP) would uncouple electron transport from ATP synthesis.  This would 

eliminate the ability of the cells from generating ATP from OXPHOS.   

 

7.5 Conclusions and significance 

 Collectively, the work presented in this dissertation identifies that energy 

metabolism is both influenced by and influences MSC transplantation.  From an 

experimental perspective, the knowledge from this work provides a foundation that 

allows for future investigative endeavours to identify whether the metabolic changes 

observed in cardiac substrate uptake, mitochondrial OXPHOS and systemic insulin 

sensitivity following MSC administration are due to direct modulation or secondary to 

other modes of therapeutic action.  From a clinical perspective, although energy 

metabolism is frequently considered trivial when evaluating cardiac pathologies and is all 

too often neglected as a potential cardiac stressor, the experimental results reported here 

add to the growing awareness that a greater understanding of metabolic processes holds 

potential to advance the treatment of cardiac impairments as well as stem cell efficacy in 

the treatment of these impairments.   
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APPENDIX A 

Figure A.1 Representative saponin-permeabilized, left ventricle, fiber bundle 
oxygen consumption experiment 

! 
Figure A.1:  Representative saponin-permeabilized cardiac fiber oxygen 

consumption/flux trace (red line) from a chow fed SHAM mouse utilized in Chapter 4.  

Oxygen consumption is the negative time-derivative of oxygen concentration (blue line) 

in a closed 2 ml chamber.  Oxygen levels are held at a hyper-saturated concentration to 

prevent it from being rate limiting.  Malate (2mM), glutamate (10mM), pyruvate (5mM) 

(MGP) supported respiration in the absence of ADP indicates respiration resulting from 

proton leak, electron slip, and ATPase activity (33).  Saturating (5mM) adenosine 

diphosphate (ADP)-stimulated respiration supported by nicotinamide adenine 

dinucleotide reducing equivalents (MGP) represents maximal respiration through 

complex I.  This respiratory state is influenced by ATP turnover (ANT, phosphate 

transporter and ATP synthase) and substrate oxidation (substrate uptake, substrate 

catabolism, electron transport through the ETC, oxygen concentration and pool sizes of 

cytochrome c and ubiquinone) (33).  A cytochrome c (CYTO C) (10mM) test acts as a 

quality control index to identify damaged preparations.  There is not an elevation in 

oxygen consumption that exceeds 15% suggesting appropriate sample preparation (178).  
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A titration of succinate (S) (10 mM) results in ADP-stimulated respiration from 

convergent electron input through complex I and II.   
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APPENDIX B 

Table B.1 Proportion of mouse mortality following the ligation surgery in chapter 
four and five 

 SHAM MI+PBS MI+MSC 

Chapter 4 Mortality Post-infarct (%) 0.0 7.4 0.0 

Chapter 5 Mortality Post-infarct (%) 0.0 19.5 13.0 

Chapter four mice: n=13 for SHAM, n=27 for MI+PBS, and n=22 for MI+MSC.  Chapter 

five mice: n=18 for SHAM, n=41 for MI+PBS, and n=23 for MI+MSC.   

 


