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Abstract 

 

As the most metabolically demanding organ in the body, the heart must continually produce 

extraordinary amounts of energy to sustain constant contractile function. To accommodate for 

alterations in fuel source availability, the healthy mature heart is omnivorous and possesses the 

capacity to flexibly metabolize numerous fuel substrates including fatty acids, carbohydrates, 

ketone bodies and amino acids delivered to it through the coronary circulation. Accordingly, 

disturbances in this metabolic flexibility contribute to the development of numerous cardiovascular 

disorders, including various cardiomyopathies that often precede the development of heart failure. 

Although perturbation of myocardial energy metabolism represents a shared feature of 

cardiomyopathies with diverse origins and basic disease mechanisms, the specific metabolic 

profile and, thus, potential targets for therapeutic intervention are often unique to the particular 

cardiomyopathy type. Herein, we investigated the alterations in myocardial intermediary energy 

metabolism present in the cardiomyopathies associated with Barth syndrome and obesity/type 2 

diabetes. Furthermore, we determined whether pharmacological optimization of cardiac substrate 

utilization, or modulation of the systemic nutrient environment to mitigate cardiovascular risk 

factors, represent viable targets for the treatment of cardiac dysfunction in Barth syndrome and 

obesity/type 2 diabetes.  

 

Barth syndrome is a rare, X-linked disorder caused by mutations in the TAFAZZIN gene that results 

in impaired mitochondrial cardiolipin remodeling, mitochondrial dysfunction, and the infantile 

development of cardiomyopathy. Utilizing a mouse model of human Barth syndrome (TazKD 

mice; doxycycline-inducible short hairpin RNA-mediated Tafazzin knockdown), myocardial 
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glucose oxidation rates were demonstrated to be markedly reduced in the tafazzin-deficient 

isolated working heart. Notably, impaired myocardial glucose oxidation was associated with the 

development of adverse hypertrophic left ventricular remodeling in TazKD mice. To assess 

whether pharmacological enhancement of myocardial glucose oxidation could mitigate 

pathological cardiac remodeling in Barth syndrome, TazKD mice were treated with 

dichloroacetate (70 mM) added to the drinking water for four weeks. Despite decreasing inhibitory 

phosphorylation of cardiac pyruvate dehydrogenase, suggestive of increased glucose oxidation, 

dichloroacetate failed to improve cardiac hypertrophy in TazKD mice. Therefore, stimulation of 

myocardial glucose oxidation may not represent an effective strategy to mitigate cardiomyopathy 

development and progression in Barth syndrome.  

 

In obese, prediabetic mice, transition to a ketogenic diet for eight weeks failed to induce significant 

body weight loss and improve obesity-induced impairments in glucose homeostasis. Furthermore, 

although maintenance on a ketogenic diet did not impair cardiac function, it increased cardiac lipid 

accumulation which may indicate the presence of pathological molecular alterations. In 

consideration of the present findings, caution should be exercised when considering a ketogenic 

diet as a non-pharmacological strategy to reduce cardiovascular risk factors in obesity and 

diabetes.  

 

Myocardial ketone body oxidation was blunted in isolated working hearts from mice with 

experimental type 2 diabetes, however, this decreased reliance on ketone bodies as an energy 

substrate may not be detrimental for the myocardium given that further inhibition by treatment 

with pimozide neglected to impair cardiac function. Our results offer fundamental insight 
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regarding a potential adaptive role for decreased cardiac ketone body utilization in diabetic 

cardiomyopathy.  

 

In summary, the studies presented herein support that although alterations of myocardial energy 

metabolism represent a common feature of cardiomyopathies, modulation of intermediary 

metabolic pathways may not always represent an effective therapeutic approach. Furthermore, the 

results of the present studies provide fundamental insight into the myocardial metabolic profile 

characteristic of Barth syndrome and diabetic cardiomyopathies, which may serve to guide the 

development of targeted therapies.   
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Chapter 1: Introduction 

 

1.1 Introduction to Cardiomyopathies and Myocardial Intermediary Energy 

Metabolism 

 

1.1.1 Clinical Characterization of Cardiomyopathies 

Cardiomyopathies represent a broad spectrum of heart muscle diseases with complex and diverse 

etiologies (1). Failure of myocardial performance is a consequence of cardiomyopathy 

development and can be defined as mechanical dysfunction resulting from impaired myocardial 

contraction (systolic dysfunction) or relaxation (diastolic dysfunction), or electrical dysfunction 

which can predispose an individual to life-threatening arrhythmias. Since 1957 when the term was 

first introduced (2), the definition and classification of cardiomyopathies has evolved significantly 

(3).  According to the most recent definition proposed by the American Heart Association in 2006: 

 

“Cardiomyopathies are a heterogeneous group of diseases of the myocardium 

associated with mechanical and/or electrical dysfunction that usually (but not 

invariably) exhibit inappropriate ventricular hypertrophy or dilatation and are due 

to a variety of causes that frequently are genetic. Cardiomyopathies either are 

confined to the heart or are part of generalized systemic disorders, often leading to 

cardiovascular death or progressive heart-related disability (3).” 

 

The classification scheme presented by the American Heart Association identifies 

cardiomyopathies as belonging to one of two major groups (3). Cardiomyopathies that are most 

effectively classified as primary are solely or predominately confined to the heart muscle and can 

be further categorized as genetic, mixed (genetic and nongenetic origins) or acquired. Secondary 

cardiomyopathies represent myocardial complications that occur as a result of systemic disorders 

that affect multiple organs. However, distinct classification of cardiomyopathies is exceptionally 

complex as primary cardiomyopathies can also have extra-cardiac implications and secondary 

cardiomyopathies can chiefly affect the myocardium although result from systemic illness. 

Consequently, overlap between categories is an inevitable limitation of the proposed classification 
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scheme which has been a topic of debate in the literature (4, 5). As such, the European Society of 

Cardiology proposed an update to the present classification system in 2008 that grouped 

cardiomyopathies according to the specific morphological and functional phenotype (6). Figure 

1.1 and Table 1.1 outline and list the disease prevalence, respectively, of the four primary 

cardiomyopathy phenotypes: hypertrophic, dilated, arrhythmogenic and restrictive (6, 7). Non-

invasive echocardiography is a cardiac imaging modality that can be effectively utilized both in 

humans and animal models to assess myocardial function and determine the cardiomyopathy 

phenotype. Representative echocardiography images and associated assessment parameters are 

detailed in Figure 1.2.  

 

The studies presented herein investigate Barth syndrome cardiomyopathy, as well as the 

cardiomyopathy associated with obesity and diabetes mellitus. Perturbations in cardiac 

intermediary energy metabolism is postulated to be a key contributing mechanism to 

cardiomyopathy development in Barth syndrome and diabetes. As such, altered cardiac 

bioenergetics in cardiomyopathies was the primary topic of investigation for the studies enclosed 

within.  
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Figure 1.1. Cardiomyopathy phenotypes. Dilated cardiomyopathy is defined by dilatation of the 

left or both ventricles with normal or reduced ventricular wall thickness and is associated with 

ventricular systolic dysfunction (7). Hypertrophic cardiomyopathy is characterized by the presence 

of left ventricular cardiac myocyte hypertrophy and interstitial fibrosis leading to increased 

ventricular wall thickness and an impairment of ventricular diastolic function (8). Arrhythmogenic 

cardiomyopathy is histologically characterized by the extensive replacement of primarily right 

ventricular myocardium with fatty and fibrous tissue, predisposing individuals to ventricular 

arrythmias, impairment of ventricular systolic function and sudden cardiac death (9). Although the 

original characterization defined predominant right ventricular involvement, greater left 

ventricular involvement in arrhythmogenic cardiomyopathy has also been reported (10). 

Restrictive cardiomyopathy can affect either or both ventricles and results from increased 

myocardial wall stiffness with normal wall thickness leading to ventricular diastolic dysfunction 

and arrythmias (11). Created with BioRender.com.  

 

 

 

Figure 1.1. Cardiomyopathy phenotypes 
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Table 1.1. Prevalence of the primary cardiomyopathy phenotypes 

Cardiomyopathy Phenotype Adults (19-64 years) 

Hypertrophic  1:200/500* (12, 13) 

Dilated 1:250/500 (14) 

Arrhythmogenic 1:1000/5000 (9, 15) 

Restrictive Uncommon (11) 

 

Adapted from McKenna et al. (2017) (16). *Estimates include the prevalence of carriers of 

sarcomere protein gene mutations known to cause hypertrophic cardiomyopathy in the general 

population (13).  

Table 1.1. Prevalence of the primary cardiomyopathy phenotypes 
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Figure 1.2. Evaluation of cardiac structure and function utilizing echocardiography. Upper panel 

from left to right: parasternal short axis view in M-mode, mitral annular velocity obtained by tissue 

Doppler imaging in the parasternal short axis view, mitral valve inflow obtained by pulsed wave 

Doppler imaging in the apical four chamber view. Lower panel from left to right: parasternal long 

axis view in B-mode with the position for the measurement of anteroposterior left atrial diameter 

indicated, parasternal long axis view in M-mode. LV, left ventricle; LVAW, left ventricular 

anterior wall; LVPW, left ventricular posterior wall; LVID, left ventricular internal diameter; s, 

systole; d, diastole; e', early diastolic mitral annular velocity; a', late diastolic mitral annular 

velocity; E, mitral peak early diastolic filling velocity; A, mitral peak late diastolic filling velocity; 

LA, left atrium. LA size is represented by maximal anteroposterior left atrial diameter.  

 

 

 

 

 

Figure 1.2. Evaluation of cardiac structure and function utilizing echocardiography 
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1.1.2 Intermediary Energy Metabolism in the Healthy Heart 

Relative to its size, the heart possesses a metabolic demand that far exceeds that of any other organ 

in the body (17, 18). However, despite the extraordinary energy requirements necessary to sustain 

constant contractile function, basal metabolic processes and ionic homeostasis, the heart has 

limited energy reserves and, therefore, must continually regenerate adenosine triphosphate (ATP) 

in order to maintain function. Although the heart relies preferentially on fatty acid metabolism to 

sustain a sufficient ATP supply, the heart acts omnivorously and demonstrates a unique capability 

to metabolize a variety of substrates in addition to fatty acids, such as carbohydrates (glucose and 

lactate), ketone bodies and amino acids (17, 18). This flexibility of substrate utilization allows the 

heart to accommodate alterations in substrate availability throughout various physiological states 

(e.g., nutrient ingestion, fasting). Of importance, this flexibility may deteriorate in response to 

pathological conditions where the heart must adjust its substrate preference to accommodate a 

perturbation in energy supply or demand, such as that seen in cardiomyopathies and subsequent 

heart failure (18-20).  

 

The heart derives the majority (~95%) of its ATP production from the mitochondrial oxidation of 

fatty acids, carbohydrates, ketone bodies (e.g., acetoacetate, -hydroxybutyrate (OHB)), and 

amino acids, with the remainder being produced through aerobic glycolysis (17, 18). In the mature 

heart, fatty acids account for the majority of oxidative metabolism (50-70%), with the oxidation 

of glucose primarily accounting for the remainder. However, in response to nutrient ingestion, 

carbohydrates (glucose) can become the predominant fuel in the mature, metabolically flexible 

heart, due to the ensuing insulin response (17, 18). Although the heart is capable of metabolizing 

ketone bodies and amino acids, the majority of studies have demonstrated minimal contribution of 

these substrates to myocardial ATP production (17). Conversely, recent studies in isolated working 

mouse hearts have demonstrated that ketone bodies can become a major fuel source for the heart, 

particularly at circulating concentrations representative of prolonged fasting/starvation (21).  

 

1.1.3 Fatty Acid Metabolism in the Healthy Heart  

The heart's coronary circulation provides it with its fatty acid supply either as free fatty acids bound 

to albumin or following the release of fatty acids from the hydrolysis of triacylglycerol (TAG)-

containing lipoproteins or chylomicrons, mediated predominantly by the actions of lipoprotein 
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lipase (18, 22). The majority of extracellular fatty acid uptake into the cardiac myocyte occurs 

through protein-mediated transport, which involves transporters such as cluster of differentiation 

36 (CD36) and fatty acid transport proteins (FATP), whereas passive diffusion is thought to 

contribute to a smaller extent (18, 23, 24). Once present in the cytosol, fatty acids are rapidly 

activated for further metabolism via esterification to coenzyme A (acyl CoA) in an ATP-dependent 

manner by fatty acyl CoA synthetase.  

 

Acyl CoAs have three primary metabolic fates in the heart, where they can be stored as TAG, 

utilized for the biosynthesis of membranes, and most importantly, due to the heart's enormous 

energy demand, transported into the mitochondria for subsequent -oxidation (18). Because the 

mitochondrial membrane is impermeable to long chain acyl CoAs, mitochondrial fatty acid uptake 

and subsequent -oxidation is dependent upon a carnitine shuttle comprised of three enzymes. An 

outer mitochondrial membrane-localized carnitine palmitoyl transferase 1 (CPT1) catalyzes the 

conversion of long chain acyl CoA into acylcarnitine for transport to the mitochondrial matrix by 

carnitine acyl translocase, following which the acyl CoA is regenerated via CPT2 present in the 

inner leaflet of the inner mitochondrial membrane (18). Of importance, this carnitine shuttle 

regulating mitochondrial fatty acid uptake and subsequent -oxidation is highly sensitive to 

regulation via malonyl CoA, a potent endogenous inhibitor of CPT1. Malonyl CoA is the product 

of acetyl CoA carboxylation via acetyl CoA carboxylase (ACC), whereas it is degraded by malonyl 

CoA decarboxylase (MCD). Once inside the mitochondrial matrix, the CPT2 regenerated acyl 

CoA is finally subjected to repeated cycles of -oxidation, a process involving four enzymes (acyl 

CoA dehydrogenase, enoyl CoA hydratase, 3-hydroxyacyl CoA dehydrogenase, and 3-ketoacyl 

CoA thiolase) that progressively shortens the acyl CoA via 2 carbons released as acetyl CoA with 

each cycle. Acetyl CoA subsequently enters the tricarboxylic acid (TCA) cycle where it joins with 

oxaloacetate to form citrate and undergo a series of redox reactions. The TCA cycle results in the 

formation of reducing equivalents (reduced flavin adenine dinucleotide/nicotinamide adenine 

dinucleotide) that donate their electrons to the complexes of the electron transport chain (ETC) for 

the generation of ATP during oxidative phosphorylation. The heart also contains endogenous TAG 

stores that can be used to support ATP production, with some studies suggesting that fatty acids 

taken up into the heart are first shuttled through the intracellular TAG pool prior to undergoing 

mitochondrial -oxidation (25, 26). 
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1.1.4 Carbohydrate Metabolism in the Healthy Heart 

Myocardial glucose metabolism for energy production involves three major steps: glucose uptake, 

glycolysis, and the mitochondrial oxidation of glycolytically-derived pyruvate, a process referred 

to as glucose oxidation. Glucose uptake into cardiac myocytes is facilitated by glucose transporters 

(GLUT), of which GLUT4 and GLUT1 are responsible for insulin-dependent and insulin-

independent glucose uptake, respectively (27, 28). Glucose subsequently undergoes glycolysis in 

the cytosol, a metabolic pathway comprised of ten enzymes that result in the formation of minimal 

energy (2 ATP) and the three-carbon end-product, pyruvate. Glycolytically-derived pyruvate has 

two primary metabolic fates, where it can either be converted to lactate by lactate dehydrogenase 

or shuttled into the mitochondrial matrix by a monocarboxylic acid transporter (referred to as the 

mitochondrial pyruvate carrier (MPC)) for subsequent oxidation. In the healthy mature heart where 

oxygen is not limiting, the latter mechanism predominates and is regulated by the actions of the 

pyruvate dehydrogenase (PDH), the rate-limiting enzyme of glucose oxidation (29, 30).  

 

The PDH complex is a multienzyme complex that decarboxylates pyruvate into acetyl CoA, which 

has the same fate as fatty acid oxidation-derived acetyl CoA and enters the TCA cycle to generate 

reducing equivalents for supporting oxidative phosphorylation in the ETC. The PDH complex is 

intricately regulated by numerous post-translational modifications, including phosphorylation-

mediated inactivation via four PDH kinase (PDHK) isoforms, and dephosphorylation-mediated 

activation via two PDH phosphatase (PDHP) isoforms  (29-31). Recent studies have also 

demonstrated that PDH activity and subsequent glucose oxidation can be stimulated via sirtuin 3-

mediated deacetylation (32). As many mitochondrial dehydrogenases including PDH are sensitive 

to calcium-mediated stimulation (33), it has been demonstrated that mitochondrial calcium uptake 

mediated by the mitochondrial calcium uniporter (MCU) can positively regulate PDH activity (34). 

 

The heart also contains endogenous glycogen stores from which glucose can be mobilized to 

support myocardial ATP production when needed. Another metabolic pathway of glucose includes 

the pentose phosphate pathway which plays a major role in the production of reduced nicotinamide 

adenine dinucleotide phosphate needed to generate the endogenous antioxidant, reduced 

glutathione (35). Although evidence suggests that perturbations in the pentose phosphate pathway 
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may be implicated in the pathology of heart failure (36), glucose flux through this pathway in the 

healthy mature heart is thought to be negligible (35, 37).   

 

1.1.5 Ketone Body Metabolism in the Healthy Heart 

OHB and acetoacetate are the two primary ketone bodies that the heart utilizes to support energy 

production. While both can enter the cardiac myocyte via passive diffusion, at elevated 

concentrations it has also been suggested that ketone body uptake may involve monocarboxylic 

acid transporters (38, 39). OHB is converted into acetoacetate via the actions of OHB 

dehydrogenase (BDH1). Acetoacetate is subsequently activated for metabolism via esterification 

to CoA as acetoacetyl CoA, which is catalyzed via succinyl CoA:3-ketoacid CoA transferase 

(SCOT). Acetoacetyl CoA thiolase (ACAT1) then hydrolyzes acetoacetyl CoA into two molecules 

of acetyl CoA, which are subject to the same metabolic fate as either glucose or fatty acid 

oxidation-derived acetyl CoA, thereby entering the TCA cycle to generate reducing equivalents 

for supporting oxidative phosphorylation.  
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Figure 1.3. Intermediary energy metabolism in the cardiac myocyte. Illustration depicts 

intermediary metabolism of carbohydrates (glucose), fatty acids, and ketone bodies (βOHB) in the 

myocardium. Key nodes depicting the control of uptake into the cardiac myocyte, uptake into the 

mitochondria, and subsequent metabolism to acetyl CoA are highlighted. Acetyl CoA from the 

oxidation of carbohydrates, fatty acids, and ketone bodies is subsequently metabolized further in 

the TCA/Krebs cycle. This results in the formation of reducing equivalents (e.g., FADH2/NADH) 

that donate their electrons to the complexes of the electron transport chain, driving oxidative 

phosphorylation and the ATP generation needed for sustaining contractile function. ACAT, 

acetoacetyl CoA thiolase; ACC, acetyl CoA carboxylase; BDH, β-hydroxybutyrate 

dehydrogenase; βOHB, β-hydroxybutyrate; CD36, cluster of differentiation 36; CPT, carnitine 

palmitoyl transferase; CT, carnitine translocase; FACS, fatty acyl CoA synthetase; FADH2, 

reduced flavin adenine dinucleotide; FATP, fatty acid transport protein; GLUT, glucose 

transporter; LPL, lipoprotein lipase; MCD, malonyl CoA decarboxylase; MCT, monocarboxylic 

acid transporter; MPC, mitochondrial pyruvate carrier; NADH, reduced nicotinamide adenine 

dinucleotide; PDH, pyruvate dehydrogenase; PDHK, PDH kinase; PDHP, PDH phosphatase; 

SCOT, succinyl CoA:3-ketoacid CoA transferase; TAG, triacylglycerol; VLDL, very-low density 

lipoprotein. Published in Greenwell et al. 2020 (40).  

 

1.1.6 Amino Acid Metabolism in the Healthy Heart 

Amino acids, namely the branched chain amino acids (BCAAs; leucine, isoleucine, and valine) 

can also be utilized by the heart as a source of fuel (41). Once taken up into the cardiac myocyte 

by the branched chain amino acid:cation symporter family (LIVCS) and transported to the 

mitochondria, mitochondrial branched chain amino-transferase catalyzes the reversible 

transamination of BCAAs to their correspondent branched chain α-keto-acid (BCKA), including, 

α-ketoisocaproate (produced from leucine), α-keto-β-methylvalerate (produced from isoleucine), 

and α-ketovalerate (produced from valine) (42, 43). Oxidative decarboxylation of the BCKAs by 

mitochondrial branched chain α-keto acid dehydrogenase (BCKDH) then generates acetyl-CoA 

for the TCA cycle or succinyl CoA for anaplerosis (41). The activity of BCKDH is regulated by 

the phosphorylation state, whereby dephosphorylation mediated by mitochondrial protein 

phosphatase 2C activates BCKDH (44), and phosphorylation by mitochondrial branched-chain α-

keto acid dehydrogenase kinase inhibits activity (45). While BCAA oxidation contributes 
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minimally to overall cardiac energy production, (~1-2%) (46, 47), BCAAs can act as critical 

modulators of signaling pathways in the heart (42).    

 

Figure 1.4. Branched chain amino acid metabolism. Illustration depicts branched chain amino 

acid (BCAA) metabolism in the cardiac myocyte. BCAAs are converted to to their correspondent 

branched chain α-keto-acid (BCKA) by mitochondrial branched chain amino-transferase 

(BCATm) and subsequently used by mitochondrial branched chain α-keto acid dehydrogenase 

(BCKDH) to generate acetyl CoA and succinyl CoA for the tricarboxylic acid (TCA) cycle. 

BCKDH is inhibited by phosphorylation mediated by mitochondrial branched chain α-keto acid 

dehydrogenase kinase (BCKDK) and activated by dephosphorylation mediated by mitochondrial 

protein phosphatase 2C (PP2Cm). P: phosphate group. Created with BioRender.com. Adapted 

from Karwi et al. 2022 (41).  
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1.1.7 Substrate Competition for Oxidative Metabolism 

A significant contributor to the heart's robust metabolic flexibility to switch between fatty acids 

and glucose as major fuel sources during fasting and nutrient ingestion, respectively, involves 

substrate competition for oxidative metabolism. Joseph Shipp and colleagues were the first to 

demonstrate that increasing fatty acid availability to the heart leads to a marked inhibition of 

glucose oxidation (48). However, credit for the reciprocal relationship by which fatty acids and 

glucose compete for oxidative metabolism (glucose/fatty acid cycle) is attributed to the work of 

Philip Randle et al. (49), and is thus often referred to as the "Randle Cycle." A plethora of both 

animal and human studies have provided strong evidence to support substrate competition between 

fatty acids and glucose for oxidative metabolism in the heart (50-53). Conversely, recent evidence 

has suggested that increasing the heart's reliance on ketone bodies as an oxidative fuel source is 

not subject to the same reciprocal relationships that would be conjectured to lead to reduced 

glucose and fatty acid oxidation rates (21).  

 

1.2 Disturbances of Myocardial Energy Metabolism in Barth Syndrome 

 

1.2.1 Overview of Barth Syndrome-Related Cardiomyopathy 

Cardiomyopathy is the most common clinical feature and primary driver of disease outcomes in 

Barth syndrome (BTHS; Online Mendelian Inheritance in Man [OMIM] 302060), a rare X-linked 

mitochondrial disorder first described by Dr. Peter Barth and colleagues in 1983 (54, 55). Despite 

the broad variability in clinical presentation, which can include features such as neutropenia, 

skeletal myopathy, exercise intolerance, 3-methylglutaconic aciduria, and pre-pubertal growth 

retardation, cardiomyopathy manifests in approximately 90% of males with BTHS (56-58). 

However, the severity and specific cardiomyopathy phenotype can vary both between individuals 

and throughout disease progression with no definite genotype-phenotype correlations having yet 

been identified (57, 59). Dilated cardiomyopathy is most common, however other forms including 

restrictive, hypertrophic, and hypertrophic-dilated cardiomyopathy have also been reported (55, 

60, 61). Individuals with BTHS may also present with endocardial fibroelastosis and left 

ventricular non-compaction (LVNC) either alone or in conjunction with another cardiomyopathy 

phenotype (62, 63). An “undulating phenotype” referring to transition between cardiomyopathy 

forms has also been described in the context of LVNC (64, 65).   
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Barth syndrome is caused by pathogenic mutations in the TAFAZZIN gene, formerly notated as 

TAZ, on chromosome Xq28, which encodes for the tafazzin protein, a phospholipid transacylase 

responsible for cardiolipin (CL) remodeling (66).  CL is a unique, dimeric, tetra-acyl phospholipid 

found almost exclusively in the inner mitochondrial membrane (IMM) with essential roles in the 

maintenance of mitochondrial morphology, and in fundamental mitochondrial functions including 

fission-fusion dynamics, mitophagy, apoptosis and energy metabolism (67-69). The tissue-

specificity of the fatty acyl chain configuration of CL is functionally important with tetralinoleoyl-

CL (L4CL) being the predominant CL species in the mammalian heart (70, 71). Post-biosynthetic 

remodeling of nascent CL by deacylation to monolysocardiolipin (MLCL) and subsequent 

reacylation by acyltransferases including tafazzin is required to achieve mature CL compositions 

such as L4CL (72). In BTHS, defective tafazzin-mediated CL remodeling results in a depletion of 

total CL and remodeled L4CL, and an accumulation of the intermediate MLCL species (73, 74). 

As such, elevation of the MLCL/CL ratio in blood, lymphocytes, fibroblasts, and skeletal muscle 

represents a highly sensitive and selective diagnostic parameter for BTHS (75).   

 

1.2.2 Impairment of Cardiac Energy Production in Barth Syndrome 

Impaired cardiac energy production is a principal contributor to the development and progression 

of heart failure (19, 20),  which appears to also be present in BTHS (76, 77). Indeed, the 

phosphocreatine to ATP ratio (PCr/ATP), an indicator of cardiac high-energy phosphate 

metabolism determined by 31Phosphorus magnetic resonance spectroscopy, was reduced in young 

adults 18-36 years of age and children/adolescents with BTHS compared to healthy participants 

(78). Nonetheless, the molecular mechanisms linking tafazzin deficiency to perturbed myocardial 

energetics are presently not well-characterized. Although defective CL remodeling is associated 

with dysfunction of the inner mitochondrial membrane respiratory chain (72, 79), evidence that 

impairments in oxidative metabolism are substrate specific in BTHS may indicate a primary defect 

in upstream intermediary metabolism pathways (80-82). Accordingly, further investigation is 

needed to characterize the alterations in myocardial intermediary metabolism that accompany 

tafazzin deficiency in order to determine the potential of targeting these pathways as a therapeutic 

approach to mitigate the development of BTHS cardiomyopathy.   
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1.2.3 Mitochondrial Respiratory Abnormalities in Barth Syndrome 

Notably, TAFAZZIN deficiency is associated with an impairment of mitochondrial respiratory 

capacity and ATP production, which to date, has largely been attributed to destabilization of the 

IMM ETC (83). There is evidence to suggest that the preferential incorporation of remodeled, 

structurally distinct CL species may enable the IMM of highly oxidative tissues to accommodate 

an enhanced surface density of oxidative phosphorylation proteins by mitigating the curvature 

stress associated with protein crowding (84, 85). Therefore, it can be postulated that impaired CL 

remodeling in BTHS may compromise the capacity of the inner membrane of cardiac mitochondria 

to concentrate oxidative phosphorylation proteins, thus limiting respiratory capacity. In line with 

this hypothesis, the relative abundances of all ETC complexes (complexes I-V) were reduced in 

cardiac mitochondria isolated from Tafazzin knockout mice at 5 months of age as measured by 

label-free quantitative proteomics (84). In addition, the combined spectral counts of proteins 

representing complexes I, III, IV and V (F1F0-ATP synthase) determined by LC-MS/MS analysis 

of the cardiac proteome were reduced in left ventricular tissue from individuals with BTHS 

compared to non-failing control heart samples, however, after normalization to the mitochondrial 

marker, citrate synthase, only a selective depletion in complex I was observed (86).  

 

Furthermore, the abnormal CL profile in tafazzin-deficient mitochondria is associated with the 

destabilization of respiratory chain supercomplexes as demonstrated in lymphoblasts (87), 

fibroblasts (88), and induced pluripotent stem cells derived from individuals with BTHS (89), as 

well as in mouse models of BTHS (90, 91) and CL-deficient yeast (92). The organization of ETC 

components into supercomplexes is posited to enhance the efficiency of electron translocation and, 

thus, reduce reactive oxygen species (ROS) generation (93). Analysis of cardiac mitochondria 

isolated from 2-month-old cardiac myocyte-specific Tafazzin knockout mice prior to the 

appearance of cardiomyopathy revealed structural remodeling of the respiratory chain with a shift 

from high molecular weight supercomplexes containing complex I, dimeric complex III (III2), and 

several copies of complex IV (also known as respirasomes) to lower molecular weight forms such 

as heterooligomers comprised of complexes I and III2, as well individual complexes I, III and IV 

(91). This rearrangement of the respiratory chain was associated with increased mitochondrial 

ROS levels and reduced pyruvate, palmitate, and succinate/rotenone-supported state 3 (adenosine 

diphosphate (ADP)-stimulated)  respiration rates and suggests that defective tafazzin-mediated CL 
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remodeling may impair the association of complex IV to supercomplexes, which has also been 

observed in lymphoblasts from BTHS patients (87). In addition, CL plays an integral role in the 

enzymatic activity of individual respiratory complexes which also feature specific CL binding sites 

(72, 94). In the BTHS heart, a reduction in the enzymatic activity of complex III in cardiac 

mitochondria isolated from Tafazzin knockdown (TazKD) mice 2 and 3-4 months of age was 

demonstrated (81, 83, 95), as well as a decrease in complex V (F1F0-ATP synthase) activity in 

TazKD mice and BTHS iPSC-derived cardiac myocytes (77, 81). The enzymatic activities of 

complexes I and IV were also reduced by 16 and 26%, respectively, in cardiac mitochondria from 

4-6-month-old TazKD mice (82). Furthermore, a cardiac-specific impairment of succinate 

dehydrogenase (complex II) activity due to reduced protein levels was also observed in TazKD 

mice (95). Alternatively, protein levels and enzymatic activities of complexes I-IV were not altered 

in heart tissue and cardiac mitochondria, respectively, from 2-month-old cardiac myocyte-specific 

Tafazzin knockout mice (91).  

 

Although the detrimental consequences of tafazzin deficiency on the structural integrity and 

optimal functioning of the ETC are well-defined, several studies have identified specific 

derangements in upstream intermediary energy metabolism pathways (80-82), thus highlighting 

the complexity of the metabolic phenotype and proposing that mechanisms beyond respiratory 

chain dysfunction may contribute to the cardiac energy deficit in BTHS cardiomyopathy. Indeed, 

although state 3 respiration rates supported by pyruvate and palmitoylcarnitine were impaired in 

cardiac mitochondria from TazKD mice 4-6 months of age, glutamate-supported rates were 

elevated and approximated rates supported by other substrates in wild-type (WT) mitochondria 

(82). Therefore, deficient tafazzin-mediated CL remodeling may not sufficiently limit oxidative 

phosphorylation-linked cardiac mitochondrial respiratory capacity, per se, but rather may 

selectively impair the oxidation of particular energy substrates as will be elucidated in the 

following sections.     

 

1.2.4 Perturbation of Myocardial Fatty Acid Metabolism in Barth Syndrome 

Several studies have provided evidence to support a link between tafazzin deficiency and impaired 

cardiac fatty acid metabolism in BTHS. Myocardial fatty acid extraction and uptake following 

positron emission tomography imaging with [1-11C]palmitate were significantly reduced in young 
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adults with BTHS compared to healthy, age-matched controls, though myocardial fatty acid 

oxidation remained similar (76). Furthermore, cardiac mitochondria isolated from TazKD mice at 

2 months or 4-6 months of age, and from 2-month-old mice with a cardiac-specific Tafazzin 

deficiency demonstrated a significant repression of state 3 respiration rates supported by 

palmitoylcarnitine and malate (81, 82, 91). A decrease in palmitoylcarnitine supported ADP-

stimulated respiration was also observed in permeabilized cardiac fibers with intact mitochondrial 

matrices from 4-6-month-old TazKD mice with preserved cardiac function, as determined by high-

resolution respirometry (82). Protein expression of fatty acid binding protein and acyl-CoA 

synthetase, which mediate intracellular fatty acid transport and fatty acid esterification to CoA, 

respectively, were similar in left ventricular (LV) tissue from male patients with BTHS and non-

failing hearts (86). Furthermore, similar enzymatic activities of CPT1 and CPT2 in LV tissue 

homogenates from male patients with BTHS cardiomyopathy compared to non-failing controls, is 

suggestive of an impairment downstream of mitochondrial fatty acid uptake (86). Likewise, 

respiratory capacity of cardiac mitochondria from TazKD mice was decreased compared to WT 

littermates using palmitoylcarnitine, which bypasses CPT1, whereas respiration with palmitoyl 

CoA plus carnitine was not reduced, providing further evidence against a specific defect in 

mitochondrial fatty acid uptake (82).    

 

Alternatively, impaired tafazzin-mediated CL remodeling in BTHS may result in a selective block 

in long-chain fatty acid β-oxidation. Protein levels of very long-chain acyl CoA dehydrogenase 

(VLCAD) were decreased in LV tissue from male BTHS subjects compared to age-matched, non-

failing male subjects and male subjects diagnosed with idiopathic dilated cardiomyopathy, as 

assessed by both immunoblotting and LC-MS/MS based proteomic profiling (86). Likewise, 

VLCAD protein expression was also decreased in cardiac mitochondria from 4-6-month-old 

TazKD mice compared to WT, as determined via LC-MS/MS based proteomic profiling (82). This 

is consistent with evidence of disrupted interactions between VLCAD and ETC supercomplexes 

in isolated cardiac mitochondria from 3-month-old TazKD mice (79). In addition, an accumulation 

of 3-hydroxy-palmitoyl-CoA in cardiac tissue from 4-6-month-old TazKD mice (82) and male 

individuals with BTHS (86) is consistent with a selective impairment of  IMM long chain fatty 

acid β-oxidation, particularly downstream of long-chain hydroxyacyl-CoA dehydrogenase 

(LCHAD) activity catalyzed by the alpha subunit of the trifunctional protein complex (TFPα) (96). 
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Of interest, protein expression of the TFPα is elevated in heart tissue from BTHS subjects (86). As 

TFPα also possesses MLCL acyltransferase activity, further investigation is required to determine 

whether the accumulation of MLCL in BTHS may impair the β-oxidation function of TFPα by 

shifting towards MLCL reacylation. Further evidence for a general defect in the enzymatic 

machinery of fatty acid β-oxidation in BTHS is also seen by the decline in medium chain acyl-

CoA dehydrogenase protein expression and a reduction in octanoylcarnitine-supported respiration 

in cardiac mitochondria from TazKD mice (82). However, it is important to consider that while 

the above-described studies allude to impaired myocardial fatty acid oxidation in BTHS, there are 

limitations with assessing intermediary metabolism in isolated mitochondria where key cellular 

regulators (i.e. malonyl CoA) may be removed, and measures of protein expression do not 

necessarily reflect flux (97). 

 

The current dogma in the field posits that stimulating myocardial fatty acid oxidation may be a 

novel approach to improve cardiac function in heart failure via increasing energy production to 

support contraction (42). Supporting such a strategy as a therapeutic approach in BTHS, the pan-

peroxisome proliferator-activated receptor (PPAR) agonist, bezafibrate, is currently being 

investigated in the CARDIOlipin MANipulation (CARDIOMAN) trial (98). PPAR agonists, in 

particular of PPAR, promote fatty acid β-oxidation via transcriptional upregulation of genes 

encoding for enzymes involved in fatty acid β-oxidation (99). Intriguingly, treatment of 3-month-

old TazKD mice with bezafibrate for 4-months prevented the development of dilated 

cardiomyopathy and systolic dysfunction, which was associated with increased expression of 

genes involved in multiple energy metabolism pathways (100). Although the results of the 

CARDIOMAN trial are not yet published, a summary of the initial results was released by the 

Barth Syndrome Foundation. This single center, double-blinded, randomized, placebo-controlled 

crossover study included 11 participants with BTHS who were treated with bezafibrate for 15-

weeks. Assessment of cardiac function by ultrasound echocardiography revealed a significant 

improvement in heart strain at rest, however not during peak exercise, and a trend towards 

improved heart chamber size. However, given that neither traditional cardiac parameters nor 

quality of life was changed significantly, these findings of cardiac improvement may not be 

clinically relevant (https://www.barthsyndrome.org/research/clinicaltrials/cardioman.html, 

accessed June 03, 2022). Taken together, these bezafibrate-mediated cardiac improvements in 

https://www.barthsyndrome.org/research/clinicaltrials/cardioman.html
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preclinical and clinical studies are encouraging and suggest that stimulating myocardial fatty acid 

β-oxidation may have utility in BTHS. Nonetheless, it has been suggested by others that systemic 

activation of PPAR with fibrates may in fact decrease myocardial fatty acid β-oxidation due to 

the stimulation of hepatic fatty acid β-oxidation and subsequent reduction in circulating lipids 

(101). Hence, further studies are still required to delineate whether the specific enhancement of 

cardiac fatty acid β-oxidation is indeed effective in alleviating BTHS-related cardiomyopathy. 

 

1.2.5 Perturbation of Myocardial Carbohydrate Metabolism in Barth Syndrome 

Numerous forms of cardiovascular disease (e.g., ischemic heart disease, heart failure, diabetic 

cardiomyopathy) are characterized by an impairment in myocardial glucose oxidation, often due 

to defects in PDH, the rate-limiting enzyme of glucose oxidation (102-104). This metabolic 

perturbation also appears to be present in BTHS-related cardiomyopathy. Indeed, circulating 

lactate levels are elevated in individuals with BTHS (105), which is consistent with uncoupled 

glucose metabolism as glycolytically-derived pyruvate is shunted to lactate rather than being 

oxidized by PDH. Further evidence for a glucose oxidation defect in BTHS has been reported in 

several studies utilizing the TazKD mouse model and Tafazzin deficient cell lines. Utilizing a 

XF24 Seahorse bioanalyzer, neonatal cardiac myocytes isolated from TazKD mice demonstrated 

an ~40% decrease in oxygen consumption coincident with an increase in the extracellular 

acidification rate, suggestive of uncoupled glucose metabolism due to elevated glycolysis and 

decreased glucose oxidation (83). Furthermore, ADP-stimulated respiration in isolated cardiac 

subsarcolemmal and intermyofibrillar mitochondria, as well as permeabilized cardiac muscle 

fibers, was significantly decreased with pyruvate and malate as substrates in 4-6-month-old TazKD 

mice versus their WT littermates (82). Conversely, no impairment in pyruvate-supported ADP-

stimulated respiration was observed in isolated cardiac mitochondria from 2-month-old TazKD 

mice compared to their WT littermates (81). In addition, C2C12 mouse myoblasts subjected to 

CRISPR/Cas9-mediated knockout of Tafazzin demonstrated decreased incorporation of [U-

13C]glucose into acetyl CoA (106). This reduction was associated with increased inhibitory 

phosphorylation of PDH at serine 293, resulting in an approximate 50% decrease in enzymatic 

activity that could be rescued by incubation with exogenous CL. Deficiency of mature CL may 

also blunt Ca2+-dependent PDH dephosphorylation by reducing the abundance and stability of 

mitochondrial calcium uptake protein 1, the primary regulator of the MCU, thereby impairing 



 20 

mitochondrial Ca2+ uptake and PDH activation in response to an acute increase in cellular energy 

demand (107). A cardiac-specific downregulation of the MCU pore-forming MCUa subunit has 

also been observed in 10-week-old TazKD mice, which abrogates Ca2+ uptake in isolated cardiac 

mitochondria (108) and could further explain impairments in PDH activity in BTHS. This defect 

in normal Ca2+ handling was associated with increased myofilament Ca2+ sensitivity and decreased 

cross-bridge cycling velocity, thereby contributing to diastolic dysfunction in TazKD mice which 

is consistent with observations that a cardiac-specific deficiency of PDH promotes impaired 

diastolic function (109).  

 

Positron emission tomography imaging studies with [1-11C]glucose in individuals with BTHS (age 

18-36 years) contrast the majority of findings in preclinical models of BTHS, as myocardial 

glucose extraction fraction, uptake and utilization were significantly elevated compared to healthy 

age-matched controls (76). Interestingly, these alterations in glucose metabolism were 

significantly associated with reduced parameters of cardiac function including global strain and 

ejection fraction. However, given that myocardial glucose oxidation rates were not directly 

assessed in these subjects, it is plausible that the elevated myocardial glycolytic rates observed in 

BTHS may explain the observed increase in myocardial glucose utilization.  

 

As the stimulation of glucose oxidation in the heart has been shown to improve cardiac function 

in ischemic heart disease, heart failure, and diabetic cardiomyopathy (102, 104, 110-112), this may 

be an exciting metabolic approach to alleviate BTHS-related cardiomyopathy, though this has not 

yet been thoroughly investigated. Dichloroacetate (DCA) is a pyruvate analogue that inhibits PDH 

kinase, thereby resulting in reduced PDH phosphorylation and the stimulation of PDH activity and 

glucose oxidation. Treatment with DCA has been beneficial in alleviating diabetic cardiomyopathy 

and attenuating heart failure progression in rat models (112), and reducing infarct size in mice 

subjected to experimental ischemia-reperfusion injury (104). Therefore, treatment with DCA may 

represent a novel intervention for BTHS, however, further investigation will be required to 

determine whether the pharmacological optimization of glucose oxidation is an effective 

therapeutic approach to mitigate BTHS-related cardiomyopathy.    
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1.2.6 Perturbation of Myocardial Ketone Body Metabolism in Barth Syndrome 

Observations that the failing heart increases its reliance on ketones as an oxidative fuel source 

(113, 114) has led to increased investigation of potential perturbations in myocardial ketone 

metabolism during the pathology of cardiovascular disease. Whether a similar shift in myocardial 

substrate utilization occurs in BTHS remains enigmatic, though metabolomics studies in 23 

individuals with BTHS demonstrated a 1.8-fold increase in circulating βOHB levels in comparison 

to 15 age-matched individuals not known to have an inborn error of metabolism (115). An increase 

in myocardial βOHB content was also observed in LV samples from BTHS subjects compared to 

age-matched non-failing control heart samples (86). This result was associated with a 

downregulation of the TCA cycle enzyme, succinyl coenzyme A synthetase, which may imply that 

TCA cycle intermediates could be diverted to promote the succinyl-CoA-dependent oxidation of 

βOHB in the tafazzin-deficient heart.     

 

It has been proposed that the salutary actions of sodium-glucose cotransporter-2 (SGLT2) 

inhibitors in heart failure with reduced or preserved ejection fraction in the presence or absence of 

diabetes may be due in part to increasing circulating ketone levels and subsequent myocardial 

ketone oxidation (116-118). Accordingly, interventions that optimize cardiac ketone oxidation 

may represent a potential target to alleviate BTHS-related cardiomyopathy. Moreover, such a 

strategy may prove to be a more viable metabolic target due to the enzymes of ketone oxidation 

not being as reliant on interactions with CL for their activity as they are primarily localized to the 

mitochondrial matrix (119, 120).  

 

1.2.7 Perturbation of Myocardial Amino Acid Metabolism in Barth Syndrome 

Although amino acids contribute minimally to cardiac ATP production under normal physiological 

conditions (41), combined glutamate and malate-supported state 3 respiration was upregulated by 

45-68% in cardiac mitochondria isolated from TazKD mice 4-6 months of age compared to their 

WT littermates (82). Because TAFAZZIN deficiency may reduce CoA availability, it was 

postulated that the increased reliance on glutamate metabolism may manifest since glutamate can 

be oxidized through the malate-aspartate shuttle, which generates NADH through CoA-

independent reactions. The activity of the TCA cycle enzyme, α-ketoglutarate dehydrogenase (α-

KGDH), regulates flux of the metabolic intermediate, α-ketoglutarate, between the malate 
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aspartate shuttle (MAS) and the TCA cycle, whereby reduced activity of α-KGDH facilitates the 

diversion of α-ketoglutarate into the MAS (121). The upregulated glutamate oxidation in cardiac 

mitochondria from TazKD mice was associated with increased and decreased protein expression 

of the key MAS enzyme, malate dehydrogenase (MDH), and dihydrolipoyl succinyl transferase, a 

critical subunit of the α-KGDH complex, respectively, which is consistent with an enhancement 

of MAS flux and subsequent glutamate oxidation (82). Likewise, a 25% increase in glutamate-

stimulated state 3 respiration was also reported in isolated cardiac mitochondria from 2-month-old 

TazKD mice (81). This particular study also reported a 6-fold increase in glutamate-stimulated 

activity of the CL-regulated adenine nucleotide translocase in TazKD mouse cardiac mitochondria, 

thus suggesting that aberrant CL remodeling may influence substrate selectivity of the adenine 

nucleotide translocase and overall ETC flux.  

 

Circulating BCAAs are positively associated with cardiovascular disease (114, 122), and there 

appears to be both transcriptional and proteomic downregulation of pathways involved in BCAA 

metabolism in hearts from TazKD mice at 2-3 months of age (79, 81). A decrease in cardiac BCAA 

metabolism, depending on where the restriction is, may lead to increased levels of myocardial 

BCAAs and their correspondent keto acids, the latter of which are proposed to explain how BCAA 

metabolism promotes cardiac insulin resistance and cardiac hypertrophy (123). Alternatively, it 

has been suggested that amino acid utilization is enhanced in individuals with BTHS versus 

activity matched healthy control subjects as they exhibited decreased serum levels of amino acids 

involved in TCA Cycle anaplerosis including arginine, ornithine and citrulline (124). Nonetheless, 

an increased reliance on amino acid metabolism to support energetic demands could potentially 

result in increased proteolysis of skeletal and cardiac muscle, which may contribute to the 

decreased lean mass and cardiac dysfunction characteristic of the BTHS phenotype (125). 

Supporting this perspective, a higher whole-body leucine rate of appearance per kg of fat-free 

mass, a measure of proteolysis, demonstrated a trend towards an association with worsened LV 

function as determined by lower LV global strain in adolescents and young adults with BTHS 

(124). While there appears to be several disturbances in myocardial amino acid metabolism present 

in BTHS, further investigation will be required to determine whether such disturbances are a viable 

metabolic target to alleviate BTHS-related cardiomyopathy.  
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Figure 1.5. Myocardial metabolic disturbances in Barth syndrome. Clinical and preclinical studies 

have identified multiple mechanisms that may contribute to impaired cardiac ATP production in 

the context of TAFAZZIN deficiency. In addition to direct impairment of the mitochondrial 

electron transport chain, specific defects have also been identified relating to the intermediary 

metabolism of fatty acids, carbohydrates, ketones, and amino acids. ANT, adenine nucleotide 

translocase; BCAA, branched chain amino acid, BDH1, β-hydroxybutyrate dehydrogenase; 

βOHB, β-hydroxybutyrate; CI-IV, complex 1–4; GLUT4, glucose transporter type 4; IR, insulin 

receptor; LCFA, long-chain fatty acid; LDH, lactate dehydrogenase; MCAD, medium-chain acyl-

CoA dehydrogenase; MCFA, medium-chain fatty acid; MCU, mitochondrial calcium uniporter; 

MDH, malate dehydrogenase; P, phosphate group; PDH, pyruvate dehydrogenase; SCOT, 

succinyl-CoA:3-ketoacid CoA transferase; SLC, solute carrier; TFP, mitochondrial trifunctional 

protein; VLCAD, very long-chain acyl-CoA dehydrogenase. Created with BioRender.com. 

Created by Dr. Seyed Amirhossein Tabatabaei Dakhili. Published in Greenwell et al. 2022 (126).  
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1.3 Pathophysiology of Diabetic Cardiomyopathy 

 

1.3.1 Overview of Diabetic Heart Disease 

Since its initial description in a small cohort of diabetic heart failure patients in 1972 (127), diabetic 

cardiomyopathy, characterized by concomitant diabetes mellitus and myocardial morphological 

and functional abnormalities that occur independent of other cardiac risk factors, has become 

increasingly recognized as a distinct clinical entity with a complex pathophysiology. The 

Framingham Heart Study demonstrated a 2.4 and 5-fold increased risk of heart failure for diabetic 

male and female participants, respectively, that could not be accounted for by other macrovascular 

complications of diabetes including hypertension and coronary artery disease (128, 129). Diabetes 

has also been identified as an independent predictor of cardiovascular morbidity and mortality in 

individuals with chronic symptomatic heart failure and either reduced or preserved ejection 

fraction (130). However, despite the significant association between diabetes and cardiac 

dysfunction, a comprehensive understanding of the full spectrum of pathophysiological 

mechanisms contributing to the diabetes-related cardiac phenotype has yet to be resolved. Impaired 

glycemic control is correlated with the severity of heart failure risk as each 1% increase in glycated 

hemoglobin A1c was associated with a 30% increased risk of heart failure in individuals with type 

1 diabetes mellitus (T1D) and an 8% increased risk for those with type 2 diabetes mellitus (T2D) 

after adjustment for hypertension, myocardial infarction, obesity, and other risk factors for the 

development of heart failure (131, 132). However, intensive glycemic therapy has often failed to 

prevent the incidence of heart failure, particularly in T2D (133-135), and a degree of cardiac 

dysfunction remains evident even in individuals with well-controlled T1D and T2D (136-138), 

therefore emphasizing the complexity of the disorder and the urgent need for therapies that directly 

target diabetes-related cardiac dysfunction and subsequent heart failure.  

 

In the early stages of the disease, diabetic cardiomyopathy is often clinically asymptomatic and 

characterized by subclinical impairments in diastolic function including prolonged and delayed 

LV filling and relaxation, and an elevation of LV end-diastolic pressure (137, 139-143) (Figure 

1.6). With disease progression, cardiac hypertrophic remodeling and reduced LV compliance lead 

to the advancement of diastolic dysfunction and towards the clinical manifestation of heart failure 

with preserved ejection fraction (HFpEF) (144-146). Structural and morphological defects 
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including cardiac fibrosis, cardiac myocyte hypertrophy and impaired coronary microvascular 

perfusion often accompany and likely contribute to the functional decline in cardiac function (147-

149). Although a clear association between diabetes and the development of heart failure with 

reduced ejection fraction (HFrEF) has been clearly established in clinical studies, there is limited 

evidence of a progressive decline of systolic function in diabetic cardiomyopathy (150). However, 

several studies involving individuals with T2D have provided evidence of subclinical systolic 

dysfunction demonstrated by reduced values of midwall fractional shortening and systolic strain 

with normal ejection fraction (151, 152). As previously discussed, the multifactorial mechanisms 

underlying the development and progression of diabetic cardiomyopathy have not been fully 

elucidated. Nonetheless, pathological mediators including oxidative stress, inflammation, 

impaired Ca2+ handling, endoplasmic reticulum stress, neurohormonal mechanisms, mitochondrial 

dysfunction, activation of myocardial cell death pathways, and epigenetic and miRNA-mediated 

mechanisms have all been implicated (145, 146). Notably, altered cardiac energy metabolism has 

been identified as a well-established contributor to the development of diabetic cardiomyopathy 

(153, 154).  
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Figure 1.6. Current understanding of the progression of cardiac dysfunction associated with the 

early through to the late stages of diabetes. Adapted from Ritchie et al. (2020) (146) and Gopal et 

al. (2020) (155). Created with BioRender.com  

 

1.3.2 Myocardial Energy Metabolism in Diabetic Cardiomyopathy 

To sustain maximal energy production during different physiological states, the heart possesses 

the ability to switch between energy substrates depending on conditions such as workload, 

substrate availability and hormonal status (156). Conversely, this vital capacity for metabolic 

flexibility is impaired in the heart by the effect of the diabetic milieu resulting in an excessive 

dependence on fatty acid oxidation and a concomitant reduction in glucose oxidation (154). These 

diabetes-associated metabolic changes in the heart are apparent very early on in the disease course 

and often precede the decline in cardiac function, therefore emphasizing the principal pathogenic 

role of altered cardiac energy metabolism in the development of diabetic cardiomyopathy (50, 157, 

158). Notably, an overreliance on fatty acid metabolism can increase the oxygen cost of ATP 
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production, thereby reducing myocardial energy efficiency and leading to cardiac dysfunction as 

has been demonstrated in obese, insulin resistant, and T1D and T2D mice (50, 159, 160). Diabetic 

cardiomyopathy is also characterized by a state of energy deficiency as evident in individuals with 

T2D by a reduction in the cardiac PCr/ATP ratio (137).   

 

1.3.3 Perturbation of Myocardial Fatty Acid Metabolism in in Diabetic Cardiomyopathy 

The vast majority of literature has demonstrated that obesity and diabetes lead to marked increases 

in myocardial fatty acid oxidation. Studies in genetic models of obesity/T2D have demonstrated 

that fatty acid oxidation rates are increased during aerobic perfusion of isolated working hearts 

from either 4-week-old or 15-week-old male db/db and ob/ob mice (50). Similarly, fatty acid 

oxidation rates are increased during aerobic isolated working heart perfusions from male 

C57BL/6J mice after 2-weeks of high-fat feeding (45% kcal from lard) or 3-weeks of high-fat 

feeding (60% kcal from lard) (161, 162). These observations also translate to models of T1D, as 

aerobic isolated working heart perfusions from rodents subjected to streptozotocin (STZ)-mediated 

destruction of islet -cells, and Akita mice harbouring a genetic mutation in the insulin 2 gene, 

demonstrate significant increases in fatty acid oxidation rates (160, 163, 164). These observations 

have been recapitulated in humans, as positron emission tomography imaging with [1-

11C]palmitate in obese women without cardiovascular disease, T1D subjects, or T2D subjects with 

nonischemic cardiomyopathy, demonstrated significant increases in both myocardial fatty acid 

uptake and subsequent oxidation (158, 165, 166). It should be noted that many of these studies do 

not account for endogenous fatty acid oxidation from intracellular TAG stores, making it likely 

that fatty acid oxidation rates in preclinical and clinical studies of obesity/diabetes are 

underestimated given that myocardial TAG stores are often increased in this setting (167). 

Furthermore, PET imaging studies with [1-11C]palmitate and [1H] magnetic resonance 

spectroscopy in obese patients without cardiovascular disease reported that endogenous fatty acid 

oxidation rates are greater than exogenous plasma fatty acid oxidation rates, though a lean, healthy 

group for comparison was not included (168). As such, these observations suggest that 

obesity/T2D increases the heart's reliance on fatty acids from all sources (exogenous and 

endogenous) for energy metabolism. 
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Several mechanisms contribute to an overreliance on fatty acid utilization by the heart in the 

context of obesity and diabetes. Enhanced adipose tissue lipolysis, largely as a result of systemic 

insulin resistance, results in the elevation of circulating levels of free fatty acids and thus enhances 

fatty acid delivery to the myocardium. In addition, fatty acid availability and uptake by the heart 

is elevated by an increase in cardiac myocyte lipoprotein lipase activity (169, 170) and 

sarcolemmal CD36 protein expression and membrane localization (171, 172), respectively. At a 

molecular level, genes that facilitate cardiac fatty acid uptake, storage and oxidation in the heart 

are positively regulated by the transcription factor, PPARα (18, 154, 173). Myocardial expression 

of PPARα is increased in both T1D and T2D, and cardiac-specific PPARα overexpressing mice 

exhibit a cardiac phenotype mimicking that seen in diabetic cardiomyopathy (174, 175). PPARα 

may also be a key mediator in the increased reliance on TAG-derived fatty acid oxidation in 

obesity/T2D as 13C nuclear magnetic resonance spectroscopy studies revealed increased TAG 

turnover in cardiac-specific PPARα overexpressing male mice fed a high-fat diet for 2-weeks (25). 

Attenuated allosteric inhibition of CPT1 and mitochondrial fatty acid uptake by decreased cardiac 

malonyl CoA levels also contributes to the accelerated myocardial fatty acid oxidation rates (18, 

154, 173). In the setting of diabetes, a concomitant decrease and increase in ACC and MCD 

activity, respectively, contributes to the decline in malonyl CoA content in the heart (164, 173). 

The activity of fatty acid oxidation enzymes can also be enhanced through post-translational 

modifications including increased acetylation due to decreased sirtuin 3 levels (176-178).  Lastly, 

as fatty acid supply in obesity and diabetes often exceeds increases in myocardial fatty acid 

oxidation rates, the build-up of myocardial TAG stores and lipid intermediates (e.g., ceramide and 

diacylglycerol) frequently characterizes the diabetic myocardium (179, 180). The accumulation of 

toxic lipid intermediates in the heart can promote myocardial insulin resistance, lipotoxicity and 

cardiac myocyte apoptosis in diabetic cardiomyopathy (180-182).   

 

With regard to diabetic cardiomyopathy, numerous preclinical studies have demonstrated that 

correcting the elevated myocardial fatty acid oxidation rates yields salutary actions on cardiac 

function. Treatment for 3-weeks with the antianginal agent, trimetazidine (15 mg/kg once daily), 

which decreases fatty acid oxidation by inhibiting 3-ketoacyl-CoA thiolase, prevented diastolic 

dysfunction in 26-week-old male C57BL/6J mice fed a high-fat diet for 13-weeks (183). These 

findings may translate to humans with T2D as trimetazidine treatment for 6-months (20 mg 3x 
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daily) in subjects with T2D and idiopathic dilated cardiomyopathy ameliorated both systolic and 

diastolic dysfunction (184). Moreover, mice with a whole-body deficiency of MCD demonstrated 

reductions in fatty acid oxidation due to elevated malonyl CoA levels, while also displaying 

marked improvements in cardiac efficiency following high-fat diet-induced obesity (185). On the 

contrary, increasing myocardial fatty acid oxidation via cardiac-specific deletion of ACC2 

alleviates both systolic and diastolic dysfunction in a mouse model of obesity-induced 

cardiomyopathy following 24-weeks of supplementation with a high-fat diet (186). The 

improvement in cardiac function was associated with an improved balance between lipid supply 

and consumption in the heart leading to a reduction in myocardial dysfunction induced by 

accumulation of toxic lipid species. Taken together, modulation of cardiac fatty acid oxidation 

may represent a promising therapeutic approach for the treatment of diabetic cardiomyopathy, 

however, further investigation is required to determine how to effectively target fatty acid 

metabolism in obesity and diabetes.   

 

1.3.4 Perturbation of Myocardial Carbohydrate Metabolism in Diabetic Cardiomyopathy 

Impaired cardiac glucose metabolism is well-established in diabetic heart disease. Indeed, marked 

declines in glucose oxidation rates have been demonstrated in numerous preclinical models of 

obesity, T1D and T2D (50, 102, 110, 112, 164, 185, 187). Induction of T1D in male Sprague 

Dawley rats (~230-250 g) by a single administration of STZ (55 mg/kg) led to a robust decline in 

glucose oxidation rates assessed during aerobic isolated working heart perfusions with glucose 

oxidation accounting for less than 5% of overall oxidative energy production (164). Experimental 

T2D resulting from high-fat diet provision plus a single low-dose injection of STZ (25 mg/kg in 

rats or 75 mg/kg in mice) also produced a robust decline in myocardial glucose oxidation rates as 

assessed using either 13C hyperpolarized nuclear magnetic resonance (NMR) (in rats) (112), or 

perfusion with [U-14C]glucose in isolated working hearts (in mice) (102, 110). Furthermore, 13C 

hyperpolarized NMR has also been successfully used to measure and confirm an impairment of 

myocardial pyruvate metabolism in humans with diabetes (188). A recent study involving 13 

participants with T2D and 12 control participants fasted for at least 9 hours prior to an oral glucose 

tolerance test (75g glucose) demonstrated significant reductions in myocardial glucose oxidation 

using 13C hyperpolarized NMR (189). 
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The impairment of myocardial glucose oxidation in the setting of obesity and diabetes can occur 

secondary to insulin resistance, which would result in decreased myocardial glucose uptake (27). 

Furthermore, the glucose-fatty acid cycle, also known as the “Randle Cycle” phenomenon (49), 

represents another mechanism for the decline in glucose oxidation as the elevation of myocardial 

fatty acid oxidation rates in T1D and T2D decreases glucose oxidation through substrate 

competition (145, 146, 179, 180). Molecular perturbations also contribute to impaired cardiac 

glucose oxidation in diabetes, and primarily reflect a decrease in the activity of the PDH complex. 

It has been observed in mice with experimental T2D via high-fat diet provision plus low-dose STZ 

(75 mg/kg) that protein expression of the MCU complex inhibitory subunit (MCUb) increases, 

thereby decreasing mitochondrial matrix calcium levels and reducing myocardial PDH activity 

(190). Similar findings were also reported in mice with experimental T1D, whereby decreased 

MCU protein expression and mitochondrial calcium levels in intact paced-contracting cardiac 

myocytes from T1D mice were associated with reduced myocardial PDH activity and glucose 

oxidation rates during isolated working heart perfusions (34). Of interest, administration of an 

adeno-associated virus expressing murine MCU mRNA normalized cardiac PDH activity and 

glucose oxidation rates in T1D mice which led to an improvement in cardiac function (34). To 

further support the notion that impaired myocardial PDH activity and subsequent reductions in 

glucose oxidation contribute to the pathology of diabetic cardiomyopathy, cardiac-specific 

deletion of PDH (PDHCardiac-/-) in mice produces a diabetic cardiomyopathy-like phenotype (109). 

Male PDHCardiac-/- mice exhibit a near complete abolishment of glucose oxidation during isolated 

working heart perfusion studies, and these mice also display signs of diastolic dysfunction 

following ultrasound echocardiography analysis (reduced E/A ratio). In addition, robust cardiac 

hypertrophy is also present in male PDHCardiac-/- mice.  

 

Surmounting evidence has demonstrated that diabetic cardiomyopathy can be alleviated by the 

enhancement of myocardial glucose oxidation (112). Forkhead box protein O1 (FoxO1) is a key 

transcription factor that regulates Pdk4 expression in the heart without altering Pdk1, Pdk2, or 

Pdk3 (31). Indeed, targeting this FoxO1-PDHK4 axis through treatment of T2D mice with the 

FoxO1 antagonist, AS1842856 (100 mg/kg) increased PDH activity and glucose oxidation rates 

assessed during isolated working heart perfusions (102). An alleviation of diastolic dysfunction 

was also observed as reflected by an increase in the mitral E/A ratio and the e'/a' ratio and a 



 31 

decrease in the E/e' ratio. Confirming that the increase in myocardial glucose oxidation was 

required for the FoxO1 inhibition-induced protection against diabetic cardiomyopathy, 

AS1842856 treatment failed to alleviate diastolic dysfunction in PDHCardiac-/- mice subjected to this 

same model of experimental T2D. Similarly, inhibiting FoxO1 to promote PDH activity and 

glucose oxidation also appears to be beneficial in preclinical models of T1D (191). Furthermore, 

enhancement of myocardial glucose oxidation rates by systemic treatment with the glucagon-like 

peptide 1 receptor (GLP-1R) agonist, liraglutide, also mitigated diastolic dysfunction in mice with 

experimental T2D (110).  

 

The predominant view in the field as to why increases in myocardial glucose oxidation impart 

protection against diabetic cardiomyopathy centers on an improvement in cardiac efficiency (51, 

104, 192), however this remains to be conclusively determined. Furthermore, as diabetic 

cardiomyopathy is characterized by diastolic dysfunction, it will be imperative for future studies 

to investigate the mechanisms by which increasing glucose oxidation may facilitate improved 

ventricular relaxation. Of relevance, myocardial relaxation during diastole is also an energy 

dependent process (193), thus it may be possible that an improvement in cardiac efficiency is also 

mechanistically involved. It is also likely that increased myocardial glucose oxidation-mediated 

protection against diabetic heart disease is multifactorial as increases in myocardial PDH activity 

has been shown to alleviate cardiomyocyte apoptosis and may even lead to decreased cardiac 

fibrosis (102, 111). While the aforementioned studies support that promoting myocardial glucose 

oxidation has salutary actions against diabetic cardiomyopathy, there are potential concerns with 

such a strategy that need to be considered. The most prominent concern stems from Randle’s 

glucose-fatty acid cycle (49) since increases in myocardial glucose oxidation often result in a 

corresponding decline in fatty acid oxidation in order to match energy production with demand. A 

decline in myocardial fatty acid oxidation may increase steatosis and lipid accumulation, thereby 

promoting cardiac lipotoxicity. Nonetheless, most studies that have focused on stimulating 

myocardial glucose oxidation to treat diabetic heart disease have not reported any notable cardiac 

lipotoxicity that exacerbated the disease pathology.  
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1.3.5 Perturbation of Myocardial Ketone Body Metabolism in Diabetic Cardiomyopathy 

Although perturbations in myocardial fatty acid and glucose oxidation are well-characterized in 

the context of diabetes, determination of how ketone body oxidation is altered in diabetic 

cardiomyopathy and whether these potential alterations contribute to the development of cardiac 

dysfunction remain active areas of investigation. Intriguingly, evidence from several studies have 

suggested that myocardial ketone body metabolism may in fact be reduced in diabetic 

cardiomyopathy. The rate of cardiac βOHB oxidation was found to be markedly attenuated in 

db/db mice compared to C57BL/6J mice (118). In addition, measurement of cardiac energy 

metabolism in isolated working hearts extracted from mice with STZ-induced T1D revealed a 

strong trend for decreased βOHB oxidation which was associated with reduced cardiac Bdh1 and 

Oxct1 expression and decreased myocardial BDH1 activity and protein level (194). A similar 

transcriptional suppression of Bdh1 and Oxct1 was also exhibited in LV tissue from mice with 

high-fat diet-induced glucose intolerance and LV biopsy samples from individuals with T2D and 

end-stage heart failure. Interestingly, enhanced cellular glucose delivery in transgenic mice with 

cardiac myocyte-specific overexpression of GLUT4 decreased ex vivo cardiac βOHB oxidation 

rates associated with suppressed BDH1 and SCOT mRNA and protein expression, and BDH1 

activity (194). Together with findings that Bdh1 gene expression may be regulated by protein O-

GlcNAcylation, these findings suggest that BDH1-related alterations of cardiac ketone body 

oxidation in diabetes could be a direct result of hyperglycemia on the myocardium.  

 

In contrast, catheterization studies for blood sampling from the coronary sinus and aortic root in 

subjects with T2D and mild diastolic dysfunction revealed increased myocardial uptake of 

acetoacetate and βOHB suggestive of increased myocardial ketone body utilization (195). 

Furthermore, a recent study in non-obese diabetic male Goto-Kakizaki rats using hyperpolarized  

[3-13C]acetoacetate demonstrated increased myocardial ketone body utilization, as well as 

increases in myocardial SCOT activity (195). However, as these rats also demonstrated cardiac 

hypertrophy and systolic dysfunction, whether their metabolic perturbations are due to diabetes or 

systolic dysfunction cannot be discerned.   
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1.3.6 Perturbation of Myocardial Amino Acid Metabolism in Diabetic Cardiomyopathy 

Alterations in BCAA catabolism have been implicated in the development of whole-body and 

cardiac insulin resistance in obesity and diabetes (196-198). In the heart, cardiac BCAA oxidation 

rates were decreased in a mouse model of high-fat diet-induced obesity and associated with 

impaired myocardial insulin signaling as evident from a decrease in the phosphorylation of 

glycogen synthase kinase-3β (GSK-3β) relative to total GSK-3β levels (46). Cardiac BCAA 

oxidation contributes minimally to overall cardiac energy production (~1-3%) (46, 199), therefore, 

alterations in BCAA oxidation rates are unlikely to compete with and thus significantly affect 

myocardial fatty acid and glucose oxidation rates. However, an accumulation of cardiac BCAAs 

due to decreased oxidation is postulated to directly impair insulin sensitivity in the heart by 

enhancing inhibitory phosphorylation of insulin receptor substrate 1 through activation of the 

mammalian target of rapamycin pathway (200). Cardiac levels of BCAAs were increased in 

transgenic mice with impaired glucose-stimulated pancreatic β-cell insulin secretion (βv59M 

mice) and rats with STZ-induced diabetes when compared to non-diabetic counterparts, thus 

providing further support for the myocardial accumulation of BCAAs in the setting of diabetes 

(187, 201). Depending on the specific location of the block within the BCAA catabolism pathway, 

an accumulation of the intermediates of BCAA oxidation, namely BCKAs, may also contribute to 

insulin resistance by promoting mitochondrial dysfunction (202). BCAAs may also disrupt PDH 

activity which can negatively influence glucose oxidation (203). Pharmacological stimulation of 

BCAA oxidation reduced myocardial BCAA accumulation and improved cardiac function in mice 

subjected to transverse aortic constriction-induced heart failure (200), therefore modulation of 

cardiac BCAA catabolism may have therapeutic potential for treating diabetic cardiomyopathy.  

 

1.4 Succinyl-CoA:3-ketoacid CoA Transferase Inhibition as a Novel 

Therapeutic Approach for Type 2 Diabetes and Related Diabetic Heart Disease 

 

1.4.1 Current Therapeutic Approaches for Diabetic Heart Disease 

Given that individuals with diabetes are at a significant risk of developing cardiovascular disease, 

there is a critical demand for anti-diabetic treatments that also improve cardiovascular outcomes. 

Therapies specifically designed to target diabetic cardiomyopathy or diabetes-related heart failure 

are exceptionally limited. Furthermore, health regulatory agencies have now mandated that all 
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therapies in development for diabetes undergo rigorous evaluation in large-scale multicenter 

cardiovascular outcomes trials (CVOT) to assess cardiovascular safety (204). Among the anti-

diabetic agents, positive results have been reported in CVOTs assessing GLP-1R agonists (205-

209) and SGLT2 inhibitors (210-212), however, despite their efficacy in controlling 

hyperglycemia, other agents such as dipeptidyl peptidase 4 inhibitors were noninferior compared 

to placebo in CVOTs and thus failed to demonstrate any obvious cardiovascular benefits (209). In 

addition, the thiazolidinedione, rosiglitazone, was associated with an increased risk of heart failure 

in patients with T2D in the Rosiglitazone Evaluation for Cardiac Outcomes and Regulation of 

Glycaemia in Diabetes (RECORD) trial (213). Taken together, the outcomes of these clinical trials 

highlight the significant need for the further development of strategies to prevent and treat 

diabetes-related cardiovascular complications.  

 

1.4.2 The Effect of the Ketogenic Diet on Cardiovascular Risk Factors 

Dietary interventions including the very low carbohydrate, high-fat ketogenic diet have gained 

considerable popularity in the recent years as a strategy to mitigate cardiovascular risk factors 

including obesity, insulin resistance and diabetes (214, 215). Although various forms of the 

ketogenic diet have been investigated and utilized, the classic composition generally consists of a 

4:1 or 3:1 ratio, by weight, of dietary fat to combined dietary protein and carbohydrate which 

equates to 85-90% energy from fat, 2-5% energy from carbohydrates and 6-12% energy from 

protein (216). However, other formulations can include those that allow for 70-80% energy from 

fat, <10% energy from carbohydrates and ~10% energy from protein and are still known to produce 

ketosis in humans (216, 217). Adherence to a low carbohydrate diet can diminish circulating 

insulin levels (217), as well as a state of nutritional ketosis has been postulated to supress appetite 

(218) and increase energy expenditure (219), which may be beneficial for promoting body weight 

loss and improving glucose homeostasis in obesity and T2D. Indeed, in humans and animal 

models, the ketogenic diet has been shown to promote body weight loss, as well as improve 

glycemic control and insulin resistance in obesity and T2D (220-222). However, other studies have 

reported that the ketogenic diet was no more effective than other dietary interventions at inducing 

body weight loss (223, 224), and that improvements in metabolic parameters may not be sustained 

with long-term adherence (225). Furthermore, although the effect of the ketogenic diet on plasma 
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lipid concentrations has been debated, reports that the diet increases LDL cholesterol has generated 

concern about its cardiovascular safety (216, 226).  

 

1.4.3 Pimozide as a Potential Treatment for Type 2 Diabetes 

Pimozide was first developed in 1963 as a conventional antipsychotic of the 

diphenylbutylpiperidine class for the treatment of schizophrenia and Tourette syndrome (227, 

228). Although pimozide is a known antagonist of the dopamine D2 receptor subfamily (D2, D3 

and D4 receptors) and the 5-HT7 serotonin receptor (228), recent findings from our laboratory 

have also identified pimozide as a novel non-competitive inhibitor of SCOT (Ki = 312.9 ± 28.2 

nM) (229), a critical enzyme in ketone body oxidation. Given that SCOT is not present in the liver, 

pharmacological antagonism of SCOT activity can selectively reduce systemic ketone body 

oxidation without altering hepatic ketogenesis. Of interest, treatment with pimozide reduced 

skeletal muscle SCOT activity leading to improved glucose tolerance independent of body weight 

loss, lipid accumulation and brain SCOT activity in mice with obesity-induced hyperglycemia and 

T2D. An improved glucose profile was also evident in obese mice with a skeletal-muscle specific 

knockout of SCOT (SCOTMuscle-/-), thereby further supporting a beneficial role for skeletal muscle 

SCOT inhibition in the alleviation of obesity/T2D-induced glucose intolerance. Although the 

mechanistic link between ketone body metabolism and glucose homoeostasis requires further 

investigation, pharmacological inhibition of ketone body oxidation may be an exciting novel 

approach for glucose lowering therapy in individuals with T2D. However, if pimozide is to be 

repurposed as a treatment for T2D, it is imperative that the impact of SCOT inhibition on the 

development and progression of diabetic heart disease be assessed.  

 

1.5 Statement of Hypotheses and Aims 

Perturbation of myocardial intermediary energy metabolism leading to metabolic inflexibility and 

impaired cardiac energy production is a unifying pathological mechanism driving disease 

progression in several cardiomyopathies with diverse etiologies. Evidence to support altered 

myocardial energy metabolism has been provided for Barth syndrome and diabetic 

cardiomyopathy, however, a comprehensive understanding of the broad spectrum of metabolic 

changes remains to be elucidated, as well as the mechanisms that underlie the shifts in substrate 

utilization. In addition, further investigation is required to determine whether the pharmacological 
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optimization of cardiac energy metabolism, or modulation of the systemic nutrient environment to 

mitigate cardiovascular risk factors represent promising targets for therapeutic intervention. The 

overarching hypotheses that were investigated are described below: 

 

1. Cardiac intermediary energy metabolism is altered in Barth syndrome cardiomyopathy 

and pharmacological interventions that aim to optimize myocardial substrate utilization 

will be effective in mitigating the development and/or progression of cardiac structural 

and functional defects (Chapters 2 and 3). 

2. Modulation of the systemic nutrient environment by maintenance on a ketogenic diet 

may mitigate cardiovascular risk factors including obesity and impaired glucose 

homeostasis, however, potential detrimental effects of the ketogenic milieu directly on 

the myocardium may prevent an overall improvement of cardiac function in the setting 

of obesity/prediabetes (Chapter 4).     

3. Myocardial ketone body oxidation is altered in and contributes to the development of 

diabetic cardiomyopathy (Chapter 5). 

 

The aims of each study, which addressed specific portions of the overarching hypotheses, are listed 

below by chapter: 

 

Chapter 2: Barth Syndrome-Related Cardiomyopathy is Associated with a Reduction in 

Myocardial Glucose Oxidation  

1. Examine the cardiomyopathy demonstrated by TazKD mice and assess the relevance of 

the mouse model to the clinical phenotype. 

2.  To identify the alterations in cardiac intermediary energy metabolism that characterize the 

cardiomyopathy associated with Barth syndrome. 

3. To provide insight into the underlying mechanisms that may contribute to the development 

of altered cardiac energy metabolism in Barth syndrome.  

Chapter 3: Stimulating Myocardial Pyruvate Dehydrogenase Activity Fails to Alleviate Cardiac 

Abnormalities in a Mouse Model of Human Barth Syndrome 

1. To determine whether reversal of impaired glucose oxidation via treatment with 

dichloroacetate can mitigate cardiac structural abnormalities in TazKD mice.  
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Chapter 4: An Isoproteic Cocoa Butter-based Ketogenic Diet Fails to Improve Glucose 

Homeostasis and Promote Weight Loss in Obese Mice   

1. To compare the efficacy of a low-fat diet versus a ketogenic diet in mitigating 

cardiovascular risk factors including obesity and obesity-induced impairments in glucose 

tolerance and insulin sensitivity.   

2. To identify the effect of the ketogenic diet on food intake and energy expenditure.  

3. To examine the effects of high-fat diet-induced obesity on cardiac structure and function.  

4. To assess the impact of the ketogenic diet on cardiac structure and function in obese mice.  

Chapter 5: Pharmacological Inhibition of Myocardial Ketone Body Oxidation with Pimozide 

Improves Diastolic Function in a Mouse Model of Type 2 Diabetes 

1. To determine whether myocardial ketone body oxidation is altered in a mouse model of 

experimental T2D.  

2. To assess the effect of the diabetic milieu on the activity and expression of ketolytic 

enzymes in the myocardium.   

3. To elucidate the effects of pharmacological SCOT inhibition on cardiac structural and 

functional abnormalities in T2D.  
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2.1 Abstract 

Heart failure presents as the leading cause of infant mortality in individuals with Barth syndrome 

(BTHS), a rare genetic disorder due to mutations in the tafazzin (TAFAZZIN) gene affecting 

mitochondrial structure and function. Investigations into the perturbed bioenergetics in the BTHS 

heart remain limited. Hence, our objective was to identify the potential alterations in myocardial 

energy metabolism and molecular underpinnings that may contribute to the early cardiomyopathy 

and heart failure development in BTHS. Cardiac function and myocardial energy metabolism were 

assessed via ultrasound echocardiography and isolated working heart perfusions, respectively, in 

a mouse model of BTHS (doxycycline inducible Taz knockdown (TazKD) mice). In addition, we 

also performed mRNA/protein expression profiling for key regulators of energy metabolism in 

hearts from TazKD mice and their wild-type (WT) littermates. TazKD mice developed 

hypertrophic cardiomyopathy as evidenced by increased left ventricular anterior and posterior wall 

thickness, as well as increased cardiac myocyte cross sectional area, though no functional 

impairments were observed. Glucose oxidation rates were markedly reduced in isolated working 

hearts from TazKD mice compared to their WT littermates in the presence of insulin, which was 

associated with decreased pyruvate dehydrogenase activity. Conversely, myocardial fatty acid 

oxidation rates were elevated in TazKD mice, whereas no differences in glycolytic flux or ketone 

body oxidation rates were observed.  Our findings demonstrate that myocardial glucose oxidation 

is impaired prior to the development of overt cardiac dysfunction in TazKD mice and may thus 

represent a pharmacological target for mitigating the development of cardiomyopathy in BTHS.   
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2.2 Introduction 

Barth Syndrome (BTHS) is a rare, X-linked, genetic disorder phenotypically characterized by 

cardiac and skeletal myopathy, neutropenia, and pre-pubertal growth retardation (125). Despite a 

wide variability in phenotypic expression, BTHS is frequently associated with infantile-onset 

cardiomyopathy, and heart failure represents a significant cause of morbidity and mortality in those 

diagnosed with the condition (94, 125). The causative mutation underlying the development of 

BTHS is linked to the tafazzin (TAFAZZIN) gene, which encodes a mitochondrial acyltransferase 

that plays a key role in the remodeling of cardiolipin (94, 125). Cardiolipin is a structurally distinct 

phospholipid particularly enriched in the inner mitochondrial membrane, with important functions 

in maintaining mitochondrial integrity and function. As such, TAFAZZIN mutations in BTHS 

result in impaired production of tetra-linoleoyl cardiolipin, which is the predominant cardiolipin 

species present in the heart and skeletal muscle, thereby impairing mitochondrial function by 

interfering with electron transport chain activity, particularly at complex III (79, 83, 94). 

Importantly, derangements in mitochondrial function and subsequent myocardial energy 

metabolism have been demonstrated to contribute to the progression of cardiac dysfunction in 

numerous cardiac pathologies (18, 94, 180). Hence, it is likely that perturbations in myocardial 

energy metabolism are also present in BTHS, and these perturbations may contribute to the 

cardiomyopathy phenotype present in these individuals.  

 

The heart is the most metabolically demanding organ in the body on a per gram basis, whose 

energy needs are met primarily by the oxidation of fatty acids and carbohydrates (glucose) (17, 

18). Indeed, studies have suggested that fatty acid oxidation is reduced in tafazzin deficient mice, 

a murine model of BTHS (herein referred to as TazKD mice), as cardiac myocytes isolated from 

these mice exhibit reduced oxygen consumption rates (83). In addition, isolated mitochondria from 

hearts of TazKD mice exhibit a reduction in fatty acid oxidation during state 3 respiration with 

palmitoyl-L-carnitine as a substrate using high-resolution respirometry (81). Glucose oxidation 

may also be impaired in BTHS, as C2C12 myoblasts exhibit reductions in pyruvate dehydrogenase 

(PDH) activity following CRISPR/cas9 mediated Taz knockout, which is associated with increased 

PDH phosphorylation (106) (indicative of decreased PDH activity (29, 30)). Despite the 

aforementioned studies providing evidence of perturbed myocardial energy metabolism in BTHS, 

there are limitations with the methods that have currently been used to assess energy metabolism 



 41 

in BTHS. Isolated mitochondria are often devoid of key intracellular factors, such as malonyl CoA, 

a potent endogenous inhibitor of mitochondrial fatty acid uptake by inhibiting carnitine 

palmitoyltransferase 1 (CPT1), whereas changes in mRNA/protein expression do not necessarily 

equate to changes in flux (97). Furthermore, as rates of oxidative metabolism are highly dependent 

on workload, measuring oxidative rates and oxygen consumption in cardiac myocytes in vitro is 

limited due to their markedly reduced metabolic demand compared to the intact or ex vivo heart 

(97).   

 

To address these limitations, our goal was to assess intermediary energy metabolism in isolated 

working hearts from TazKD mice. The isolated working heart model allows for actual 

investigations of flux through various metabolic pathways by using highly sensitive radiolabeled 

tracers, while the heart performs actual external work at a metabolic demand more closely 

mimicking that seen in the intact organism (97). Previous reports have indicated that TazKD mice 

do not develop overt heart failure until ~7-8 months of age (100, 230, 231). Therefore, our goal 

was to characterize myocardial energy metabolism in TazKD mice at an earlier age (~8-10 weeks 

of age), which would allow us to infer whether perturbations in myocardial energy metabolism 

may contribute to BTHS-related heart failure, rather than being a consequence of heart failure. 

Moreover, interventions that correct perturbations in energy metabolism have been demonstrated 

to improve cardiac performance in preclinical and clinical studies of cardiomyopathy and heart 

failure (28, 180, 232). We herein demonstrate that hearts from TazKD mice are characterized by 

a marked impairment and elevation of glucose oxidation and fatty acid oxidation, respectively, 

which may represent potential pharmacological metabolic targets for treating and/or reversing the 

development or progression of BTHS-related cardiomyopathy and/or heart failure. 

 

2.3 Methods 

 

2.3.1 Animal Care and Experimentation 

All animal procedures were approved by the University of Alberta Health Sciences Animal 

Welfare Committee and performed in accordance with the regulations of the Canadian Council on 

Animal Care. Animals were housed in a temperature-controlled unit under a 12-hour light/dark 

cycle with free access to drinking water and food. The doxycycline-inducible short hair pin RNA 
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(shRNA)-mediated tafazzin (gene name Taz) knockdown mouse model (TazKD; The Jackson 

Laboratory, stock no. 014648) has been described previously (230). To induce Taz silencing during 

the early embryonic stage, female C57BL/6J mice were placed on rodent chow supplemented with 

doxycycline (625 mg/kg) for 1-week prior to mating with transgenic male mice heterozygous for 

the Taz shRNA transgene. Male pups were continuously maintained on doxycycline-containing 

chow for the remainder of the experimental procedure. This approach has been demonstrated to 

induce an 85 – 90% silencing of Taz in the heart (230). Male littermates that did not possess the 

Taz shRNA transgene were maintained on doxycycline-containing chow and used as the wild-type 

(WT) controls for all experiments. Upon study completion, all mice were euthanized following an 

intraperitoneal (IP) injection of sodium pentobarbital (12 mg) after a 16-hr fast and 4-hr refeed, 

following which the heart and other peripheral tissues (e.g., skeletal muscle, liver) were 

immediately snap-frozen in liquid N2 using liquid N2-cooled Wollenberger tongs and stored at -

80°C.  

 

2.3.2 Ultrasound Echocardiography 

Cardiac structure and function were assessed in 8 to 10-week-old mice utilizing non-invasive 

transthoracic echocardiography with an MX 550S probe and the VisualSonics Vevo 3100 rodent 

ultrasound imaging system. Mice were initially anesthetized with 2 – 3% isoflurane and 

maintained on 1 – 1.5% isoflurane for the remainder of the assessment. During image acquisition, 

body temperature, respiratory rate and heart rate were consistently monitored. M-mode images 

were acquired for measurements of left ventricular (LV) internal diameter (LVID) and LV anterior 

(LVAW) and posterior (LVPW) wall thickness during systole (s) and diastole (d) and used for the 

calculation of the following parameters: 

 

𝐿𝑉 𝑉𝑜𝑙𝑢𝑚𝑒 (𝑉𝑜𝑙) (𝜇𝐿) = (
7.0

2.4 + 𝐿𝑉𝐼𝐷
) × 𝐿𝑉𝐼𝐷3 

 

𝐿𝑉 𝐸𝑗𝑒𝑐𝑡𝑖𝑜𝑛 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (𝐸𝐹) (%) = 100 × (
𝐿𝑉 𝑉𝑜𝑙; 𝑑 − 𝐿𝑉 𝑉𝑜𝑙; 𝑠

𝐿𝑉 𝑉𝑜𝑙; 𝑑
) 

 

𝐿𝑉 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑆ℎ𝑜𝑟𝑡𝑒𝑛𝑖𝑛𝑔 (𝐹𝑆) (%) = 100 × (
𝐿𝑉𝐼𝐷; 𝑑 − 𝐿𝑉𝐼𝐷; 𝑠

𝐿𝑉𝐼𝐷; 𝑑
) 
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𝐿𝑉 𝑀𝑎𝑠𝑠 𝑈𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 (𝑚𝑔) = 1.053 × [(𝐿𝑉𝐼𝐷; 𝑑 + 𝐿𝑉𝑃𝑊; 𝑑 + 𝐿𝑉𝐴𝑊; 𝑑)3 − 𝐿𝑉𝐼𝐷; 𝑑3] 

 

𝐿𝑉 𝑀𝑎𝑠𝑠 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 (𝑚𝑔) = 𝐿𝑉 𝑀𝑎𝑠𝑠 × 0.8 

  

Diastolic function was assessed using pulsed-wave (PW) and tissue Doppler (TDI) imaging of the 

mitral inflow and mitral annular velocities, respectively, during early diastolic filling (PW: E; TDI: 

e') and late diastolic filling due to atrial contraction (PW: A; TDI: a').  

 

2.3.3 Isolated Working Heart Perfusions and Assessment of Energy Metabolism  

All mice were euthanized after an overnight fast via IP injection of sodium pentobarbital (12 mg) 

at 8 to 10 weeks of age, following which the hearts were immediately excised and perfused 

aerobically in the working mode for 60 minutes as previously described (233-235).  To further 

elaborate, hearts were placed in ice-cold Krebs-Henseleit bicarbonate solution (118 mM NaCl, 25 

mM NaHCO3, 4.7 mM KCl, 1.2 mM MgSO4•7H2O, 2.5 mM CaCl2•2H2O, 1.2mM KH2PO4, and 

5mM glucose) after excision. Subsequently, hearts were trimmed of extraneous tissues 

(pericardium, lung, trachea, etc.) and the opening to the left atrium and the aorta was canulated. 

The aorta was then perfused with Krebs-Henseleit bicarbonate solution (37°C) in the retrograde 

Langendorff mode (60 mmHg perfusion pressure), following which hearts were switched to the 

working mode after equilibration by clamping the aortic inflow line from the Langendorff reservoir 

and opening the left atrial inflow (preload) line and the aortic inflow line (afterload). Hearts were 

perfused with Krebs-Henseleit buffer containing 5.0 mM glucose, 0.8 mM palmitate pre-bound to 

3% bovine serum albumin (BSA) as previously described (233), and 0.8 mM β-hydroxybutyrate 

(βOHB) with the appropriate radiolabeled tracers for the measurement of either glycolysis ([5-

3H]glucose) and glucose oxidation ([U-14C]glucose), or fatty acid ([9,10-3H]palmitate) and ketone 

body oxidation ([3-14C]βOHB) and gassed with 95% O2 and 5% CO2 (pH = 7.4) in a glass 

oxygenator. Insulin (100 U/ml) was added to the perfusate delivered to the left atrium after 30 

min of perfusion at a preload pressure of 11.5 mmHg. Perfusate was recirculated after being ejected 

from spontaneously beating hearts into a compliance chamber and the aortic outflow line against 

a hydrostatic afterload pressure of 50 mmHg. At 10 min intervals during the 60-minute perfusion 

period, a 5 mL sample of perfusate was withdrawn through an injection port and stored in a 
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scintillation vial under 500uL of paraffin oil to prevent the loss of 14CO2.  The 14CO2 dissolved in 

the perfusate was extracted by acidification with 1 mL of 9N H2SO4 in a 25 mL stoppered flask 

with a hyamine hydroxide-soaked filter paper in the central well to absorb the 14CO2 released 

during acidification (235).  Quantitative measurement of 14CO2 released as a gas in the oxygenation 

chamber and dissolved as H14CO3
 in the perfusate were used to assess glucose oxidation rates. 

Liberated gaseous 14CO2 was trapped in a 1 M hyamine hydroxide solution in the air outlet line.  

At the completion of perfusion, hearts were immediately snap frozen with liquid N2 and stored at 

-80°C. 

 

Assessment of glycolysis and fatty acid oxidation was determined through the quantitative 

collection of 3H2O, whereas glucose and ketone body oxidation were determined through the 

quantitative collection of 14CO2 (234, 235). 3H2O was separated from [5-3H]glucose and [9,10-

3H]palmitate in perfusate samples using a water vapor exchange method (234). In brief, 200 µL of 

perfusate was added to a capless 1.5 mL microcentrifuge tube and placed in a 5 mL scintillation 

vial containing 500 µL of distilled water. The scintillation vials were capped and stored at 50°C 

for 24 hours and then 4°C for 24 hours to facilitate vapor exchange between the perfusate and 

distilled water and vapor condensation, respectively. After the storage periods, the perfusate-

containing microcentrifuge tubes were removed and scintillation fluid (Ecolite, ICN) was added 

to the vials and counted for radioactivity in a liquid scintillation counter.  

 

2.3.4 Mechanical Function Measurements in Isolated Working Mouse Hearts 

A Gould P21 pressure transducer (Harvard Apparatus) connected to the aortic outflow line was 

utilized to measure heart rate and aortic pressure (mmHg). Coronary flow (mL/min) was calculated 

by subtracting aortic flow (mL/min) from cardiac output which were measured with Transonic 

T206 ultrasonic flow probes in the afterload and preload lines, respectively. Cardiac power was 

calculated as the product of LV developed pressure (difference between aortic systolic pressure 

and preload pressure) and cardiac output. An AcqKnowledge MP100 system (BIOPAC Systems 

Inc.) was utilized for data collection.    
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2.3.5 RNA Isolation and Real-Time Quantitative PCR 

TRIzol™ reagent (Invitrogen) was used to homogenize frozen, powdered cardiac tissue (~15-20 

mg) for 2 minutes. Chloroform was added after homogenization, following which the samples 

were left to sit for 10 min to allow the homogenate to separate. The clear upper aqueous layer 

containing RNA was removed and RNA was precipitated with the addition of isopropanol. The 

precipitated RNA was washed with 75% ethanol to remove impurities and resuspended in 30 μL 

of DNase/RNase-free water. First-strand cDNA (2 μg) was synthesized from extracted RNA using 

the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). A CFX Connect Real-

Time PCR machine (Bio-Rad Laboratories Inc.) was used to perform real-time PCR utilizing 

TaqMan Gene Expression Assays (4369016; Applied Biosystems) or SYBR Green (KK4601; 

Kapa Viosystems, Inc.). Primer sequences are reported in Table 2.1. Cyclophilin A (Ppia) was 

used as an internal housekeeping gene to determine relative mRNA transcript levels quantified 

with the 2-ΔΔCt method as previously described (236). 

 

2.3.6 Whole Cell Homogenate Preparation and Immunoblot Analysis 

Frozen, powdered cardiac tissue (~15-20 mg) was homogenized in a protein lysis buffer containing 

50 mM Tris HCl (pH 8 at 4°C), 1 mM EDTA, 10% glycerol (w/v), 0.02% Brij-35 (w/v), 1 mM 

dithiothreitol, and protease and phosphatase inhibitors (Sigma-Aldrich). After homogenization for 

2 minutes, the homogenate was left on ice for 30 minutes and subsequently centrifuged at 12 000 

x g for 20 minutes. The protein-containing supernatant was removed and used for western blotting. 

Protein was quantified using a Bradford protein assay kit (Bio-Rad), following which samples (15 

µg) were denatured at 95°C for 5 minutes, resolved via 12% sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a 0.45 μm nitrocellulose 

membrane. Membranes were blocked with 5% fat-free milk for 45 minutes and probed overnight 

with the following antibodies: succinyl CoA:3-ketoacid CoA transferase (SCOT; 12175-1-AP, 

Proteintech), βOHB dehydrogenase 1 (BDH1; NBP188673, Novus Biologicals), acetoacetyl CoA 

thiolase 1 (ACAT1; PA5-19227, Invitrogen), β-hydroxyacyl CoA dehydrogenase (βHAD; 

ab37673, Abcam), long chain acyl CoA dehydrogenase (LCAD; ab129711, Abcam), phospho-

PDH (serine 293) (AP1062, Sigma-Aldrich), phospho-PDH (serine 232) (AP1063, Sigma-

Aldrich), phospho-PDH (serine 300) (AP1064, Sigma-Aldrich) PDH (3205S, Cell Signaling), 

Sirtuin-3 (SIRT3) (ab86671, Abcam), acetyl CoA carboxylase (ACC) (3662S, Cell Signaling), 
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phospho-ACC (3661S; Cell Signaling), and vinculin (1390S, Cell Signaling). All antibodies were 

prepared in a 1/1000 dilution in 3% bovine serum albumin (BSA) with the exception of βHAD, 

LCAD, vinculin, phospho-PDH (serine 232) and phospho-PDH (serine 300), which were prepared 

in a 1/2000 dilution. The next day, membranes were washed with TBST wash buffer (1X Tris-

Buffered Saline, 0.1% Tween® 20 Detergent) for 3 x 10-minute intervals and subsequently probed 

with either goat anti-rabbit (70747S, Cell Signaling), mouse anti-goat (sc-2354, Santa Cruz 

Biotechnology) or goat anti-chicken (sc-2428, Santa Cruz Biotechnology) secondary antibody in 

a 1:2000 dilution with 5% fat-free milk for 1.5 hours. Immunoblots were visualized with 

SuperSignal™ West Pico PLUS chemiluminescent substrate kit (34580, ThermoFisher Scientific) 

and quantified with Image Studio Lite software (Licor).  

 

2.3.7 Pyruvate Dehydrogenase Activity 

PDH activity was measured in myocardial homogenates prepared with phosphatase (P0044, 

Sigma-Aldrich), and protease (A32953, Thermo Fisher) inhibitors using a PDH enzyme activity 

microplate assay kit as per manufacturer’s instructions (ab109902, Abcam). In brief, prepared 

samples of a concentration of 100 µg/200 µL were loaded onto microplate wells coated with an 

anti-PDH monoclonal antibody. The microplate was incubated for 3 hrs at room temperature, 

following which PDH activity was determined by measuring the rate of reduction of NAD+ to 

NADH, coupled to the reduction of a reporter dye, through monitoring the increase in absorbance 

of the reaction product over 30 min at an optical density of 450 nm. Relative PDH activity was 

calculated by determining the slopes of the generated curves between the 5- and 15-min time points 

where the increase in absorbance was linear.  

 

2.3.8 Pyruvate Dehydrogenase Acetylation 

Myocardial tissue samples were pre-cleared for 4 hrs with A/G agarose beads (sc-2003, Santa 

Cruz), following which the lysate was incubated overnight with acetyl-lysine antibody (AB3879, 

Sigma-Aldrich). The antibody-protein complexes were subsequently pulled down with A/G 

agarose beads by incubating overnight. The next day, samples were washed three times and 

subsequently eluted using 5x sample buffer. The samples were then subjected to SDS-PAGE, 

transferred to a nitrocellulose membrane, and incubated in PDH antibody (3205S, Cell Signaling) 

to detect acetylated-PDH. 
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2.3.9 Short Chain CoA Content 

Free CoA, succinyl CoA, malonyl CoA and acetyl CoA content were quantified from powdered 

frozen myocardial tissue (~15 mg) homogenized in 6% perchloric acid. The homogenate was kept 

on ice for 10 min and centrifuged at 12,000 x g for 5 min at 4°C prior to analysis via high 

performance liquid chromatography as previously described (185). 

 

2.3.10 Assessment of Circulating Insulin and Glucose Levels 

Plasma insulin levels were determined using a commercially available enzyme-linked 

immunosorbent assay kit (Alpco Diagnostics). Plasma was collected from mice during euthanasia 

following a 16 hr fast and 4 hr refeed.  Samples (5 L) were added to wells with 75 L of a 

provided enzyme conjugate, following which the 96 well plate was incubated for 2 hrs at room 

temperature on an orbital microplate shaker at 700 revolutions per minute. After the plate was 

washed with a provided working strength wash buffer, the reaction was initiated with the addition 

of a provided substrate and terminated after 30 min with a provided stop solution. The optical 

density at 450 nm of each sample was determined and used to calculate plasma insulin levels. 

Fasting blood glucose levels were measured from tail whole-blood following a 20 hr fast using the 

Contour Next blood glucose monitoring system (Bayer, NJ, USA). 

 

2.3.11 Measurement of Myocardial Triacylglycerol Content and the Incorporation of [9,10-

3H]Palmitate into Triacylglycerol 

Triacylglycerol (TAG) content was measured in frozen ventricular tissue from mouse hearts 

perfused with [9,10-3H]palmitate with an enzymatic assay kit (Wako Pure Chemical Industries, 

Richmond, Virginia) as previously described (103). The incorporation of [9,10-3H]palmitate into 

the TAG pool was measured based on the specific activity of [9,10-3H]palmitate using a separate 

portion of the lipid extraction counted with scintillation fluid as previously described (103).   

 

2.3.12 Measurement of Myocardial Glycogen Content and the Incorporation of Glycogen 

from [U-14C]Glucose 

Glycogen content was measured in frozen ventricular tissue from the perfused hearts with [U-

14C]glucose present in the perfusate using a glucose assay kit (Sigma-Aldrich) as previously 

described (103). The incorporation of [U-14C]glucose into the glycogen pool was subsequently 
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measured based on the specific activity of [U-14C]glucose using a separate portion of the glucose 

extraction counted with scintillation fluid as previously described (103). 

 

2.3.13 Masson’s Trichrome and Wheat-Germ Agglutinin Staining 

Hearts were extracted from mice arrested in diastole using 1 M KCl, fixed in 10% buffered 

formalin and subsequently embedded in paraffin. Sections (10 µM thick) were stained with 

Masson’s trichrome and visualized with light microscopy (DM4000 B, Leica) as previously 

described (237) for the assessment of myocardial fibrosis. In addition, optimal cutting temperature 

(23-730-571, Thermo Fisher)-embedded sections (5 µM thick) were stained with Oregon Green 

488-conjugated wheat-germ agglutinin (WGA; #W11261, Thermo Fisher) and 4’,6-Diamidino-2-

Phenyllindole, Dilactate (DAPI; D3571, Thermo Fisher) and visualized using fluorescence 

microscopy (Olympus IX81, MetaMorph Basic (version 7.7.0.0), Olympus Canada Inc., 

Richmond Hill,  ON, Canada) to measure cardiac myocyte cross sectional area as previously 

described (237). 

 

2.3.14 Statistical Analysis  

All values are presented as mean ± standard error of the mean. The significance of differences was 

assessed by an unpaired two-tailed Student’s t-test or a two-way analysis of variance (ANOVA) 

followed by a Bonferroni post-hoc analysis. Once the variances of were assessed between 

comparisons involving two groups, a non-parametric Mann Whitney test was used to assess 

statistical significance if appropriate. Differences were considered significant when P < 0.05. 
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Table 2.1. Primer Sequences 

 
 

Gene Name 

 

 

Forward 
 

Reverse 

 

Taqman Assay ID 

 
Ppia  

 
GAGCTGTTTGCAGACAAAGTTC 

 
CCCTGGCACATGAATCCTGG 

 

 
NA 

 
Pdk1 

 
CTGTGATACGGATCAGAAACCG 

 

 
TCCACCAAACAATAAAGAGTGCT 

 

 
NA 

 

 

Pdk2 

 

ATGAAAGAGATCAACCTGCTTCC 
 

 

GGCTCTGGACATACCAGCTC 
 

 

NA 
 

 

Pdk4 

 

GGAGCATTTCTCGCGCTACA 

 

 

ACAGGCAATTCTTGTCGCAAA 

 

 

NA 

 

 

Foxo1 

 

ACCACTCTGGACGGCATACT 

 

TGAGTCTGGGGCTAGTTTGA 

 

NA 

 

 
Acadm  

 
GCTGGAGACATTGCCAATCA 

 

 
GGCGTCCCTCATCAGCTTCT 

 

 
NA 

 

 

Col1a1 

 

TGCTAACGTGGTTCGTGACCGT 

 

ACATCTTGAGGTCGCGGCATGT 

 

NA 
 

 

Col1a2 

 

TTGCTGAGGGCAACAGCAGGTT 

 

AATGTCAAGGAACGGCAGGCGA 

 

 

NA 

 

 

Ccn2  

 

TGACCCCTGCGACCCACA 

 

TACACCGACCCACCGAAGACACAG 

 

NA 

 

 
Ppargc1a 

 

 
TATGGAGTGACATAGAGTGTGCT 

 

 
CCACTTCAATCCACCCAGAAAG 

 

 
NA 

 

Acta1 

 

CGACGGGCAGGTCATCA 
 

 

ACCGATAAAGGAAGGCTGGAA 
 

 

NA 

 

Nrf1 

 

AGCACGGAGTGACCCAAAC 

 

 

TGTACGTGGCTACATGGACCT 

 

 

NA 

 

Ppara 

 

GCAGTGCCCTGAACATCGA 

 

 

 

CGCCGAAAGAAGCCCTTAC 

 

 

 

NA 

 
Nppb 

 
GAGGTCACTCCTATCCTCTGG 

 

 

 
GCCATTTCCTCCGACTTTTCTC 

 

 

 
NA 

 

Myh7 

 

CCGAGTCCCAGGTCAACAA 
 

 

 

CTTCACGGGCACCCTTGGA 
 

 

 

NA 

 

Cpt1b 

 

ACAGACTTGCTACAGCACCTC 

 
 

 

CGTCGAGGATTCTCTGGAAC 

 
 

 

NA 

 

Srebf1 

 

GGAGCCATGGATTGCACATT 

 
 

 

GGCCCGGGAAGTCACTGT 

 
 

 

NA 

 
Cd36 

 
TTAGATGTGGAACCCATAACTGGA 

 

 

 

 
TTGACCAATATGTTGACCTGCAG 

 

 

 
NA 

 

Fasn 

 

GGTTACACTGTGCTAGGTGTTG 
 

 

 

 

TCCAGGCGCATGAGGCTCAGC 
 

 

 

  NA 
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Dgat1 

 

GCTCTGGCATCATACTCCATC 
 

 

 

 

CGGTAGGTCAGGTTGTCTGG 
 

 

 

NA 

 

Gpam 

 

TGCTGAAGTGGCTGCGGAGTTG 

 
 

 

 

TTAGTAACACCCAGCCAGTCAG 

 
 

 

NA 

 
Slc2a4 

 
TTCATTGTCGGCATGGGTTT 

 

 

 
ACGGCAAATAGAAGGAAGACGTA 

 

 

 
NA 

 

Slc2a1 

 

TCAACACGGCCTTCACTG 
 

 

 

  CACGATGCTCAGATAGGACATC 
 

 

 

NA 

 

Oxct1 

 

CCAAGGAAGTAAATGAAGATGCTCCTA 
 

 

 

ACGTGTATGTTACAAGAAATGGCTTACC 
 

 

 

NA 

 

Ppia 

 

 

NA 

 

 

NA 

 

 

Mm02342430_g1 

 
Taz 

 

 
NA 

 

 
NA 

 

 
Mm00504978_m1 

 

PnPla2 
 

 

NA 
 

 

NA 
 

 

Mm00503040_m1 
 

 

Lipe 
 

 

NA 
 

 

NA 
 

 

Mm00495359_m1 
 

 

Acat1 

 

 

NA 

 

 

NA 

 

 

Mm00507463_m1 

 

 
Bdh1 

 

 
NA 

 

 
NA 

 

 
Mm00558330_m1 

Table 2.1. Primer Sequences 
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2.4 Results 

 

2.4.1 TazKD Mice Exhibit a Hypertrophic Cardiomyopathy Without Notable Cardiac 

Dysfunction  

Using real-time PCR, we confirmed successful knockdown of Taz mRNA expression >90% in the 

hearts and soleus muscles of 8 to 10-week-old TazKD mice, whereas not as robust reductions were 

observed in the lung and liver (Figure 2.1A). By 8 to 10 weeks of age, TazKD mice developed a 

hypertrophic cardiomyopathy characterized by an increase in LV anterior and posterior wall 

thickness, as well as a reduction in LV internal diameter (Figure 2.1, B–H). LV volume was 

reduced by nearly 32% and 60% during diastole and systole, respectively, in TazKD mice 

compared to their WT littermates (Figure 2.1, I and J). However, these structural alterations did 

not translate into any notable functional impairments. With regards to systolic function, cardiac 

output and stroke volume were comparable between TazKD mice and their WT littermates (Table 

2.2). Parameters of diastolic function including the mitral E/A ratio, isovolumic relaxation time 

and the E/e' ratio (mitral inflow E wave/tissue Doppler mitral annulus velocity) were also similar 

between TazKD mice and their WT littermates. Consistent with previously published models of 

cardiac hypertrophy (238, 239), TazKD mice exhibited hypercontractile function as evidenced by 

an increase in LV ejection fraction and fractional shortening (Table 2.2). Furthermore, WGA 

staining revealed that cardiac myocyte cross-sectional area was increased in TazKD mice (Figure 

2.2A), which was associated with increased mRNA expression of markers of cardiac hypertrophy 

including skeletal α-actin (Acta1), a trend to increased brain natriuretic peptide (Nppb), but no 

change in β-myosin heavy chain (Myh7) (Figure 2.2B). Masson’s trichrome staining of LV cross 

sections from hearts of TazKD mice demonstrated no changes in fibrosis compared to hearts from 

WT mice (Figure 2.2C), which was associated with similar collagen type 1 1 (Col1a1), a trend 

to reduced collagen type 1 2 (Col1a2) and increased connective tissue growth factor (Ccn2) 

mRNA expression (Figure 2.2D).  
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Figure 2.1. In vivo cardiac structural dimensions in male TazKD mice 
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Figure 2.1. In vivo cardiac structural dimensions in male TazKD mice. A: Relative Taz mRNA 

expression in heart, soleus, lung, and liver tissue extracted from WT and TazKD mice (n = 4–6). 

B: Representative M-mode images from WT and TazKD mice acquired utilizing ultrasound 

echocardiography. Left ventricular (LV) anterior wall thickness during diastole (C) and systole 

(D) (n = 4–7). LV posterior wall thickness during diastole (E) and systole (F) (n = 4–7). LV internal 

diameter during diastole (G) and systole (H) (n = 4–7). LV volume during diastole (I) and systole 

(J) (n = 4–7). Values represent mean ± SEM. Differences were determined by an unpaired two-

tailed Student’s t-test or by a Mann-Whitney test. *P < 0.05, significantly different from WT mice. 
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Table 2.2. In vivo cardiac function in WT and TazKD mice  

In vivo cardiac function and LV wall measurements in WT and TazKD mice (n = 4–7). Values 

represent mean ± SEM. Differences were determined by an unpaired two-tailed Student’s t-test or 

by a Mann-Whitney test. *P < 0.05, significantly different from WT mice. Bpm, beats per minute; 

CO, cardiac output; d, diastole, EF, ejection fraction; FS, fractional shortening; IVCT, isovolumic 

contraction time; IVRT, isovolumic relaxation time; LV, left ventricle; LVID, LV internal 

diameter; LVEF, LVAWT, LV anterior wall thickness; LVPWT, LV posterior wall thickness; MV 

ET, mitral valve ejection time; s, systole.  

 

Parameter 
 

 

WT 
 

 

TazKD 
 

 

Heart Rate (bpm) 
 

 

381.6 ± 11.69 
 

382.6 ± 15.22  

 

LVID (mm), s 
 

 

2.952 ± 0.1526 
 

 

2.028 ± 0.1613* 
 

 

LVID (mm), d 
 

 

4.052 ± 0.0997 
 

 

3.449 ± 0.0879* 

 

Volume (L); s 
 

 

34.58 ± 4.142 

 

13.97 ± 2.727* 

 

Volume (L); d 
 

 

72.61 ± 4.175 

 

49.39 ± 3.059* 

 

Stroke Volume (L) 
 

 

38.03 ± 1.191 
 

 

35.42 ± 1.741 
 

 

EF (%) 
 

 

53.41 ± 3.388 

 

72.47 ± 4.070* 

 

FS (%) 
 

 

27.43 ± 2.175 

 

41.44 ± 3.584* 

 

CO (ml/min) 
 

 

14.49 ± 0.5574 

 

13.44 ± 0.3373 

 

LVAWT (mm); s 
 

 

1.052 ± 0.0376 

 

1.358 ± 0.1054* 

 

LVAWT (mm); d 
 

 

0.7610 ± 0.0323 

 

0.8893 ± 0.0456* 

 

LVPWT (mm); s 
 

 

1.017 ± 0.0754 

 

1.224 ± 0.0315* 

 

LVPWT (mm); d 
 

 

0.7496 ± 0.0411 

 

0.8796 ± 0.0364* 

 

e'/a' 
 

 

1.413 ± 0.0796 

 

1.446 ± 0.0506 

 

E/e' 
 

 

28.55 ± 5.013 

 

21.03 ± 3.590 

 

E/A 
 

 

1.774 ± 0.1827 

 

2.403 ± 0.3335 
 

 

IVCT (ms) 
 

 

21.14 ± 1.603 

 

16.51 ± 0.8226* 

 

IVRT (ms) 
 

 

18.03 ± 1.400 

 

18.80 ± 1.407 

 

MV ET (ms) 
 

 

60.09 ± 2.382 

 

57.34 ± 1.330 

Table 2.2. In vivo cardiac function in WT and TazKD mice 
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Figure 2.2. Increased ventricular and cardiac myocyte hypertrophy in male TazKD mice 
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Figure 2.2. Increased ventricular and cardiac myocyte hypertrophy in male TazKD mice. A: 

WGA staining (representative images and quantification) and cardiac myocyte cross-sectional area 

in hearts from TazKD mice and their WT littermates (n = 3–5). B: Relative mRNA expression of 

gene markers for cardiac myocyte hypertrophy [skeletal a-actin (Acta1), brain natriuretic peptide 

(Nppb), and b-myosin heavy chain (Myh7)] in WT and TazKD mice (n = 4–8). C: Masson’s 

trichrome staining demonstrates similar myocardial fibrosis between WT and TazKD mice. D: 

Relative mRNA expression of gene markers for cardiac fibrosis [collagen type 1 a1 (Col1a1), 

collagen type 1 a2 (Col1a2), and connective tissue growth factor (Ccn2)] in WT and TazKD mice 

(n = 6–8). Values are represented as means ± SE. Differences were determined by an unpaired 

two-tailed Student’s t test or by a Mann–Whitney test. P < 0.05, significantly different from WT 

mice. 
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2.4.2 Myocardial Energy Metabolism is Perturbed in TazKD Mice 

To investigate potential alterations in myocardial energy metabolism resulting from Taz 

deficiency, isolated hearts from 8 to 10-week-old TazKD mice and their WT littermates were 

aerobically perfused in the working mode. In the absence of insulin, TazKD mice exhibited no 

major differences in palmitate oxidation rates, β-hydroxybutyrate (βOHB) oxidation rates, or 

glycolysis rates, though they did display a trending reduction in glucose oxidation rates compared 

to their WT littermates (Figure 2.3, A–D). Upon the addition of insulin (100 U/mL), a mild but 

nonsignificant decrease in palmitate oxidation was observed in WT littermates (P = 0.16), whereas 

palmitate oxidation rates were now surprisingly increased in TazKD mice (Figure 2.3A). 

Myocardial βOHB oxidation rates and glycolysis rates continued to remain similar, while glucose 

oxidation rates were less insulin responsive and further decreased in TazKD mice versus their WT 

littermates (Figure 2.3, B–E). In addition, there were no differences in glycogen content or the 

incorporation of [U-14C]glucose into the glycogen pool, indicating that the reduction in glucose 

oxidation was not siphoning more glucose towards glycogen storage (Figure 2.3, F and G). 

Importantly, the metabolic perturbations observed in TazKD mouse hearts were independent of 

differences in workload, as there were no changes in ex vivo cardiac work between TazKD mice 

and their WT littermates (Table 2.3). In addition, other parameters of ex vivo cardiac function, 

including cardiac output, the rate pressure product, as well as the aortic and coronary flows during 

the aerobic perfusion, remained similar between TazKD mice and their WT littermates, though 

peak systolic pressure was mildly elevated in TazKD mice (Table 2.3).   
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Figure 2.3. Cardiac energy metabolism in isolated working hearts from male WT and TazKD 

mice. Palmitate oxidation rates (A), βOHB oxidation rates (B), glycolysis rates (C), and glucose 

oxidation rates (D) during aerobic perfusion of isolated working hearts from either WT or TazKD 

mice (n = 4–5). E: Insulin-stimulated increase (delta) in glucose oxidation rates (n = 4). Myocardial 

glycogen content (F), and the incorporation of [U-14C]glucose into the glycogen pool (G) during 

the isolated working heart perfusion (n = 4–5). Values are represented as means ± SE. Differences 

were determined by a repeated measures two-way ANOVA followed by a Bonferroni post hoc 

analysis, an unpaired two-tailed Student’s t test or by a Mann–Whitney test. *P < 0.05, 

significantly different from WT mice. #P < 0.05, significantly different from without-insulin 

counterpart.  

Figure 2.3. Cardiac energy metabolism in isolated working hearts from male WT and TazKD mice 
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Table 2.3. Ex vivo cardiac function in isolated working hearts from WT or TazKD mice 

 

Parameters of cardiac function in the ex vivo isolated working heart from WT and TazKD mice 8 

to 10 weeks of age (n = 4–5). Values represent mean ± SEM. Differences were determined by an 

unpaired two-tailed Student’s t-test. *P < 0.05, significantly different from WT mice. Bpm, beats 

per minute; CO, cardiac output; DP, developed pressure; HR, heart rate; PSP, peak systolic 

pressure. 

 

 

 

 

 

 

 

 

Parameter 

 

 

WT 
 

TazKD 

 
 

Heart Rate (bpm) 

 

308 ± 16 

 

284 ± 18 

 

Peak Systolic Pressure (mmHg) 
 

 

68.9 ± 1.0 
 

73.6 ± 1.4*  

 

Developed Pressure (mmHg) 
 

 

21.4 ± 1.9 
 

 

25.2 ± 1.9 
 

 

HR x PSP (bpm • mmHg • 10-3) 
 

 

21.28 ± 1.16 
 

 

20.81 ± 1.22 

 

HR x DP (bpm • mmHg • 10-3)  
 

 

6.66 ± 0.69 

 

7.10 ± 0.60 

 

CO (mL/min) 
 

 

8.6 ± 0.9 

 

8.8 ± 0.8 

 

Aortic Outflow (mL/min) 

 

6.0 ± 0.8 
 

 

6.1 ± 0.8 
 

 

Coronary Flow (mL/min) 
 

 

2.6 ± 0.4 

 

2.7 ± 0.2 

 

Cardiac Work (mJ/min) 

 

66.7 ± 7.5 

 

73.2 ± 8.1 

 

Cardiac Work (J • g dry wt-1 • min-1) 

 

2.551 ± 0.321 

 

2.896 ± 0.281 

Table 2.3. Ex vivo cardiac function in isolated working hearts from WT or TazKD mice 
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2.4.3 The Impairment of Myocardial Glucose Oxidation in TazKD Mice is Associated with 

Reduced Pyruvate Dehydrogenase Activity but Not Changes in the Molecular Control of 

Glucose Metabolism 

Consistent with impaired myocardial glucose oxidation rates, PDH activity was significantly 

reduced in myocardial extracts from TazKD mice versus their WT littermates (Figure 2.4A). Of 

interest, this reduction in PDH activity was independent of changes in PDH phosphorylation, as 

all 3 PDH phosphorylation sites (serine 293, serine 300, and serine 232) were similar in TazKD 

mouse hearts (Figure 2.4B). We also observed unexpected decreases in both myocardial Pdk1 and 

Pdk4 mRNA expression, whereas Pdk2 mRNA expression remained similar in TazKD mice versus 

their WT littermates (Figure 2.4C). In addition, mRNA expression of forkhead box O1 (Foxo1), 

a key transcription factor regulating Pdk4 gene expression (31, 102), was also unaltered in hearts 

from TazKD mice (Figure 2.4C). We also examined PDH acetylation, which negatively regulates 

PDH activity, as well as expression of sirtuin 3 (SIRT3), a major deacetylase that acts on PDH 

(32), though once again both remained unchanged in myocardial extracts from TazKD mice 

(Figure 2.4, D and E). Reductions in glucose uptake could also account for decreases in glucose 

oxidation, and while mRNA expression of glucose transporter (GLUT) 1 was unchanged, GLUT4 

mRNA expression was decreased in myocardial extracts of TazKD mice versus their WT 

littermates (Figure 2.4F). Circulating insulin and glucose levels were also decreased and 

increased, respectively, in TazKD mice (Figure 2.4, G and H), suggestive of abnormal insulin 

signaling in BTHS. 
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Figure 2.4. Myocardial PDH activity is impaired in male TazKD mice. A: Pyruvate 

dehydrogenase (PDH) enzymatic activity in hearts from TazKD and WT mice following a 16-h 

fast to 4-h refeed (n = 6–9). B: PDH phosphorylation at serine (Ser) 293, Ser 300, and Ser 232 in 

myocardial extracts from WT and TazKD mice (n = 6–8). C: Expression of genes involved in the 

regulation of PDH activity [PDH kinase 1 (Pdk1), PDH kinase 2 (Pdk2), PDH kinase 4 (Pdk4), 

and forkhead box protein O1 (Foxo1)] in hearts from WT and TazKD mice (n = 4–8). D: Relative 

assessment of PDH acetylation in WT and TazKD hearts normalized to the light chain of the 

antibody used to pull down lysine-acetylated proteins (n = 4–5). E: Sirtuin 3 (SIRT3) protein 

expression in myocardial extracts from WT and TazKD mice (n = 7). F: Expression of genes 

involved in the regulation of glucose uptake [glucose transporter 1 (Slc2a1) and glucose transporter 

4 (Slc2a4)] (n = 6). G: Plasma insulin levels assessed following a 16-h fast and 4-h refeed in WT 

and TazKD mice (n = 6–9). H: Plasma glucose levels in WT mice and TazKD mice following a 

20-h fast (n = 10–13). Values are represented as means ± SE. Differences were determined by an 

unpaired two-tailed Student’s t test. *P < 0.05, significantly different from WT mice.  

Figure 2.4. Myocardial PDH activity is impaired in male TazKD mice 
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2.4.4 The Increase in Myocardial Fatty Acid Oxidation in TazKD mice is Not Associated with 

Increased Expression of Fatty Acid Oxidation Enzymes or Decreased Malonyl CoA Levels 

The increase in myocardial fatty acid oxidation rates observed in TazKD mice was interestingly 

associated with decreased mRNA expression of the peroxisome proliferator-activated receptor α 

(PPARα)-regulated fatty acid oxidation enzymes, medium chain acyl CoA dehydrogenase 

(Acadm) and carnitine palmitoyl transferase 1 (CPT1/Cpt1b) (Figure 2.5A). Nuclear respiratory 

factor 1 (Nrf1) mRNA expression was also decreased, whereas mRNA expression of PPARα 

(Ppara) and PPAR coactivator-1 (Ppargc1a) were similar in hearts of TazKD mice versus their 

WT littermates (Figure 2.5A). Moreover, myocardial protein expression of the PPARα-regulated 

fatty acid oxidation enzymes, LCAD and βHAD, was also similar in TazKD mice (Figure 2.5B). 

ACC is another key regulator of fatty acid oxidation through controlling the formation of malonyl 

CoA, an endogenous inhibitor of CPT1 (18), though ACC phosphorylation (indicative of ACC 

activity) remained similar in TazKD mouse hearts, consistent with no differences in malonyl CoA 

content (Figure 2.5, C and D). Assessment of other short chain CoA esters revealed no changes 

in free CoA and succinyl CoA content, whereas acetyl CoA content trended towards a reduction 

(P = 0.18) in TazKD mouse hearts versus their WT littermates (Figure 2.5, E–G). 

 

Although palmitate oxidation rates were increased in TazKD mouse hearts in the presence of 

insulin, we observed an unexpected increase in myocardial TAG content, which was associated 

with an increased incorporation of [9,10-3H]palmitate into the TAG pool (Figure 2.5, H and I). 

The increases in myocardial TAG content in TazKD mice does not appear to be due to changes in 

myocardial fatty acid uptake, as mRNA expression of cluster of differentiation 36 (Cd36) was 

actually decreased in TazKD versus WT littermate mouse hearts (Figure 2.5J). Furthermore, 

regulators of lipogenesis (sterol regulatory element-binding protein 1c (Srebf1), fatty acid synthase 

(Fasn), glycerol-3-phosphate acyltransferase (Gpam), and diacylglycerol acyltransferase 1 

(Dgat1)) were also either decreased or remained similar in TazKD mouse hearts (Figure 2.5K). 

Conversely, elevations in myocardial TAG content could reflect reductions in lipolysis, and we 

observed decreased mRNA expression of hormone sensitive lipase (Lipe) and adipose TAG lipase 

(Pnpla2) in myocardial extracts from TazKD mice (Figure 2.5L). 
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Figure 2.5. Molecular regulation of fatty acid oxidation in hearts from male TazKD mice 
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Figure 2.5. Molecular regulation of fatty acid oxidation in hearts from male TazKD mice. A: 

mRNA expression of genes involved in the regulation of fatty acid oxidation [medium chain acyl 

CoA dehydrogenase (Acadm), carnitine palmitoyl transferase 1 (Cpt1b), peroxisome proliferator-

activated receptor α (Ppara), PPAR coactivator-1  (Ppargc1a), and nuclear respiratory factor 1 

(Nrf1)] in hearts from WT and TazKD mice (n = 6–8). B: Protein expression of fatty acid b-

oxidation enzymes [long-chain acyl CoA dehydrogenase (LCAD) and β-hydroxyacyl CoA 

dehydrogenase (βHAD)] in hearts from WT and TazKD mice (n = 6–8). C: phosphorylation of 

acetyl-CoA carboxylase (ACC) at serine 79 in hearts from WT and TazKD mice (n = 6–8). D: 

Malonyl CoA content in hearts from WT and TazKD mice (n = 3–5). Free CoA (D), malonyl CoA 

(E), succinyl CoA (F), and acetyl CoA (G) content in hearts from WT and TazKD mice (n = 3–

5). Myocardial triacylglycerol (TAG) content (H) and the incorporation of [9,10-3H]palmitate into 

the TAG pool (I) in mouse hearts perfused with [9,10-3H]palmitate (n = 5). mRNA expression of 

genes involved in the regulation of fatty acid uptake [cluster of differentiation 36 (Cd36)] (J), 

lipogenesis [sterol regulatory element-binding protein 1c (Srebf1), fatty acid synthase (Fasn), 

diacylglycerol acyltransferase 1 (Dgat1), glycerol-3-phosphate acyltransferase (Gpam)] (K), and 

lipolysis [hormone sensitive lipase (Lipe), adipose TAG lipase (Pnpla2)] (L) in myocardial 

extracts from WT and TazKD mice (n = 6). Values are represented as means ± SE. Differences 

were determined by an unpaired two-tailed Student’s t test or a Mann–Whitney test. P < 0.05, 

significantly different from WT mice.  
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2.4.5 BDH1 expression is increased in hearts of TazKD mice 

Despite TazKD mouse hearts exhibiting similar ketone body oxidation rates as their WT 

littermates, we did observe a robust ~4-fold increase in BDH1 protein expression (Figure 2.6A). 

This observation is consistent with previous studies reporting that models of cardiomyopathy 

and/or heart failure result in an increase in both BDH1 expression and myocardial ketone body 

oxidation (113, 240). In contrast, we observed a mild decrease in myocardial ACAT1 and no 

change in SCOT protein expression in TazKD mice versus their WT littermates (Figure 2.6A). 

The reduction in ACAT1 protein expression was associated with a decrease in Acat1 mRNA 

expression, whereas the increased protein expression of BDH1 was not associated with increased 

BDH1 mRNA expression, while SCOT mRNA expression (Oxct1) was unaffected in TazKD mice 

(Figure 2.6B).  

 

 

 

 

 

 

 

 

 

 

 

 

 



 66 

 

 

 

 

 

 

Figure 2.6. Molecular regulation of ketone body oxidation in hearts from male TazKD mice. A: 

protein expression of ACAT1, BDH1, and SCOT in hearts from TazKD and WT mice (n = 6–8). 

B: mRNA expression of Acat1, Bdh1, and Oxct1 in hearts from WT and TazKD mice (n = 4–8). 

Values are represented as means ± SE. Differences were determined by an unpaired two-tailed 

Student’s t test or a Mann–Whitney test. P < 0.05, significantly different from WT mice. ACAT1, 

acetoacetyl CoA thiolase 1; BDH1, βOHB dehydrogenase 1; SCOT, succinyl CoA:3-ketoacid 

CoA transferase. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. Molecular regulation of ketone body oxidation in hearts from male TazKD mice 
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2.5 Discussion 

Our findings advance our understanding of cardiac energy metabolism perturbations in the context 

of BTHS, as we performed the first assessment of flux through glucose and fatty acid oxidation in 

intact isolated working hearts from TazKD mice using radioisotopes. Although derangements of 

myocardial intermediary energy metabolism have been implicated in clinical and preclinical 

studies of BTHS (76, 79, 81, 106), specific flux measurements in the BTHS heart are lacking. In 

support of reduced PDH activity in C2C12 myoblasts following CRISPR/cas9 mediated Taz 

knockout (106), we did observe a marked reduction in glucose oxidation rates in working hearts 

from TazKD mice. This may potentially contribute to the pathology of BTHS-related 

cardiomyopathy, as we demonstrated that TazKD mice develop a striking hypertrophic 

cardiomyopathy without overt functional impairments by ~8 – 10 weeks of age. 

 

The reduction in PDH activity in C2C12 myoblasts following CRISPR/cas9 mediated Taz 

knockout was attributed to increases in PDH phosphorylation (106). In contrast, the reduction in 

myocardial PDH activity in TazKD mice appears to be independent of changes in phosphorylation, 

as all 3 PDH phosphorylation sites were unaffected. Although PDH kinase-mediated 

phosphorylation and PDH phosphatase mediated-dephosphorylation have been extensively 

studied, PDH is also subject to control by other regulatory mechanisms including allosteric control 

and other post-translational modifications (29, 30). However, PDH acetylation and SIRT3 

expression were also unaltered in TazKD mouse hearts. It also remains possible that increases in 

the glutathionylation of PDH may explain their decreased PDH activity (32, 110, 241), which will 

need to be explored in future studies. In vivo assessment of cardiac energetics using positron 

emission tomography imaging in young adults with BTHS and without overt heart failure, 

demonstrated significantly increased myocardial glucose uptake and utilization compared to 

healthy age-matched controls (76). Although these results suggest potential increases in 

myocardial glucose oxidation in BTHS, they could also simply reflect increases in glycolysis, 

which markedly increases in heart failure (17, 18). Consistent with an increased reliance on 

glycolysis for energy production in BTHS, enhanced extracellular acidification rates, reflective of 

elevations in glycolysis, were observed in neonatal cardiac myocytes isolated from TazKD mice 

(83). Similarly, glucose uptake and lactate production are elevated in induced pluripotent stem 

cell-derived cardiac myocytes subjected to CRISPR/cas9 mediated Taz mutation (242). 
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Conversely, in our study TazKD mouse hearts exhibited a trend towards decreased glycolysis rates 

in the presence of insulin, as well as a reduction in GLUT4 mRNA levels, though we were 

underpowered to make a firm conclusion on whether this trend contributes to their decreased 

glucose oxidation. The reduction in myocardial glucose oxidation in TazKD mice is consistent 

with previous studies demonstrating that transverse aortic constriction-induced cardiac 

hypertrophy impairs glucose oxidation rates (243). Moreover, cardiac-specific deletion of PDH 

induces a robust cardiac hypertrophy (109), suggesting that reductions in myocardial glucose 

oxidation may directly contribute to hypertrophic growth of the myocardium. 

 

The increase in fatty acid oxidation we observed in working hearts from TazKD mice was not 

expected based on previous studies (79, 81, 83), and we are unable to reconcile at a molecular 

level why fatty acid oxidation rates are increased in hearts from TazKD mice. Myocardial extracts 

from TazKD mice did not exhibit increased transcription of PPARα regulated fatty acid oxidation 

genes, which were decreased, while myocardial malonyl CoA content was similar to that observed 

in WT littermates. It should be noted though, that malonyl CoA within the vicinity of CPT1 may 

have differed and contributed to elevated fatty acid oxidation rates in TazKD mouse hearts, 

however measuring sub-compartmentalization of malonyl CoA is notoriously difficult due to the 

strong affinity CoA esters have for membranes (244). Hyperacetylation of fatty acid oxidation 

enzymes in the heart has also been associated with increased fatty acid oxidation (245, 246), 

potentially through a reduction in SIRT3 expression (247). However, SIRT3 protein expression 

was similar in TazKD and WT littermate mouse hearts, while myocardial acetyl CoA levels 

trended towards being decreased in TazKD mice. As acetyl CoA may also regulate acetylation by 

mass action as substrate for protein acetylation (248), when combined with normal SIRT3 

expression levels, it is unlikely that increases in acetylation explain the increase in fatty acid 

oxidation observed in TazKD mouse hearts. Another aspect to take into consideration involves 

insulin resistance, as the elevated fatty acid oxidation in TazKD mouse hearts was only observed 

in the presence of insulin. In the absence of insulin fatty acid oxidation rates were actually similar 

between TazKD and WT littermate mouse hearts, and in response to insulin a trend to a mild 

reduction was observed in WT mice. This was expected based on insulin’s actions on myocardial 

energy metabolism (18, 27), though insulin failed to inhibit fatty acid oxidation rates in working 

hearts from TazKD mice. Reasons for why fatty acid oxidation rates would increase in response 



 69 

to insulin are difficult to reconcile, but it may simply be the result of the “Randle Cycle” 

phenomenon, whereby increases in either glucose or fatty acid oxidation lead to a reciprocal 

reduction in utilization of the competing fuel source (18, 249). As cardiomyopathy and heart 

failure are characterized by insulin resistance (156), insulin’s failure to stimulate glucose oxidation 

rates to the same extent in working hearts from TazKD mice versus their WT littermates, may have 

necessitated an increased reliance on fatty acid oxidation to meet the heart’s energy demands. In 

further support of impaired insulin action in BTHS, previous studies have demonstrated reduced 

islet insulin content and insulin secretion in TazKD mice (250), reinforcing our observations of 

lower circulating insulin levels in TazKD mice.  

 

It remains unclear as to why we did not observe a decrease in fatty acid oxidation in TazKD mouse 

hearts, which has frequently been reported by others. While cardiac mitochondria isolated from 

TazKD mice demonstrated a reduction in palmitoyl-L-carnitine-mediated respiration (81, 82), 

studies in isolated mitochondria are devoid of key intracellular regulators of fatty acid oxidation 

such as malonyl CoA, which would be present in the intact isolated working heart (97). 

Furthermore, the rate of flux through glucose and fatty acid oxidation are heavily influenced by 

cardiac workload, which is much lower in vitro in cardiac myocytes or isolated mitochondria 

versus the intact heart ex vivo or in vivo (97). Last, the differences in fatty acid oxidation that we 

observed in working hearts from TazKD mice appear to be exacerbated in the presence of insulin, 

whereas the vast majority of studies that have assessed myocardial fatty acid oxidation in TazKD 

mice did not include insulin. Therefore, the reported discrepancies in fatty acid oxidation in BTHS 

may simply be attributed to differences in techniques utilized to assess myocardial energy 

metabolism or the absence of insulin, and we believe our observations using the working heart 

model provide important advances towards understanding the metabolic perturbations present in 

the BTHS heart.  

 

We also observed a marked increase in myocardial protein expression of the ketone body oxidation 

enzyme, BDH1, in TazKD mice. This is consistent with a number of recent reports demonstrating 

that cardiac hypertrophy and heart failure are associated with marked increases in ketone body 

oxidation, which are postulated to be an adaptive response to improve energy production in 

myocardium that might be low on fuel supply (17, 113, 240). In support of this, cardiac-specific 
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overexpression of BDH1 in mice increases myocardial ketone body oxidation rates and protects 

against transverse aortic constriction-induced adverse remodeling and cardiac dysfunction (251). 

However, βOHB oxidation rates were not increased in isolated working hearts from TazKD mice 

despite having elevated BDH1 expression. It is plausible that since the concentration of ketone 

bodies provided in the perfusate was equivalent (0.8 mM), βOHB oxidation rates remained similar. 

Circulating ketone body levels are a major determinant of myocardial ketone body oxidation rates, 

whereby ketone bodies can become a major energy source for the heart when provided at 

concentrations seen with prolonged fasting (21), and thus in vivo myocardial ketone body 

oxidation rates may be elevated in BTHS. Moreover, increased circulating βOHB levels observed 

in individuals with BTHS supports that ketones could serve as an important fuel source for the 

heart in the context of TAZ deficiency (115). 

 

The observed molecular alterations in the hearts of TazKD mice are not directly related to Taz 

deficiency and impaired remodeling of mature cardiolipin per se, as similar patterns were not 

observed in their soleus muscle. Although skeletal muscle is another highly oxidative organ, BDH1 

expression was not increased in the soleus muscles of TazKD mice, and mRNA expression of 

genes regulating fatty acid oxidation (e.g., Acadm and Cpt1b) were not downregulated (Appendix 

Figure 1.1). It is likely that the hypertrophic cardiomyopathy also contributes to the molecular 

changes that we observed in TazKD mouse hearts. As such, it will be important for future studies 

to better understand the causal nature of these changes, and the interplay between cardiac 

hypertrophy and energy metabolism in BTHS.  

 

Of interest, the cardiac phenotype described in our TazKD mice is consistent with the hypertrophic 

cardiomyopathy reported by Johnson et al. (238) and Cole et al. (252), but in contrast to the dilated 

cardiomyopathy with systolic dysfunction observed originally by Acehan et al. (230) and others 

(100, 231). The reason for the discrepancy in phenotypes is unclear, however is unlikely to be 

attributed to differences in Taz knockdown efficiency, as we utilized a similar doxycycline 

administration strategy and achieved a similar degree of knockdown as that seen by Acehan et al. 

(230). Given that the development of systolic dysfunction in TazKD mice is not observed until the 

mice are 7 to 8 months of age (100, 230, 231), it is possible that our TazKD mice will also develop 

systolic dysfunction with prolonged age, as their hypertrophic cardiomyopathy in the absence of 
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systolic dysfunction was observed at 2 to 2.5 months of age. Nonetheless, the difference in 

phenotypes may simply represent a transition from compensatory hypertrophic cardiac remodeling 

to decompensated heart failure, as an undulating phenotype from hypertrophic to dilated 

cardiomyopathy has been described in a BTHS case report (64). 

 

Taken together, our findings reveal that Taz deficiency results in a selective impairment of 

myocardial glucose oxidation with a concomitant increase in fatty acid oxidation. Our specific 

goal was to elucidate whether BTHS may be characterized by perturbations in myocardial energy 

metabolism, paralleling observations with cardiomyopathy/heart failure in general (18, 40, 156). 

Currently, there are a variety of pharmacological agents available that can increase myocardial 

glucose oxidation (dichloroacetate) or decrease fatty acid oxidation (trimetazidine). Thus, future 

studies should aim to determine whether correcting these metabolic perturbations can alleviate the 

pathology of BTHS-related cardiomyopathy. Supporting this premise, interventions that increase 

myocardial glucose oxidation have been reported to attenuate diabetic cardiomyopathy or improve 

cardiac function in experimental heart failure (110-112). Similarly, heart failure with preserved 

ejection fraction, which currently has no approved therapies, is also characterized by increased 

myocardial glucose oxidation that normalizes upon alleviation of diastolic dysfunction (253). 

Likewise, interventions that decrease fatty acid oxidation rates have also been reported to mitigate 

obesity-induced cardiomyopathy, while improving cardiac function in heart failure (183, 254). 

Accordingly, therapeutic interventions that aim to optimize cardiac intermediary metabolism may 

represent a novel approach to prevent and/or reverse cardiomyopathy development in BTHS and 

other cardiac disorders associated with perturbed cardiolipin biosynthesis.  
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3.1 Abstract 

Barth syndrome (BTHS) is a rare genetic disorder due to mutations in the TAFAZZIN gene, leading 

to impaired maturation of cardiolipin and thereby adversely affecting mitochondrial function and 

energy metabolism, often resulting in cardiomyopathy. In a murine model of BTHS involving 

short-hairpin RNA mediated knockdown of Tafazzin (TazKD mice), myocardial glucose oxidation 

rates were markedly reduced, likely secondary to an impairment in the activity of pyruvate 

dehydrogenase (PDH), the rate-limiting enzyme of glucose oxidation. Furthermore, TazKD mice 

exhibited cardiac hypertrophy with minimal cardiac dysfunction. Because the stimulation of 

myocardial glucose oxidation has been shown to alleviate diabetic cardiomyopathy and heart 

failure, we hypothesized that stimulating PDH activity would alleviate the cardiac hypertrophy 

present in TazKD mice. In order to address our hypothesis, 6-week-old male TazKD mice and 

their wild-type (WT) littermates were treated with dichloroacetate (DCA; 70 mM in the drinking 

water), which stimulates PDH activity via inhibiting PDH kinase to prevent inhibitory 

phosphorylation of PDH. We utilized ultrasound echocardiography to assess cardiac function and 

left ventricular wall structure in all mice prior to and following 6-weeks of treatment. Consistent 

with systemic activation of PDH and glucose oxidation, DCA treatment lowered glycemia in both 

TazKD mice and their WT littermates, and decreased PDH phosphorylation equivalently at all 3 

of its inhibitory sites (serine 293/300/232). However, DCA treatment had no impact on left 

ventricular structure, or systolic and diastolic function in TazKD mice. Therefore, it is unlikely 

that stimulating glucose oxidation is a viable target to improve BTHS-related cardiomyopathy. 

  



 75 

3.2 Introduction 

Severe, infantile-onset cardiomyopathy, often leading to heart failure, is the dominant clinical 

manifestation of the rare genetic disorder, Barth syndrome (BTHS) (55, 58). Pathogenic variants 

of TAFAZZIN on chromosome Xq28.12 cause BTHS by impairing the enzymatic activity of 

tafazzin, leading to defective cardiolipin (CL) remodeling and consequent mitochondrial 

abnormalities (66). Similar to other cardiac pathologies (20, 40), deficient myocardial energy 

production is a characteristic feature of BTHS-related cardiomyopathy (76, 77). However, the 

specific mechanisms by which tafazzin deficiency precipitates a cardiac energy deficit and whether 

optimization of oxidative metabolism represents a potential therapeutic target requires further 

investigation.   

 

Although disruption of tafazzin mediated CL remodeling is associated with electron transport 

chain (ETC) dysfunction (79, 89, 91), evidence has identified that derangements in oxidative 

metabolism may be substrate-specific, thus implicating upstream intermediary metabolism 

pathway defects in the pathogenesis of BTHS-related cardiomyopathy (80-82). Notably, studies 

utilizing the Tafazzin knockdown (TazKD) mouse model and Tafazzin knockout cell lines have 

identified a selective defect in the activity of pyruvate dehydrogenase (PDH), the rate-limiting 

enzyme in glucose oxidation (80, 91). Furthermore, glucose oxidation rates are markedly impaired 

in perfused isolated working hearts from TazKD mice (80).  

 

Dichloroacetate (DCA) is a pyruvate analogue that enhances PDH activity and glucose oxidation 

by inhibiting all isoforms of PDH kinase (PDHK), which inhibit PDH through reversible 

phosphorylation (255, 256). Of interest, stimulating myocardial PDH activity and subsequent 

glucose oxidation has been shown to improve cardiac function in murine models of diabetic 

cardiomyopathy, ischemia-reperfusion injury, and heart failure (102, 104, 111, 112). We 

hypothesized that this may also represent a novel approach for the treatment of BTHS-related 

cardiomyopathy, of which no specific therapies have been identified to date. Accordingly, in the 

present study we aimed to determine whether enhancement of myocardial PDH activity via 

treatment with DCA would be effective in attenuating the development and progression of 

pathological cardiac structural remodeling in TazKD mice.  
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3.3 Methods 

 

3.3.1 Animal Care and Experimentation 

All animal procedures were approved by the University of Alberta Health Sciences Animal 

Welfare Committee and performed in accordance with the regulations of the Canadian Council on 

Animal Care. Animals were housed in a 22°C temperature-controlled unit under a 12-hr light/dark 

cycle with standard environmental enrichment and ad libitum access to drinking water and food. 

The generation of the doxycycline-inducible short hairpin RNA (shRNA)-mediated TazKD mouse 

model has been described elsewhere (230). Doxycycline (625 mg/kg) was administered as part of 

the chow provided to the mice throughout the study. Female C57BL/6J mice were placed on 

doxycycline-containing diet 1-week prior to mating with transgenic male mice heterozygous for 

the Tafazzin shRNA transgene, to produce a Tafazzin deficiency in the pups during the early 

embryonic stage. Male littermates that did not possess the Tafazzin shRNA transgene were also 

maintained on the doxycycline-containing chow and used as our wild-type (WT) controls. Male 

TazKD and WT mice at 6-weeks of age were randomized to receive a 6-week treatment with 

sodium DCA (Sigma-Aldrich) which was added to the drinking water (70 mM) and pH-balanced. 

Daily water consumption for each cage of mice was measured consistently throughout the 6-week 

treatment period and calculated per mouse by dividing the total amount consumed by the number 

of mice in each cage. Blood glucose levels were measured from tail whole-blood during the 

random-fed state using the Contour Next blood glucose monitoring system (Bayer, NJ, USA). At 

the end of the treatment protocol, mice were euthanized with an intraperitoneal injection of sodium 

pentobarbital (12 mg) after a 16-hour fast and 4-hour refeed period. Peripheral tissues were 

subsequently extracted and immediately snap frozen in liquid nitrogen using liquid nitrogen-

cooled Wollenberger tongs prior to storage at -80°C.   

 

3.3.2 Ultrasound Echocardiography 

Cardiac ultrasound images were acquired utilizing an MX 550S probe and the VisualSonics Vevo 

3100 rodent ultrasound imaging system as previously described in Chapter 2.3.2. Mice were 

initially anesthetized with 2 – 3% isoflurane and maintained on 1 – 1.5% isoflurane for the 

remainder of the assessment. Body temperature, respiratory rate and heart rate were consistently 

monitored during image acquisition. Cardiac structure and left ventricular (LV) systolic and 
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diastolic function were determined in 5-week-old WT and TazKD mice (baseline) and following 

6-weeks of DCA treatment. Several parameters were assessed including, but not limited to, 

anterior and posterior wall dimensions, left ventricular (LV) ejection fraction (EF), LV fractional 

shortening (FS), cardiac output (CO), mitral E/A ratio, tissue Doppler e'/a' ratio, and the E/e' ratio 

as described previously (80, 102). Because the E and e' waves can become fused with A and a' 

waves at higher heart rates, respectively, the E/A, E/e' and e'/a' ratios could not be accurately 

measured for some mice (257). 

 

3.3.3 Magnetic Resonance Imaging and Body Composition Analysis 

Total fat and lean mass were quantified by quantitative nuclear magnetic resonance relaxometry 

utilizing an EchoMRI-4in1/700 body composition analyzer. Fat mass is representative of the total 

mass of all fat molecules in the body expressed as an equivalent weight of canola oil. Lean mass 

represents a muscle tissue mass equivalent of all body parts containing water, excluding fat, bone 

mineral content and NMR undetectable substances such as hair and claws.  

 

3.3.4 Whole Cell Homogenate Preparation and Immunoblot Analysis 

A protein lysis buffer containing 50 mM Tris HCl (pH 8 at 4°C), 1 mM EDTA, 10% glycerol 

(w/v), 0.02% Brij-35 (w/v), 1 mM dithiothreitol, and protease and phosphatase inhibitors (Sigma-

Aldrich) was used to extract protein from powdered, frozen cardiac tissue (~15-20 mg). Protein 

was quantified using a Bradford protein assay kit (Bio-Rad) and samples (30 µg) were 

subsequently denatured and subjected to western blotting protocols as previously described in 

Chapter 2.3.6. Membranes were probed with the following antibodies: PDH (3205S, Cell 

Signalling), phospho-PDH-E1α (Serine 293) (AP1062, Sigma-Aldrich), phospho-PDH-E1α 

(Serine 232) (AP1063, Sigma-Aldrich), phospho-PDH-E1α (Serine 300) (AP1064, Sigma-

Aldrich), PDHK4 (ab214938, Abcam), vinculin (1390S, Cell Signaling), All antibodies were 

prepared in a 1/1000 dilution in 3% BSA except for vinculin, which was prepared in a 1/2000 

dilution.  

 

3.3.5 RNA Isolation and Real-Time Quantitative PCR 

First-strand cDNA was synthesized from RNA extracted from powdered frozen cardiac (~15-20 

mg) tissue using the iScript Reverse Transcription Supermix (Bio-Rad Laboratories Inc., Hercules, 
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CA) as described in Chapter 2.3.5.  A CFX Connect Real-Time PCR machine (Bio-Rad 

Laboratories Inc.) was used to perform real-time PCR utilizing SYBR Green (KK4601; Kapa 

Viosystems, Inc.). Cyclophilin A (Ppia) was used as an internal housekeeping gene to determine 

relative mRNA transcript levels quantified with the 2-ΔΔCt method as previously described (236). 

Primer sequences used include the following: Ppia forward; GCTGGACCAAACACAAACG, 

Ppia reverse; ATGCCTTCTTTCACCTTCCC, Acta1 forward; CGACGGGCAGGTCATCA, 

Acta1 reverse; ACCGATAAAGGAAGGCTGGAA, Nppb forward; 

GAGGTCACTCCTATCCTCTGG, Nppb reverse; GCCATTTCCTCCGACTTTTCTC.    

 

3.3.6 Protein Carbonylation 

Myocardial protein carbonylation was determined using the protein carbonyl content assay kit 

(MAK094, Sigma-Aldrich). Approximately 20 mg of frozen heart tissue per sample was lysed 

with protein lysis buffer and the resulting supernatant was analyzed according to the 

manufacturer’s protocol, with absorbance measured at λ = 375 nm using a Synergy H1 microplate 

reader (BioTek). Protein carbonyl levels in myocardial samples were expressed as nmol/mg 

protein. 

 

3.3.7 Statistical Analysis 

All values are presented as mean ± standard error of the mean (SEM). An unpaired, two-tailed 

Student’s t test or a two-way ANOVA was used to assess statistical significance and differences 

were considered significant when P < 0.05. Statistical analysis was completed utilizing GraphPad 

Prism 9 software.  

 

3.4 Results 

 

3.4.1 TazKD Mice Present with Cardiac Hypertrophy at 5-Weeks of Age 

5-week-old TazKD mice displayed significant reductions in body weight, lean mass, and fat mass 

in comparison to their age-matched WT littermates (Figure 3.1, A–C). Consistent with the 

generalized growth defect observed in subjects with Barth Syndrome (125), despite lean and fat 

mass being reduced in TazKD mice, the relative proportions of lean and fat mass normalized to 

body weight were similar between TazKD mice and their WT littermates (Figure 3.1D). As our 
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previous findings identified that TazKD mice demonstrate cardiac hypertrophy by 8-10 weeks of 

age (80), we first performed ultrasound echocardiography studies in 5-week-old TazKD mice to 

determine whether this cardiac hypertrophy was present earlier. Despite LV mass being similar in 

5-week-old TazKD mice and their WT littermates, when taking the generalized growth defect into 

account and normalizing LV mass to body weight, the TazKD mice demonstrated a clear cardiac 

hypertrophy (4.02 ± 0.12 mg/g [WT] versus 4.65 ± 0.18 mg/g [TazKD]; P = 0.01). Furthermore, 

other indices of cardiac hypertrophy were evident in TazKD mice, including a decreased LV 

internal diameter (LVID) and volumes during diastole, as well as an increased LV anterior wall 

(LVAW) and posterior wall (LVPW) thickness when normalized to body weight (Figure 3.1, E–

H, Table 3.1). These structural abnormalities resulted in a 26% and 22% reduction in CO and 

stroke volume (SV), respectively, which is consistent with previous reports that TazKD mice do 

exhibit cardiac hypertrophy (238) (Figure 3.1I, Table 3.1). Parameters of systolic function 

including LVEF and LVFS were not different between TazKD and WT mice. Likewise, the E/A 

and E/e' ratios were also similar between TazKD mice and their WT littermates, indicating normal 

diastolic dysfunction (Figure 3.1, H and I).  
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Figure 3.1. Cardiac hypertrophy is already present in TazKD mice at 5 weeks of age. A–D: Body 

weight and body composition (lean mass, fat mass) analysis in 5-week-old TazKD mice and their 

WT littermates (WT: n = 13, TazKD: n = 16). Ultrasound echocardiography was used to assess 

left ventricular (LV) chamber and wall dimensions including (E) LV internal diameter (LVID), 

(F) LV volume, (G) LV anterior wall thickness (LVAW) normalized to body weight (BW), (H) 

and LV posterior wall thickness (LVPW) normalized to BW during diastole (d), in addition to 

functional parameters including (I) cardiac output (CO), (J) ejection fraction (EF), (K) E/A, and 

(L) E/e' in 5-week old TazKD mice and their WT littermates. For structural and systolic function 

parameters (WT: n = 14, TazKD: n = 17); for diastolic function parameters (WT: n = 13, TazKD: 

n = 15). Values represent mean ± SEM. Differences were determined using an unpaired, two-tailed 

Student’s t test. *P < 0.05 significantly different from WT littermates. 

Figure 3.1. Cardiac hypertrophy is already present in TazKD mice at 5 weeks of age 
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Table 3.1. In vivo baseline assessment of cardiac structural and functional parameters in WT and 

TazKD mice.  

 

In vivo cardiac function and LV wall measurements in 5-week-old WT and TazKD mice (n = 13–

17). Values represent mean ± SEM. *P < 0.05, significantly different from WT. BW, body weight; 

CO, cardiac output; EF, ejection fraction; FS, fractional shortening; LV, left ventricular; LVAW, 

LV anterior wall thickness; LVID, LV internal diameter; LVPW, LV posterior wall thickness; s, 

systole; d, diastole. 

 

 
 

 

WT 
 

TazKD 

 

 

Heart Rate (beats/min) 

 

 

401  9 

 

382  6 

BW (g) 19.8 ± 0.8 14.7 ± 0.9* 

 

LVID (mm); s 

 

 

2.53  0.11 

 

2.18  0.11* 

LVID (mm); d 

 
3.64  0.08 3.20  0.11* 

Volume (L); s 

 

24.0  2.6 17.1  2.6 

Volume (L); d 

 

56.4  2.9 42.4  3.6* 

Stroke Volume (L) 

 

32.4  1.9 25.3  1.9* 

EF (%) 

 
58.4  3.3 61.4  2.4 

FS (%) 

 
30.9  2.3 32.3  1.6 

CO (ml/min) 

 
13.1  0.9 9.7  0.8* 

LVAW/BW x 102 (mm/g); s 

 
5.44  0.30 7.57  0.59* 

LVAW/BW x 102 (mm/g); d 

 
3.59  0.21 5.39  0.46* 

LVPW/BW x 102 (mm/g); s 

 
5.89  0.26 8.15  0.58* 

LVPW/BW x 102 (mm/g); d 

 
4.52  0.25 6.33  0.46* 

E/A 

 
1.92  0.11 2.11  0.10 

e'/a' 

 
1.54  0.10 2.09  0.16* 

E/e' 

 
29.0  1.2 26.1  1.3 

Table 3.1. In vivo baseline assessment of cardiac structural and functional parameters in WT and TazKD mice 
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3.4.2 Treatment with DCA Decreases Myocardial PDH Phosphorylation in TazKD Mice 

In order to correct the impairments in myocardial PDH activity we previously observed in TazKD 

mice (80), we treated 6-week-old TazKD mice and their WT littermates with the PDHK inhibitor, 

DCA (70 mM in the drinking water), for 6-weeks. Although WT and TazKD mice treated with 

DCA via the drinking water tended to consume slightly less water than control mice on average, 

water consumption was similar across the 6-week treatment period, thus ensuring that the dose of 

DCA each mouse received remained consistent throughout the study (Figure 3.2A). In line with a 

systemic enhancement of glucose oxidation, blood glucose levels were significantly decreased in 

both WT and TazKD mice treated with DCA (Figure 3.2B). As glucose is a more oxygen efficient 

fuel than fat (51), stimulating PDH activity often leads to a reduction in oxygen consumption, and 

we also observed with indirect calorimetry that DCA treatment decreased whole-body oxygen 

consumption rates in both WT and TazKD mice (data not shown). Furthermore, we observed a 

marked reduction in the inhibitory phosphorylation of PDH at all three phosphorylation sites 

(Serine 293, Serine 232, and Serine 300) in myocardial tissue from DCA-treated WT and TazKD 

mice without altering PDHK4 protein expression (Figure 3.2, C–F). Taken together, these 

findings are highly suggestive of an increase in myocardial PDH activity and a subsequent 

enhancement of myocardial glucose oxidation.  

 

3.4.3 Treatment with DCA Does Not Improve the Cardiac Structural Abnormalities in 

TazKD Mice 

In opposition of our hypothesis, the adverse hypertrophic cardiac remodeling present in TazKD 

mice was not improved by treatment with DCA. The decreased LVID and LV volume during 

systole and diastole in TazKD mice were unaffected by DCA treatment (Figure 3.2, G and H. 

Table 3.2). Furthermore, the increased LVAW and LVPW thickness present in TazKD mice were 

also not improved following treatment with DCA (Figure 2I/J). Consistent with unattenuated 

cardiac hypertrophy, CO and SV remained decreased in DCA treated TazKD mice (Figure 3.2K, 

Table 3.2). Systolic function represented by LVEF and LVFS, as well as diastolic function 

represented by the E/A, e'/a', and E/e', were similar between TazKD mice and their WT littermates, 

while being unaffected via DCA treatment (Figure 3. 2, L–N, Table 2).  
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We next assessed markers of cardiac remodeling and cardiac dysfunction, whereby mRNA 

expression of skeletal α-actin (Acta1), a marker of cardiomyocyte hypertrophy, remained markedly 

elevated in myocardial tissue from TazKD mice and was unaffected by DCA treatment (Figure 

3.2O). In addition, myocardial mRNA expression of brain natriuretic peptide (Nppb) was not 

different between WT and TazKD mice, nor was its expression affected by DCA treatment (Figure 

3.2P). As TazKD mice exhibit increases in myocardial oxidative stress (238), we also assessed 

myocardial protein carbonylation levels, which were increased in control treated TazKD mice 

versus their WT littermates but prevented via treatment with DCA (Figure 3.2Q). 
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Figure 3.2. DCA treatment decreases inhibitory PDH phosphorylation but fails to alleviate the cardiac structural abnormalities 

in TazKD mice 
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Figure 3.2. DCA treatment decreases inhibitory PDH phosphorylation but fails to alleviate the 

cardiac structural abnormalities in TazKD mice.  A: Average daily consumption of water or water 

supplemented with DCA (70 mM) reported per individual mouse for each week of the 

experimental protocol (n = 17–18). B: Random-fed blood glucose measurements of WT and 

TazKD mice either subjected to control or DCA treatment (n = 7–11). Pyruvate dehydrogenase 

(PDH) phosphorylation at (C) serine 293, (D) serine 232, and (E) serine 300 relative to total PDH 

in myocardial tissue from WT and TazKD mice treated with control or DCA for 6-weeks (n = 5–

6). F: PDHK4 protein expression relative to vinculin in myocardial tissue from WT and TazKD 

mice treated with control or DCA for 6-weeks (n = 4–5). Ultrasound echocardiography was used 

to assess left ventricular (LV) chamber and wall dimensions including (G) LV internal diameter 

(LVID), (H) LV volume, (I) LV anterior wall thickness (LVAW) normalized to body weight, and 

(J) LV posterior wall thickness (LVPW) normalized to body weight during diastole (d), in addition 

to functional parameters including (K) cardiac output (CO), (L) ejection fraction (EF), (M) E/A, 

and (N) E/e' in WT and TazKD mice treated with control of DCA. For structural and systolic 

function parameters (WT control: n = 7, WT DCA: n = 7, TazKD control: n = 10, TazKD DCA: n 

= 7); for diastolic function parameters (WT control: n = 6, WT DCA: n = 7, TazKD control: n = 

8, TazKD DCA: n = 7). Relative mRNA expression of (O) skeletal α-actin (Acta1) and (P) brain 

natriuretic peptide (Nppb) normalized to cyclophilin A (Ppia), and (Q) total protein carbonylation 

in myocardial tissue from WT and TazKD mice treated with control or DCA for 6-weeks (n = 4–

7). Values represent mean ± SEM. Differences were determined using a two-way ANOVA. ^P < 

0.05, significantly different from control treated mice. #P < 0.05, significantly different from 

control treated counterpart. *P < 0.05, significantly different from WT counterpart.  
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Table 3.2. In vivo assessment of cardiac structural and functional parameters in WT and TazKD 

mice following treatment with DCA.  

 
In vivo cardiac function and LV wall measurements in WT and TazKD mice subjected to control 

or DCA treatment for 6-weeks (n = 6–10). Values represent mean ± SEM. *P < 0.05, significantly 

different from WT counterpart. #P < 0.05, significantly different from control treated counterpart. 

^P = 0.07, versus WT counterpart. BW, body weight; CO, cardiac output; EF, ejection fraction; 

Table 3.2. In vivo assessment of cardiac structural and functional parameters in WT and TazKD mice following treatment with 

DCA 

 

 
 

 

WT 

Control 

 

WT 

DCA 

 

 

TazKD 

Control 

 

TazKD 

DCA 

 

 

Heart Rate (beats/min) 

 

 

400  14 

 

378  8 

 

377  11 

 

379  8 

BW (g) 26.0 ± 0.7 22.6 ± 1.0# 21.2 ± 0.7* 20.0 ± 0.9 

 

LVID (mm); s 

 

 

2.87  0.15 

 

2.28  0.08 

 

2.11  0.15* 

 

2.02  0.28 

LVID (mm); d 

 
4.02  0.17 3.63  0.04 3.36  0.14* 3.15  0.18 

Volume (L); s 

 

32.4  4.0 17.9  1.6# 15.8  3.0* 15.9  4.4 

Volume (L); d 

 

71.9  6.8 55.6  1.5 47.3  4.9* 40.7  5.2 

Stroke Volume (L) 

 

39.5  3.2 37.7  1.5 31.5  2.3 24.9  1.7* 

EF (%) 

 
55.5  2.1 67.8  2.5 68.6  2.8 65.7  6.7 

FS (%) 

 
28.7  1.4 37.3  1.9 37.9  2.1 37.5  6.1 

CO (ml/min) 

 
15.8  1.5 14.2  0.7 11.8  0.9* 9.44  0.7* 

LVAW/BW x 102 (mm/g); s 

 
4.82  0.30 5.02  0.41 6.79  0.29* 6.36  0.49 

LVAW/BW x 102 (mm/g); d 

 
3.36  0.28 3.09  0.19 4.66  0.25* 4.30  0.35* 

LVPW/BW x 102 (mm/g); s 

 
4.19  0.31 5.49  0.39 6.27  0.39* 6.65  0.50 

LVPW/BW x 102 (mm/g); d 

 
3.03  0.22 3.72  0.31 4.46  0.30* 5.16  0.55^ 

E/A 

 
1.74  0.12 1.67  0.13 1.98  0.19 1.90  0.18 

e'/a' 

 
1.40  0.13 1.56  0.11 1.86  0.15 1.90  0.18 

E/e' 

 
25.7  1.5 25.9  1.2 25.7  2.2 26.0  1.5 
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FS, fractional shortening; LV, left ventricular; LVAW, LV anterior wall thickness; LVID, LV 

internal diameter; LVPW, LV posterior wall thickness; s, systole; d, diastole. 

 

3.5 Discussion 

Perturbations in myocardial energy metabolism play a significant role in the development and 

progression of numerous cardiovascular disorders, and therefore represent a promising target for 

therapeutic intervention (42, 114). This study sought to elucidate whether optimization of cardiac 

glucose oxidation, through treatment with DCA to stimulate PDH activity, could improve the 

pathological structural remodeling of the heart associated with Tafazzin deficiency observed in 

BTHS. Our results demonstrated that treatment of TazKD mice with DCA for 6-weeks did not 

attenuate or reverse their cardiac hypertrophy despite a restoration of myocardial PDH activity.  

 

We were particularly surprised by these negative findings, since stimulating myocardial PDH 

activity has been shown to improve cardiac abnormalities in numerous experimental settings. For 

example, inhibition of the transcription factor forkhead box O1 prevents transcription of Pdk4, 

which encodes for PDHK4, leading to increased myocardial glucose oxidation and alleviation of 

the diastolic dysfunction associated with experimental diabetic cardiomyopathy in mice (102). 

Similarly, the glucagon-like peptide-1 receptor agonist liraglutide, an antidiabetic agent that 

promotes insulin secretion, also stimulates myocardial PDH activity and glucose oxidation, 

thereby alleviating the diastolic dysfunction in a murine model of diabetic cardiomyopathy (110). 

Treatment with DCA itself has also been shown to alleviate experimental diabetic cardiomyopathy 

in rats (112), while decreasing infarct size in mice subjected to experimental ischemia-reperfusion 

injury via temporary occlusion of the left anterior descending coronary artery (104). In addition, 

DCA treatment of Dahl salt-sensitive rats fed a high-salt diet increased myocardial PDH activity, 

which attenuated heart failure progression as indicated by increased systolic function, decreased 

cardiac hypertrophy, and improved survival (111). 

 

Because isolated working hearts from TazKD mice exhibit marked reductions in glucose oxidation 

rates (80), it seemed well rationalized to presume that DCA treatment might alleviate their cardiac 

abnormalities. This raises the important question as to why stimulating myocardial PDH activity 

would fail to yield benefit in TazKD mice, considering numerous other cardiac pathologies are 
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corrected by such a metabolic strategy? We posit that the persistent destabilization of ETC 

supercomplexes and reduced ETC complex activity coupled with consequent elevations of 

mitochondrial reactive oxygen species and oxidative stress (72, 81, 83, 91, 95), likely supersede 

intermediary metabolism defects present in BTHS. This may explain the failure of DCA treatment 

to attenuate the LV hypertrophic remodeling in TazKD mice despite an improvement of 

myocardial glucose oxidation. Therefore, the results of our study suggest that any therapeutic 

intervention aiming to optimize myocardial intermediary energy metabolism may be ineffective at 

alleviating BTHS-related cardiomyopathy, unless the defects in the respiratory chain are 

addressed. In other words, even if the BTHS heart is capable of oxidizing more of the carbohydrate 

or fatty acid fuel delivered to it, if the generated reducing equivalents (i.e. NADH) are unable to 

result in ATP generation due to the ETC respiratory defects, no improvement in cardiac pathology 

can be expected. However, our preliminary observations addressing this question suggest that 

DCA can still increase myocardial ATP levels in TazKD mice (control treated mean of 2.53 mM 

[n = 2] versus DCA treated mean of 4.00 mM [n = 3]), and thus we plan to interrogate this more 

extensively in future studies. 

 

In order for metabolic interventions to yield clinical utility in BTHS, it may need to be coupled 

with strategies that ultimately correct the adverse CL remodeling responsible for BTHS-related 

ETC respiratory dysfunction. One such strategy that may show promise is the agent, elamipretide, 

which is a cell-permeable, aromatic-cationic mitochondria-targeting tetrapeptide that localizes to 

the inner mitochondrial membrane where it selectively associates with CL to improve respiratory 

chain function (258, 259). Presently, the ongoing TAZPOWER clinical trial (NCT03098797) is 

investigating the efficacy of directly targeting mitochondrial dysfunction with elamipretide as a 

treatment for BTHS (60). Intriguingly, in participants with genetically confirmed BTHS, a 16% 

improvement in average SV indexed to body surface area at week 36 of the open extension phase 

of the trial compared to baseline was reported with elamipretide treatment (mean age 19.5 years, 

range 12-35 years). Furthermore, elamipretide treatment produced a trend towards an increase in 

SV over time when a slope model of individual regression lines for each subject was utilized (60).  

It is possible that the utilization of a metabolic therapy such as DCA in combination with 

elamipretide may ensure that augmented substrate oxidation maximally translates to enhanced 

ATP production. This may thus represent a more effective approach to mitigate BTHS-related 
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cardiomyopathy, which we emphasize should be a key direction for metabolic investigations to 

reorient their research towards.  

 

An earlier intervention with DCA may also need to be considered, since we already observed 

cardiac hypertrophy in TazKD mice at 5-weeks of age. Thus, administering DCA immediately 

after birth or the weaning of TazKD mice may allow us to prevent the progression of their cardiac 

hypertrophy before it develops. Alternatively, it may be that glucose oxidation is simply not a 

viable metabolic target for BTHS-related cardiomyopathy, but not myocardial intermediary 

metabolism per se. Indeed, increasing fatty acid oxidation by treatment of 3-month-old TazKD 

mice with a pan-peroxisome proliferator activated receptor (PPAR) agonist, bezafibrate, prevented 

the development of dilated cardiomyopathy and systolic dysfunction over the course of 4-months 

(99, 100). A complementary study also determined that bezafibrate treatment prevented the 

exacerbation of cardiac dysfunction in 4.5-month-old TazKD mice in combination with infusion 

of isoproterenol (231). Bezafibrate is also presently being investigated as a potential therapy for 

BTHS in the CARDIOlipin MANipulation (CARDIOMAN) trial (98). Therefore, interrogation of 

other intermediary metabolism pathways rather than glucose oxidation may be a more beneficial 

target. However, bezafibrate treatment also induced an increase in mitochondrial biogenesis, the 

enzymatic activity of ETC complexes I-III and trended to increase the protein expression of all 

ETC complexes in the hearts of TazKD mice, therefore, it is difficult to determine the specific 

mechanism(s) underpinning the cardioprotective actions of bezafibrate (231). A limitation of our 

study is that we did not assess ETC function or other parameters of mitochondrial status in response 

to DCA treatment (e.g., were defects in complex I-V activity in TazKD mice mitigated by DCA?). 

Conversely, it has also been demonstrated that fibrates actually decrease myocardial fatty acid 

oxidation, since PPAR activation in the liver increases fatty acid oxidation, which decreases 

hepatic triacylglycerol secretion and subsequent fatty acid delivery to the myocardium (101). As 

such, it is difficult to determine the specific mechanism(s) underpinning the cardioprotective 

actions of bezafibrate in BTHS.  

 

In summary, the findings of the present study reveal that treatment with DCA is ineffective in 

reversing cardiac hypertrophy present in TazKD mice, and thus may not represent an effective 

treatment for BTHS-related cardiomyopathy. Although a precise mechanism to explain why DCA 
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failed to alleviate cardiac remodeling in the Tafazzin deficient heart is unknown, persistent 

respiratory chain dysfunction may have limited energy production despite an enhancement of flux 

through PDH. As such, further investigation is required to determine whether DCA in combination 

with a therapy that stabilizes the ETC, such as elamipretide, may represent a beneficial therapeutic 

approach for BTHS-related cardiomyopathy.  
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4.1 Abstract 

High-fat and very low-carbohydrate based ketogenic diets have gained considerable popularity as 

a non-pharmacological strategy for obesity, due to their potential to enhance weight loss and 

improve glucose homeostasis and cardiovascular risk factors. However, the effectiveness of a 

ketogenic diet towards metabolic health is equivocal. To better understand the impact of ketogenic 

diets in obesity, male and female mice were fed a 60% cocoa butter-based high-fat diet for 16-

weeks to induce obesity, following which mice were transitioned to either an 85% cocoa butter 

fat-based ketogenic diet, a 10% cocoa butter fat-based low-fat diet, or maintained on a high-fat 

diet for an additional 8-weeks. All experimental diets were matched for sucrose and protein 

content, and contained an identical micronutrient profile, with complex carbohydrates being the 

primary carbohydrate source in the low-fat diet. The transition to a ketogenic diet was ineffective 

at inducing significant body fat loss and improving glucose homeostasis in obese male and female 

mice and led to an enhancement of myocardial triacylglycerol content in male mice. Alternatively, 

obese male and female mice transitioned to a low-fat and high-complex carbohydrate diet 

exhibited beneficial body composition changes and improved glucose tolerance that may, in part, 

be attributed to a mild decrease in food intake and a mild increase in energy expenditure. Our 

findings support the consumption of a diet low in saturated fat and rich in complex carbohydrates 

as a potential dietary intervention for the treatment of obesity and obesity-induced impairments in 

glycemia. Furthermore, our results suggest that careful consideration should be taken when 

considering a ketogenic diet as a non-pharmacological strategy for obesity.  
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4.2 Introduction 

Obesity is a significant risk factor for a plethora of disorders including type 2 diabetes (T2D), 

hypertension, stroke, cardiovascular disease, and even certain types of cancer (260). In light of the 

rising obesity epidemic and limited efficacy of pharmacotherapy, there has been an increased 

willingness amongst the general population to pursue dietary interventions as a non-

pharmacological approach for weight loss, such as the high-fat and very-low carbohydrate 

ketogenic diet. Many variations of the ketogenic diet exist, however, the typical macronutrient 

breakdown consists of approximately 70-80% of energy from fat, 10% from protein and a 

restriction of dietary carbohydrates to less than 10% of daily energy intake (216). Support for the 

use of a ketogenic diet in overweight individuals arose from the Carbohydrate-Insulin Model of 

obesity, which predicts that overconsumption of a carbohydrate-rich diet results in augmented 

insulin secretion, thereby driving fat accumulation (261). Although, in contrast to this model, the 

high palatability and weak effect on satiety of calorically dense high-fat foods may contribute to 

passive overconsumption (262). 

 

The effectiveness of a ketogenic diet in promoting weight loss and improving obesity-induced 

metabolic impairments and cardiovascular risk factors has been demonstrated in several clinical 

trials and animal models of obesity and/or T2D (220-222, 263-266). Preclinical studies have even 

demonstrated that chronic consumption of a ketogenic diet can enhance longevity and improve 

cognitive function (267, 268). However, other studies have dampened enthusiasm for the diet’s 

effectiveness. A meta-analysis of 8 randomized clinical trials including participants with obesity 

and T2D reported that the ketogenic diet results in a greater decrease in hemoglobin A1c and 

weight loss up to 6 months after initiation of the diet, however, no meaningful difference between 

the ketogenic and control diet was detected after 12 months (225). Negative effects associated with 

consumption of a ketogenic diet including an increase in circulating low-density lipoprotein 

cholesterol levels, hepatic steatosis, insulin resistance, inflammation, cardiac hypertrophy, and a 

loss of glycemic control have all been reported in either rodent or human studies (269-273). 

 

A significant limitation with many previous ketogenic diet studies that may account for 

inconsistencies of reported findings, relates to the use of experimental diets that differ in terms of 

macronutrient source, protein content, and differences in micronutrient composition versus the diet 
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they are being compared to. Commonly used rodent ketogenic diets are often markedly low in 

protein. The synergistic effects of protein restriction and choline deficiency have been 

demonstrated to contribute to the phenotype of mice fed a ketogenic diet (274). In contrast to 

previous studies, the sources of macronutrients were kept constant in every experimental diet used 

in the present study. All experimental diets were also matched for simple sugar (sucrose) content, 

micronutrient composition, and contained an adequate amount of protein. Therefore, any 

phenotypic differences observed in this study with regards to whole-body physiology should be 

directly attributable to alterations in the relative abundance of fat and complex carbohydrates of 

the diets studied, as well as the process of nutritional ketosis.  

 

We herein demonstrate that a transition of obese male and female mice from a high-fat cocoa 

butter-based diet to a ketogenic cocoa butter-based diet is ineffective at inducing weight loss and 

improving glucose homeostasis. In contrast, we observed favorable body composition changes and 

a marked improvement in glucose tolerance when obese mice were transitioned to a high-complex 

carbohydrate, low-fat cocoa butter-based diet. Overall, our findings suggest that caution should be 

taken when recommending the ketogenic diet for the purposes of promoting weight loss in obesity.  

 

4.3 Methods 

 

4.3.1 Animal Care and Experimentation 

All animal procedures were approved by the University of Alberta Health Sciences Animal 

Welfare Committee and performed in accordance with the regulations of the Canadian Council on 

Animal Care. Animals were housed in a 22°C temperature-controlled unit under a 12-hr light/dark 

cycle with standard environmental enrichment and ad libitum access to drinking water and food. 

Male and female C57BL/6J mice (The Jackson Laboratory) at 10-12 weeks of age were fed a high-

fat diet (60% kcal from cocoa butter, Research Diets D18072402) for 16-weeks to induce obesity. 

After 16-weeks of the dietary protocol, baseline body composition, glucose tolerance and cardiac 

function were assessed, following which mice were randomized into 3 dietary intervention groups 

for 8-weeks. Mice were either maintained on the high-fat diet, switched to a ketogenic diet (85% 

kcal from cocoa butter, Research Diets D18072401), or switched to a low-fat diet (10% kcal from 

cocoa butter, Research Diets D18072403). Mice maintained on a low-fat control diet for the entire 
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duration of the study were used as a lean control group for comparison. Within the 8-week dietary 

intervention, glucose tolerance was assessed through intraperitoneal and oral glucose tolerance 

tests (IPGTTs and OGTTs) at 2- and 4-weeks post-diet transition, respectively. Body composition 

measurements and in vivo metabolic assessments were performed at 3-weeks post-diet transition, 

whereas insulin sensitivity was determined during an insulin tolerance test (ITT) at 6-weeks post-

diet transition. Daily food and water intake, as well as circulating glucose and ketone body levels 

were serially measured throughout the study. After 8-weeks post-diet transition, cardiac function 

was assessed and mice were subsequently euthanized following a 16-hour fast and 4-hour refeed 

with an intraperitoneal injection of sodium pentobarbital (12 mg), following which tissues were 

extracted and immediately snap frozen in liquid N2 using liquid N2-cooled Wollenberger tongs. 

 

4.3.2 Diet Composition 

A detailed composition of the three diets is indicated in Table 4.1. The sucrose content (5%) and 

percentage of calories derived from protein (10%) were kept constant among all diets. Therefore, 

diets only differed in the relative abundance of complex carbohydrates and fat (from cocoa butter). 

The ketogenic diet was formulated with 85% of its calories from fat and 5% from carbohydrates, 

while the high-fat diet was formulated with 60% of its calories from fat and 30% from 

carbohydrates, and the low-fat diet contained 10% of its calories from fat and 80% from 

carbohydrates. The sources of macronutrients were identical across all diets (protein source – 

casein, L-Cystine; complex carbohydrate source – corn starch; fat source – cocoa butter).  

 

4.3.3 Assessment of Glucose Homeostasis 

Glucose tolerance tests (IPGTTs and OGTTs) and ITTs were performed in mice fasted overnight 

or for 6 hours, respectively. Mice were administered glucose (2 g/kg) via IP injection or oral 

gavage, or insulin via IP injection (0.5 U/kg). Blood glucose levels were measured from tail whole-

blood following the fast (0 minutes) and at 15, 30, 60, 90 and 120 minutes after the administration 

of glucose or insulin using the Contour Next blood glucose monitoring system (Bayer, NJ, USA). 

For the assessment of circulating insulin levels, plasma was collected during the OGTT at the 0- 

and 15-minute time points and analyzed using a commercially available enzyme-linked 

immunosorbent assay kit according to the manufacturer’s instructions (Alpco Diagnostics). In 

brief, plasma (5 μL) was added to the microplate wells along with 75 μL of a provided enzyme 
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conjugate, following which the microplate was incubated at room temperature on an orbital 

microplate shaker at 700 rpm for 2 hours. After the incubation period, the plate was washed 6 

times with a provided working strength wash buffer and a reaction was initiated by the addition of 

100 μL of a provided substrate. The reaction was terminated after 30 minutes by adding 100 μL of 

a provided stop solution to each well and plasma insulin levels were determined by measuring the 

optical density at 450 nm of each sample. The HOMA-IR (homeostasis model assessment of 

insulin resistance) was calculated as follows: HOMA = ((fasting blood glucose (mM) × fasting 

insulin (µU/mL))/22.5).  

 

4.3.4 Assessment of Ketosis 

Circulating β-hydroxybutyrate (βOHB) (FreeStyle Precision Blood β-Ketone, Abbot Diabetes 

Care Ltd.) levels were measured from tail whole-blood after either an overnight fast, or a 16-hour 

fast and a 4-hour refeed as previously described (229).   

 

4.3.5 Magnetic Resonance Imaging and Body Composition Analysis 

Total fat and lean mass were quantified by quantitative nuclear magnetic resonance relaxometry 

utilizing an EchoMRI-4in1/700 body composition analyzer as described in Chapter 3.3.3.  

 

4.3.6 Whole Body In Vivo Metabolic Assessment 

Indirect calorimetry was performed utilizing the Oxymax comprehensive laboratory animal 

monitoring system (Columbus Instruments) for in vivo metabolic assessment. After an initial 24-

hour acclimatization period, animal activity, energy expenditure, whole-body oxygen (VO2) 

consumption and carbon dioxide (VCO2) production rates, and respiratory exchange ratios (RER) 

were quantified for 24 hours for animals with free access to food and drinking water. Hourly 

outputs from indirect calorimetry files were generated utilizing the web based CalR tool (275). 

Oxygen consumption and carbon dioxide production were calculated utilizing both the input (Vi) 

and output (Vo) flows (litres per minute) to the chamber with the following equations where O2i 

and CO2i, and O2o and CO2o represent the reference and sample oxygen and carbon dioxide 

concentrations (%), respectively: 

 

VO2 = ViO2i − VoO2o      
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VCO2 = VoCO2o − ViCO2i      

 

Standard conversion factors were included in the calculations to result in the units specified by the 

software configuration (mL/hr).   

 

The RER was calculated as the ratio between carbon dioxide production and oxygen consumption.  

 

RER = VCO2/VO2 

 

Energy expenditure (kcal/hr) was calculated as follows:  

 

Energy Expenditure (heat)  =  Calorific Value (CV) x VO2  

 

CV =  3.815 +  1.232 x RER  

 

4.3.7 Whole Cell Homogenate Preparation and Immunoblot Analysis 

Protein was extracted from powdered, frozen gastrocnemius muscle (~20 mg) using protein lysis 

buffer containing 50 mM Tris HCL (pH 8 at 4°C), 1 mM EDTA, 10% glycerol (w/v), 0.02% Brij-

35 (w/v), 1 mM dithiothreitol, and protease and phosphatase inhibitors (Sigma-Aldrich) as 

previously described in Chapter 2.3.6. Protein was quantified using a Bradford protein assay kit 

(Bio-Rad) following extraction. Protein samples (30 µg) were subsequently denatured and 

subjected to western blotting protocols as previously described in Chapter 2.3.6. Membranes were 

probed with the following antibodies: glycogen synthase kinase-3α (GSK-3α) (D80E6, Cell 

Signaling), phospho-GSK-3α (serine 21) (36E9, Cell Signaling), protein kinase B (Akt) (9272, 

Cell Signaling), and phospho-Akt (serine 473) (4060, Cell Signaling). All antibodies were 

prepared in a 1/1000 dilution in 3% BSA.  

 

4.3.8 Ultrasound Echocardiography 

Cardiac ultrasound images were acquired utilizing an MX 550S probe and the VisualSonics Vevo 

3100 rodent ultrasound imaging system as previously described in Chapter 2.3.2. Male mice were 
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initially anesthetized with 2 – 3% isoflurane and maintained on 1 – 1.5% isoflurane for the 

remainder of the assessment. Body temperature, respiratory rate and heart rate were consistently 

monitored during image acquisition. Cardiac structure and LV systolic and diastolic function were 

determined both prior to and following the 8-week dietary intervention. Several parameters were 

assessed including, but not limited to, anterior and posterior wall dimensions, left ventricular (LV) 

ejection fraction (EF), LV fractional shortening (FS), cardiac output (CO), mitral E/A ratio, tissue 

Doppler e'/a' ratio, and the E/e' ratio as described previously in Chapter 2.3.2.  

 

4.3.9 Assessment of Myocardial Triacylglycerol Content 

Powdered, frozen heart tissue (~20 mg) was homogenized in a 20-fold volume of 2:1 

chloroform:methanol solution, following which a 0.2 volume of methanol was added and the 

samples were kept on ice for 10 minutes before being centrifuged at 3500g for 10 min. After 

centrifugation, the supernatant was collected and a 0.2 volume of 0.04% (w/v) CaCl2 was added. 

The mixture was then centrifuged at 2400g for 20 min. The upper phase was subsequently 

discarded, and the interface was washed twice with 150 μL of pure solvent upper phase consisting 

of 1.5 ml chloroform, 24.0 ml methanol, and 23.5 ml water. Finally, 50 μl of methanol was added 

to obtain a singular phase. The samples were then dried under N2 gas at 60°C and the remaining 

triacylglycerol (TAG) containing pellets were redissolved in 50 μl of 3:2 tert-butyl alcohol:triton 

X-100/methyl alcohol (1:1). The samples were stored overnight at 4°C and quantified for TAG 

content the following day using a commercially available enzymatic colorimetric assay kit (Wako 

Pure Chemical Industries).  

 

4.3.10 Statistical Analysis 

All values were presented as mean ± standard error of the mean (SEM). An unpaired, two-tailed 

Student’s t test or a two-way ANOVA was used to assess statistical significance between the 1 or 

3 experimental groups, respectively, compared to the lean control group. Multiple time points were 

compared using a repeated measures two-way ANOVA followed by a Bonferroni post-hoc 

analysis. The above data analysis was completed utilizing GraphPad Prism 9 software. For the 

analysis of energy expenditure, analysis-of-covariance (ANCOVA) utilizing body weight as a 

covariate was conducted using IBM Statistical Package for the Social Sciences software. 

Differences were considered significant when P < 0.05. 
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Table 4.1. Diet Compositions 

 

Composition of the ketogenic, high-fat, and low-fat diets used herein.  

 

 

 

 

 

 
 
 
 

      Ketogenic Diet      High-Fat   Diet         Low-Fat Diet 

Ingredient gm kcal   gm kcal   gm kcal 

Casein 100 400  100 400  100 400 

L-Cystine 1.5 6  1.5 6  1.5 6 

         
Corn Starch 0 0  204.24 817  50 2000 

Maltodextrin 10 0 0  50 200  150 600 

Sucrose 49.9 200  49.9 200  49.9 200 

Dextrose 0 0  0 0  111.95 448 

         
Cellulose, BW200 50 0  50 0  50 0 

         
Soybean Oil 25 225  25 225  25 225 

Cocoa Butter 358.8 3229  245.9 2213  20.2 182 

         
Mineral Mix, 

S10026 10 0  10 0  10 0 

DiCalcium 

Phosphate 13 0  13 0  13 0 

Calcium 

Carbonate 5.5 0  5.5 0  5.5 0 

Potassium Citrate, 

1 H2O 16.5 0  16.5 0  16.5 0 

         
Vitamin Mix, 

V10001C 1 4  1 4  1 4 

Choline Bitartrate 2 0   2 0   2 0 

Table 4.1. Diet Compositions 



 100 

4.4 Results 

 

4.4.1 Supplementation with a 60% Cocoa Butter Fat-Based Diet Induces Metabolic 

Dysfunction in Both Male and Female Mice 

Male and female mice maintained on a 60% cocoa butter fat-based diet for 16-weeks exhibited 

significant increases in body weight, predominantly attributed to increases in fat mass, when 

compared to mice fed a 10% cocoa butter fat-based diet (Figure 4.1, A–D). This increase in fat 

mass and subsequent obesity resulted in impaired glucose tolerance in both male and female mice 

(Figure 4.1, E and F).      

 

4.4.2 An 85% Cocoa Butter Fat-Based Ketogenic Diet Induces a State of Nutritional Ketosis 

in Obese Male and Female Mice 

Maintenance on a ketogenic diet (85% cocoa butter fat) sufficiently induced an increase in 

circulating βOHB in male and female mice during both the refed and fasted state when compared 

to lean control mice (Figure 4.2, A–E). In contrast, no increase in circulating βOHB levels was 

observed in obese male and female mice that either remained on a high-fat diet (60% cocoa butter 

fat) or were transitioned to a low-fat diet (10% cocoa butter fat) during the refed state, though the 

latter in females did result in a trend to increased circulating βOHB levels during fasting (Figure 

4.2, B–E). With regards to glycemia, obese male but not female mice maintained on the ketogenic 

diet exhibited lower circulating glucose levels during refeeding, whereas no changes were 

observed during the fasted state in obese male or female mice maintained on any of the 3 diets 

(Figure 4.2, F–I).   
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Figure 4.1. A cocoa butter-based HFD induces metabolic dysfunction in male and female mice. 

Body weight and total fat mass were measured in male (A–B) and female (C–D) mice maintained 

on either a HFD or LFD for 16-weeks (Body Weight: n = 8–26 [males], n = 6–22 [females]; Fat 

Mass: n = 8–26 [males], n = 4–13 [females]). Glucose tolerance was assessed during an 

intraperitoneal glucose tolerance test in HFD and LFD-fed male (E) and female (F) mice (n = 8–

26 [males], n = 6–22 [females]). Values represent mean ± SEM. Differences were determined 

using an unpaired, two-tailed Student’s t test or a two-way ANOVA. *P < 0.05, significantly 

different from LFD-fed, lean mice. AUC, area under the curve; HFD, high-fat diet; LFD, low-fat 

diet. 

Figure 4.1. A cocoa butter-based HFD induces metabolic dysfunction in male and female mice 
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Figure 4.2. Obese male and female mice fed a KD exhibit a marked increase in circulating ketone 

levels. A: Schematic illustration of the experimental protocol and dietary intervention. Created 

with BioRender.com. Blood β-hydroxybutyrate (βOHB) levels were measured after a 16-hour fast 

and 4-hour refeed and after a 16-hour fast in male (B, D) and female (C, E) mice. Blood glucose 

levels were measured after a 16-hour fast and 4-hour refeed and after a 16-hour fast in male (F, H) 

and female (G, I) mice (n = 5–10 [males], n = 4–7 [females]). Values represent mean ± SEM. 

Differences were determined using a one-way ANOVA. *P < 0.05, significantly different from 

LFD-fed, lean mice. HFD, high-fat diet; IPGTT, intraperitoneal glucose tolerance test; ITT, insulin 

tolerance test; KD, ketogenic diet; LFD, low-fat diet; OGTT, oral glucose tolerance test.  

Figure 4.2. Obese male and female mice fed a KD exhibit a marked increase in circulating ketone levels 
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4.4.3 Transitioning to a Low-Fat Diet Is More Effective Than a Ketogenic Diet in Inducing 

Beneficial Body Composition Changes in Obese Male and Female Mice 

Obese male mice that remained on a high-fat diet or were fed a ketogenic diet did not demonstrate 

any significant changes to body weight, fat mass or lean mass after 3 weeks of the dietary 

intervention (Figure 4.3, A–D). On the contrary, obese male mice transitioned to a low-fat diet for 

3-weeks displayed a marked decrease in body weight (Figure 4.3A), which was primarily 

attributed to a loss of fat mass but also a mild decrease in lean body mass (Figure 4.3, B–D). Of 

interest, this reduction in body weight in obese male mice transitioned to a low-fat diet persisted 

over the entire 8-week dietary intervention, whereas long-term supplementation with a ketogenic 

diet for 8-weeks continued to have no impact on body weight in obese male mice (Figure 4.3A).   

 

This pattern of body composition changes was similarly recapitulated in obese female mice, 

whereby dietary transition to a low-fat diet caused significant body weight loss due to a 

pronounced loss of fat mass but not lean body mass after 3-weeks of intervention (Figure 4.3, E–

H). Obese female mice that were transitioned to the ketogenic diet did demonstrate a mild 

reduction in body weight after 3-weeks of intervention versus their baseline (Figure 4.3E), which 

may be attributed to a trend to reduced fat mass, but no differences were observed when compared 

to their obese counterparts that remained on the high-fat diet (Figure 4.3, F and G). However, 

after 8-weeks of dietary intervention, obese female mice transitioned to the ketogenic diet saw 

their body weight return to their baseline level, whereas the body weight loss in obese female mice 

transitioned to a low-fat diet persisted over this same time frame (Figure 4.3E). 

 

Changes in appetite do not appear to play a major role towards our body weight observations in 

obese male mice. We observed no major differences in food/caloric intake, or water intake between 

obese mice that transitioned to either a ketogenic diet or a low-fat diet over 10-days of the dietary 

intervention, though both groups of mice demonstrated reduced caloric and water intake versus 

the obese mice that remained on a high-fat diet (Figure 4.3, I–K). These observations were not 

recapitulated in the obese females, as mice that transitioned to a ketogenic diet now had increased 

food/caloric intake versus mice that remained on the high-fat diet during 10-days of the dietary 

intervention (Fig. 4.3, L–N), yet they displayed mild weight loss. Consistent with obese female 

mice that transitioned to a low-fat diet demonstrating robust body weight loss, we observed a 
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nonsignificant 27% reduction in caloric intake (but not water intake) versus their obese female 

counterparts that were maintained on a high-fat diet (Figure 4.3, L–N).   

 

4.4.4 Maintenance on a Ketogenic Diet Does Not Exacerbate In Vivo Energy Metabolism 

Alterations Already Induced by Maintenance on a High Fat Diet in Obese Male Mice 

As expected, based on fat being the primary source of energy in both our ketogenic and high-fat 

diets, obese male mice fed either of these diets exhibited a reduced respiratory exchange ratio 

(RER) when compared to lean control mice during both the light and dark cycle (Figure 4.4, A 

and B). In contrast, obese mice that were transitioned to a low-fat diet demonstrated an increase 

in the RER, which was comparable to that observed in our lean control mice and consistent with 

their diet being primarily comprised of carbohydrates (Figure 4.4, A and B). Whole-body O2 

consumption and energy expenditure rates over 24-hrs were similar in obese male mice 

transitioned to a ketogenic diet or maintained on a high-fat diet, even when normalized to lean 

body mass (Figure 4.4, C–F). Although not significant, energy expenditure rates normalized to 

lean body mass were ~12% and ~14% greater during the light and dark cycle, respectively, in mice 

that were transitioned to a low-fat diet when compared to their obese counterparts maintained on 

a high-fat diet (Figure 4.4F). Due to known methodological limitations of mass-specific ratio 

analysis, we also performed co-variate analyses (ANCOVA) to correct energy expenditure for 

body weight variances among mice (276, 277). Following ANCOVA, potential differences in light 

and dark cycle energy expenditure rates between our experimental groups were not observed after 

accounting for differences in body weight (P > 0.05) (Figure 4.4, G and H). Furthermore, we 

observed no differences in ambulatory activity between lean control mice and obese mice 

regardless of their dietary intervention (Figure 4.4, I and J).  
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Figure 4.3. Transition to an LFD, but not a KD, induces significant body weight and fat mass loss in obese male and female mice 
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Figure 4.3. Transition to an LFD, but not a KD, induces significant body weight and fat mass loss 

in obese male and female mice. Body weight measurements at baseline and after 3- and 8-week 

post-dietary intervention, total fat and lean mass and the change in fat and lean mass relative to 

baseline after 3-week of dietary intervention in lean and obese male (A–D) and female (E–H) mice 

[body weight: n = 8–10 (males), n = 6–8 (females); fat/lean mass: n = 8–10 (males), n = 4–5 

(females)]. Daily average food intake in grams and caloric density consumed, and water intake 

were measured in male (I–K) and female (L–N) mice subjected to our dietary interventions. 

Values represent means ± SEM. Differences were determined using a one-way or two-way 

ANOVA. *P < 0.05, significantly different from LFD-fed, lean mice. #P < 0.05, significantly 

different from baseline. ^P < 0.05, significantly different from HFD-fed, obese mice. $P < 0.05, 

significantly different from obese mice transitioned to a KD. Colored symbols indicate which 

specific group is being compared in A and E. HFD, high-fat diet; KD, ketogenic diet; LFD, low-

fat diet. 
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Figure 4.4. Indirect calorimetry in obese male mice subjected to various dietary 

interventions 
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Figure 4.4. Indirect calorimetry in obese male mice subjected to various dietary interventions. 

RER over 24 hours (A) and average RER during the light and dark cycle (B). Whole-body O2 

consumption (C) and energy expenditure (D) rates over 24 hours, and the respective rates 

normalized to LBM (E, F). Scatter plots of body weight and energy expenditure rates during the 

light (G) and dark (H) cycle. Ambulatory activity of obese and lean male mice over 24 hours, and 

(I) and totaled over the light and dark cycle (J). Values represent mean ± SEM (n = 5–6). 

Differences were determined using a one-way ANOVA or ANCOVA. *P < 0.05, significantly 

different from LFD-fed, lean mice. HFD, high-fat diet; KD, ketogenic diet; LBM, lean body mass; 

LFD, low-fat diet; RER, respiratory exchange ratio. 
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4.4.5 Maintenance on a Ketogenic Diet Does Not Improve Glucose Tolerance or Insulin 

Sensitivity in Obese Male and Female Mice 

The hyperglycemia during an IPGTT that we previously observed in obese male mice due to 

supplementation with a high-fat diet was unaffected by a transition to a ketogenic diet for 2-weeks, 

whereas obese male mice that transitioned to a low-fat diet demonstrated a marked improvement 

of glucose tolerance (Figure 4.5A). As changes in the complex carbohydrate and fatty acid 

composition of the diet can also influence incretin hormone (e.g., glucagon-like peptide-1 [GLP-

1]) secretion (278-280), we also measured glucose homeostasis in response to an OGTT. 

Interestingly, obese male mice did not exhibit any major glucose intolerance in response to an 

OGTT when maintained on either a ketogenic diet or high-fat diet for 4-weeks, though glucose 

and insulin levels were consistently lower but not significant during the OGTT in obese male mice 

that transitioned to a low-fat diet (Figure 4.5, B and C). As such, there was no discernible 

differences in HOMA-IR values between any of the groups (Figure 4.5D). We next performed an 

assessment of insulin sensitivity via IPITT after 6-weeks of dietary intervention and observed that 

obese male mice that transitioned to a ketogenic diet were just as insulin resistant as their obese 

counterparts that remained on a high-fat diet (Figure 4.5E). Despite obese male mice that 

transitioned to a low-fat diet demonstrating improved glucose tolerance, this was not reflected at 

the level of insulin sensitivity, as their glucose levels during the IPITT were increased versus lean 

control mice (Figure 4.5E). As a further index of insulin sensitivity, we also assessed insulin 

signaling in gastrocnemius muscles at study completion, which demonstrated no differences in 

Akt and GSK-3⍺ phosphorylation at serine 473 and serine 21, respectively, in any of our 

experimental groups (Figure 4.5, F and G).   

 

Assessment of glucose homeostasis in obese female mice paralleled some of our observations in 

their male counterparts. For example, transitioning to a low-fat diet for 2-weeks produced glucose 

tolerance profiles that matched those of lean control mice during an IPGTT, whereas glucose 

tolerance trended to now be worsened in obese female mice that transitioned to the ketogenic diet 

(Figure 4.5H). A similar glucose tolerance pattern was also observed in obese female mice 

transitioned to either a ketogenic diet or a low-fat diet for 4-weeks in response to an OGTT, with 

no overall impact on HOMA-IR values (Figure 4.5, I–K). While transitioning to a ketogenic diet 

did not improve insulin sensitivity during an IPITT in obese female mice after 6-weeks of dietary 
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intervention and thus matching what we observed in obese males, transitioning to a low-fat diet 

did now produce an improvement in insulin sensitivity (Figure 4.5L). Further supporting this 

observation, Akt phosphorylation at serine 473, but not GSK-3⍺ phosphorylation at serine 21, was 

increased in gastrocnemius muscles from obese female that transitioned to a low-fat diet (Figure 

4.5, M and N).  

 

4.4.6 The Ketogenic Diet Increased Myocardial Triacylglycerol Content Without 

Significantly Altering Cardiac Structure and Function in Obese Mice 

At baseline, after 16 weeks of HFD feeding, LV internal dimensions, wall thickness, and left 

ventricular (LV) mass in addition to systolic and diastolic function were not different between the 

groups of obese mice compared to lean control mice maintained on a LFD (Figure 4.6, A–I). After 

8-weeks following the transition to the respective dietary interventions, obese mice maintained on 

a HFD displayed a significant increase in diastolic LV internal diameter (LVID) and LV volume 

compared to lean control mice that was not observed in obese mice on a ketogenic diet (Figure 

4.6, A and B). Obese mice transitioned to a low-fat diet also displayed a mild increase in LV 

volume compared to baseline values (Figure 4.6B). Markers of LV hypertrophy including LV 

anterior and posterior wall thickness, and LV mass did not differ between the dietary intervention 

groups and lean control mice after the transition, nor were the measurements different from 

baseline values (Figure 4.6, C–B). Parameters of systolic and diastolic function including EF, and 

E/A and e'/a', respectively were also not significantly altered by the dietary interventions (Figure 

4.6 F–G). However, compared to lean control mice, ketogenic diet and HFD-fed mice 

demonstrated a trend towards an increase in the E/e' ratio which may indicate a mild worsening of 

diastolic function (Figure 4.6I). Of interest, maintenance on a ketogenic diet resulted in a 

significant increase in myocardial triacylglycerol (TAG) content (Figure 4.6J).  
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Figure 4.5. Transition to a LFD, but not a KD, improves glucose homeostasis in obese male and female mice 
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Figure 4.5. Transition to a LFD, but not a KD, improves glucose homeostasis in obese male and 

female mice. IPGTTs (A) and OGTTs (B) in obese and lean male mice performed after 2-weeks 

and 4-weeks, respectively, of dietary intervention (n = 8–10). Circulating insulin levels (C) during 

the OGTT prior to and at 15 min post-glucose administration (n = 5–7), and (D) HOMA-IR values 

calculated during the OGTT in obese and lean male mice (n = 5–7). Insulin sensitivity assessed by 

an ITT (E) at 6-weeks of the dietary intervention in obese and lean male mice and its corresponding 

AUC (n = 4–7). Akt phosphorylation at serine 473 relative to total Akt (F), and GSK-3α 

phosphorylation at serine 21 relative to total GSK-3α (G), in gastrocnemius muscle from obese 

and lean male mice at study completion (n = 4). IPGTTs (H) and OGTTs (I) in obese and lean 

female mice performed after 2-weeks and 4-weeks, respectively, of dietary intervention (n = 6–8). 

Circulating insulin levels (J) during the OGTT prior to and at 15 min post-glucose administration 

(n = 4–5), and (K) HOMA-IR values calculated during the OGTT in obese and lean female mice 

(n = 4–5). Insulin sensitivity assessed by an ITT (L) at 6-weeks of the dietary intervention in obese 

and lean female mice and its corresponding AUC (n = 4). Akt phosphorylation at serine 473 

relative to total Akt (M), and GSK-3α phosphorylation at serine 21 relative to total GSK-3α (N), 

in gastrocnemius muscle from obese and lean male mice at study completion (n = 4). Values 

represent mean ± SEM. Differences were determined using a two-way ANOVA. Differences in 

AUC analysis and comparison of circulating insulin levels were determined using a one-way 

ANOVA. *P < 0.05, significantly different from LFD-fed, lean mice. Colored symbols or P values 

indicate which specific group is being compared in panels (A), (E), (H), (I), and (L). AUC, area 

under the curve; HFD, high-fat diet; HOMA-IR, homeostasis model assessment of insulin 

resistance; IPGTT, intraperitoneal glucose tolerance test; ITT, insulin tolerance test; KD, 

ketogenic diet; LFD, low-fat diet; OGTT, oral glucose tolerance test. 
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Figure 4.6. Transition to a KD increased myocardial triacylglycerol content without significantly affecting cardiac structure 

and function 
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Figure 4.6. Transition to a KD increased myocardial triacylglycerol content without significantly 

affecting cardiac structure and function. Ultrasound echocardiography was used to assess 

parameters of cardiac structure and function including LVID (A), LV volume (B), LVAW (C), 

LVPW (D) during diastole, and LV mass (E), EF (F), E/A ratio (G), e'/a' ratio (H), and E/e' ratio 

(I) in obese and lean mice at baseline and after the 8-week dietary intervention (n = 4–5). J: 

Myocardial triacylglycerol content measured after the 8-week dietary intervention in cardiac tissue 

extracted from obese and lean mice (n = 4–7). Differences were determined using a one-way or 

two-way ANOVA. *P < 0.05, significantly different from LFD-fed, lean mice. LVID, left 

ventricular (LV) internal diameter; LVAW, LV anterior wall thickness; LVPW, LV posterior wall 

thickness; EF, ejection fraction; d, diastole; TAG, triacylglycerol.  
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4.5 Discussion 

The ketogenic diet has sparked interest as a non-pharmacological strategy for obesity due to its 

potential to enhance body weight loss and improve glycemia (281, 282). However, current 

evidence on the efficacy and long-term safety of a very-low carbohydrate, high-fat diet (i.e., 

ketogenic diet) as a nutritional strategy for obesity has yielded conflicting results (216). In the 

current study, we demonstrated the failure of the ketogenic diet to induce significant body fat loss 

and improve glucose homeostasis in mice subjected to experimental obesity. In contrast, obese 

mice subjected to a dietary intervention with a low-fat, high-complex carbohydrate diet that was 

sucrose matched to both our ketogenic and high-fat diets, produced robust body weight loss 

primarily attributed to a loss of adiposity, while also restoring glucose homeostasis to levels 

observed in lean control mice.  

 

It has been conjectured that a ketogenic diet may promote weight loss, as its very-low carbohydrate 

content will keep circulating insulin levels low. This would allow for unregulated adipose tissue 

lipolysis to increase circulating free fatty acids that the liver would then convert into ketone bodies 

(39, 283). Indeed, beneficial effects of the ketogenic diet on body weight management have been 

reported in humans and rodents (221, 266, 284). In particular, it was reported by Kennedy et al. 

that obese mice transitioned to a ketogenic diet for 5-weeks after 12-weeks of supplementation 

with a high-fat diet experienced significant body weight loss that was associated with an increase 

in energy expenditure (266). Our findings are in clear deviation of these previous studies, as we 

demonstrated that 8-weeks of a nutritional intervention with a ketogenic diet was largely 

ineffective at promoting body weight loss in both obese male and female mice. Similar findings 

were also observed in male leptin-deficient ob/ob mice, whereby 60 days of ketogenic diet feeding 

did not lead to a significant change in body weight (263), and in obese male mice subjected to 

experimental T2D, whereby the transition from a high fat diet to a ketogenic diet for 14-weeks 

reduced blood glucose independent of weight loss (222). It remains plausible that an 8-week 

dietary intervention may not be sufficient in duration for a ketogenic diet to induce significant 

weight loss, explaining the lack of benefit in our study. However, based on C57BL/6J mice having 

an average lifespan of ~2.5 years (285), our 8-week dietary intervention represents a significant 

fraction of their lifespan (~6%). Because human clinical nutrition studies often range anywhere 

from 6-months to 2-years (286), which is a smaller fraction of the average human lifespan, the 
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duration of our dietary intervention is both comparable and translationally relevant. Thus, it is 

unlikely that extending the duration of our ketogenic diet intervention would eventually produce 

notable weight loss in obese mice.  

 

Although it remains unclear why our findings contrast with others that have observed beneficial 

actions on weight loss in response to a ketogenic diet, differences in dietary protein content may 

underlie such inconsistencies. The ketogenic diet used in the present study provided a protein 

content (10% of kcal) on the low end of the acceptable macronutrient distribution range (10 – 35% 

of kcal) (287), but importantly was kept constant among all experimental diets. Conversely, the 

ketogenic diet utilized by Kennedy et al. (266) contained a very-low protein content (5% of kcal) 

that markedly differed from that of the high-fat diet used to induce obesity (24% of kcal), thus 

potentially inducing a negative nitrogen balance that contributed to a major loss of lean body mass. 

In addition, only rats fed a low-carbohydrate, high-fat diet with a very low-protein content (5.5% 

vs. 19.1% of kcal) exhibited significantly lower body weights compared to control animals at the 

end of a 4-week dietary intervention (288). The blunted body weight gain of rats provided this 

ketogenic diet was once again associated with an exacerbated loss of lean body mass in comparison 

to animals provided the higher protein, low-carbohydrate, high-fat diet. In a clinical setting, a 

recent crossover study involving inpatients admitted to the National Institutes of Health Metabolic 

Clinical Research Unit also reported significant body weight loss in weight-stable adults provided 

with either a minimally processed, animal-based ketogenic diet, or a plant-based, low-fat diet for 

2-weeks (223). However, the weight loss induced by the ketogenic diet was mainly attributed to a 

loss of fat-free mass, whereas the low-fat diet favorably resulted in significant body fat loss and a 

maintenance of fat-free mass (223). Although we did observe a slight, significant decrease in the 

lean body mass of obese mice transitioned to a low-fat diet, the reduction was minimal compared 

to the marked decrease in fat mass that occurred. Moreover, no change in fat or lean mass was 

observed in obese male and female mice transitioned from a high-fat diet to an isoproteic ketogenic 

diet. Therefore, our findings support the superiority of a high-complex carbohydrate, low-fat diet 

over a ketogenic diet for promoting weight loss in obesity when protein intake is sufficient.  

 

Although the low-carbohydrate content and ensuing low circulating insulin levels attributed to 

ketogenic diets have also been suggested to improve glucose homeostasis (226, 289), transition to 
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a ketogenic diet failed to improve obesity-induced impairments in glucose homeostasis in male 

and female mice. Our observations are in agreement with several studies that have observed insulin 

resistance and a loss of glycemic control in response to long-term ketogenic diet feeding in healthy 

mice (270, 272), whereas other studies have reported intact insulin responsiveness despite glucose 

intolerance (268, 271). Alternatively, studies examining the effect of the ketogenic diet in T2D 

and ob/ob mice observed that the diet improved the metabolic phenotype (222, 263). Although the 

reason for these discrepancies are unclear, differences in the utilized animal models may account 

for such discrepancies, as well as the fact that some studies perform their comparisons following 

intervention in lean healthy mice (268), whereas we made our animals obese prior to our dietary 

intervention. Furthermore, differences in the composition of the various ketogenic diets used may 

also explain some of the inconsistencies between studies. The source and proportion of fat used in 

these diets is often a neglected and uncontrolled component of experimental studies that have been 

demonstrated to have a profound effect on the outcome of ketogenic diet feeding in rodents. In 

support of this, Li et al. demonstrated that after 5-weeks of dietary intervention, 8-week-old 

C57BL/6J male mice fed a ketogenic diet comprised of 89.5% fat from Primex brand vegetable 

shortening and corn oil, exhibited marked glucose intolerance and insulin resistance compared to 

animals on the respective control diet. Similar findings were not observed in mice fed a ketogenic 

diet with the same fat content, but comprised from a different nutrient source (hydrogenated 

vegetable shortening and corn oil) (290). It was speculated by Li et al. that the increased presence 

of trans fatty acids in the Primex-based ketogenic diet may have contributed to the differences in 

metabolic phenotypes. The high saturated fat content of the cocoa butter-based ketogenic diet used 

in the present study may have contributed to the lack of benefit observed with regards to both 

weight loss and glucose homeostasis, and it remains possible that an unsaturated fat-based 

ketogenic diet would have produced entirely different results. Unfortunately, unsaturated fat-based 

ketogenic diets are extremely difficult to pellet, and thus we specifically chose a saturated fat-

based diet for our studies, which would easily allow us to determine whether potential ketogenic 

diet-induced reductions in body weight were due to changes in caloric intake.  

 

Despite a ketogenic diet not producing salutary actions against weight gain and hyperglycemia in 

the setting of obesity, we observed robust benefit if obese mice were transitioned to a low-fat, 

high-carbohydrate diet. This does not imply that high-carbohydrate diets are better for obese 
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individuals, and caution must be exercised with the interpretation of our data, as increased intake 

of simple sugars (e.g., sucrose or fructose) is closely linked with the prevalence of obesity in our 

population (291, 292). Accordingly, we specifically designed our various diets to be matched for 

sucrose (5% of kcal), with changes in carbohydrate composition attributed to differences in 

complex carbohydrates, which in our study were primarily corn starch and maltodextrin. While 

obese male mice that transitioned to either a ketogenic diet or a low-fat diet both demonstrated 

significant reductions in caloric intake versus obese male mice that remained on a high-fat diet, it 

remains unclear as to why only the transition to a low-fat diet caused robust weight loss. One 

possibility may relate to energy expenditure, as energy expenditure normalized to lean body mass 

was ~12% and ~14% higher during the light and dark cycle, respectively. Taking this into 

consideration over an 8-week period, a simple explanation is that both of these in combination 

partly contribute to the robust weight loss observed in obese mice transitioned to the low-fat diet. 

We say partly and not entirely, as obese female mice transitioned to a low-fat diet experienced just 

as robust weight loss as their male counterparts, but the percent reductions in caloric intake versus 

their obese counterparts maintained on a high-fat diet were not as large and not statistically 

significant. It also remains possible that an increase in energy expenditure may have been greater 

in the obese female mice that transitioned to a low-fat diet, though a limitation of our study is that 

we did not assess indirect calorimetry in the female mice. We do hope to address this in future 

studies since the obese female mice that transitioned to a ketogenic diet did demonstrate mild 

weight loss after 3-weeks of dietary intervention (but not at 8-weeks) despite increased 

food/caloric intake. Because sex-specific differences were observed with our ketogenic diet 

relating to food/caloric intake, there may also be sex-specific differences in energy expenditure in 

response to a ketogenic diet. 

 

Another potential explanation for the weight loss observed following transition to a low-fat diet 

may involve increases in GLP-1 secretion, as the primary carbohydrate sources of this diet, starch 

and maltodextrin, have both been shown to promote GLP-1 secretion (293, 294). However, 

circulating insulin levels during an OGTT (where GLP-1 secretion is relevant (295)) were not 

elevated in obese mice transitioned to the low-fat diet. Hence, while the consistent but 

nonsignificant reductions in appetite could be attributed to increased GLP-1 secretion, the absence 

of an insulin response during the OGTT in obese mice subjected to this dietary intervention, 
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suggests that any involvement of GLP-1 is likely mild. Conversely, the more relevant scenario to 

measure GLP-1 secretion in our mice would be in response to nutrient ingestion from their 

respective diets versus an oral gavage of glucose, and it will be necessary in future studies to 

measure circulating GLP-1 levels following meal intake. Another alternative explanation for the 

rapid weight loss induced by the transition to a low-fat diet may relate to the insulin resistance that 

developed in response to the preceding obesity. In such a scenario these mice may have been 

unable to utilize the dietary glucose as a result of metabolic inflexibility, resulting in an energy 

deficit that would promote adipocyte lipolysis. The subsequent improvement in glucose 

homeostasis would thus likely have occurred secondary to the significant body weight loss. This 

would also restore metabolic flexibility, and account for why the RER values in obese mice 

transitioned to a low-fat diet after 3-weeks of dietary intervention were similar to that observed in 

insulin sensitive lean mice. It will be important for future studies to assess substrate preference via 

indirect calorimetry during the immediate transition to the low-fat diet. Furthermore, the improved 

glycemia in obese mice that transitioned to the low-fat diet was primarily observed in response to 

an IPGTT, and we did not confirm whether this improvement was solely dependent on weight loss, 

or whether other mechanisms may contribute. Our data in response to an OGTT suggests that 

changes in insulin secretion are not involved, though we did not measure circulating insulin levels 

during the IPGTT. We also did not assess hepatic glucose output or perform more sophisticated 

techniques to assess insulin sensitivity (e.g., hyperinsulinemic-euglycemic clamps), all of which 

are important limitations of the current study. 

 

Despite male and female mice demonstrating a number of similar observations in response to our 

dietary interventions, these phenotypes were not consistent across the board, and it is possible that 

sex-specific differences in diet-induced alterations in the gut microbiome could be a contributing 

factor. Indeed, sex-specific differences in gut microbial composition have been demonstrated to 

contribute to the differing sensitivities among male and female mice to metabolic impairments 

induced by a high-fat diet (296). Furthermore, obese men and women showed opposite correlations 

between gut microbiota plasticity, measured by β-diversity metrics, and a 12-month dietary change 

to a low-fat diet (297). Sex-specific differences were also reported in the diet-induced changes to 

the abundance of specific genera of gut bacteria in high-fat, high-sugar fed male and female mice 

compared to their low-fat, low-sugar fed counterparts (298). Another example of a sex-specific 
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difference present in our study was observed in the obese female mice that transitioned a low-fat, 

high-carbohydrate diet, as they exhibited a trend to increased circulating βOHB levels following 

an overnight fast, which was not observed in their obese male counterparts. An explanation for 

this may relate to differences in lipolysis, as lipolysis rates have been shown to be elevated in 

women versus men (299, 300), thereby providing excess fatty acid substrate to the liver for the 

generation of βOHB. There are also sex-specific differences in how males and females store 

adipose tissue, with females generally having a higher percentage of body fat than males, while 

storing a greater proportion of their fat subcutaneously (300, 301). Unfortunately, another 

limitation of our study is that we did not measure the weight of specific adipose depots, nor did 

we perform histological assessments or molecular profiling of adipose tissues from our mice, 

which we plan to address in future studies. 

 

Obesity is a leading contributor to the development of major risk factors for cardiovascular disease 

(302, 303). A direct effect of obesity on the heart has also been recognized that can result in LV 

hypertrophy, increased cardiac adiposity, and variable effects on systolic and diastolic function 

(304-306). With the rising interest in the use of the ketogenic diet for the management of obesity, 

it is imperative that the effects of the diet on cardiac structure and function be investigated given 

the strong association between obesity and cardiovascular disease. We did not observe a significant 

cardiac phenotype in our model of diet-induced obesity after 16-weeks of supplementation with a 

high fat diet, however the transition to a ketogenic diet for 8-weeks did not lead to the further 

development of significant cardiac abnormalities. Mice maintained on a high fat did exhibit an 

increase in LV internal dimensions compared to lean control mice that was not exhibited by 

ketogenic diet-fed mice after the diet transition. Although these findings could indicate that the 

ketogenic diet resulted in a mild attenuation of obesity-related LV enlargement, both the high fat 

and ketogenic diet-fed groups exhibited a trend towards decreased diastolic function was groups 

displayed a trend towards decreased diastolic function. Notably, the ketogenic diet did result in a 

significant increase in myocardial TAG content. Increased myocardial TAG accumulation can 

represent a marker for increased deposition of toxic lipid intermediates in the heart which can 

promote lipotoxicity, cardiac myocyte apoptosis and myocardial insulin resistance (181, 307). 

Indeed, diabetic rats fed a ketogenic diet for 62 weeks demonstrated a trend towards increased 

myocardial TAG content that was associated with an exacerbation of cardiac hypertrophy, 
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oxidative stress, and a trend towards increased cardiac fibrosis (269). Therefore, it is possible that 

enhanced myocardial lipid accumulation would eventually lead to a deterioration in cardiac 

function if the mice were maintained on a ketogenic diet for a longer duration.   

 

In summary, our findings reveal that an isoproteic, high-saturated fat-based ketogenic diet is 

ineffective in reversing obesity and obesity-induced impairments in glucose homeostasis and may 

lead to a myocardial lipid accumulation. Accordingly, careful consideration and caution should be 

taken when recommending the ketogenic diet as a non-pharmacological approach for the treatment 

of obesity. On the contrary, our results support the utilization of a diet low in saturated fat and rich 

in complex carbohydrates as a potential dietary intervention for the treatment of obesity. Although 

the specific mechanism(s) underlying the metabolic benefits afforded by a transition to a low-fat, 

high-complex carbohydrate diet remain unknown, they likely extend beyond a reduction in energy 

intake and increase in energy expenditure.  
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5.1 Abstract 

Perturbations in myocardial substrate utilization has been identified as a primary pathological 

mediator in the development and progression of cardiac structural and functional abnormalities in 

diabetes mellitus. The role of altered cardiac glucose and fatty acid metabolism in the impairment 

of myocardial efficiency and energy production in diabetic cardiomyopathy is well-established, 

however, determination of how ketone body oxidation is altered and whether these potential 

alterations contribute to the pathogenesis of diabetic cardiomyopathy remains to be thoroughly 

investigated. Utilizing a combined high-fat diet and low-dose streptozotocin-induced mouse model 

of experimental type 2 diabetes (T2D), we sought to characterize cardiac ketone body oxidation 

rates in diabetic cardiomyopathy. In addition, we treated T2D mice with pimozide (10 mg/kg once 

every 2 days via oral gavage for 4 weeks), a newly identified antagonist of the critical ketone body 

oxidation enzyme, succinyl CoA:3-ketoacid CoA transferase (SCOT), to elucidate whether 

potential alterations in cardiac ketone body oxidation may be reflective of an adaptive or 

maladaptive response of the heart in the context of T2D. We report that myocardial ketone body 

oxidation is blunted in isolated working hearts from T2D mice. However, this decreased reliance 

on ketone bodies as an energy substrate may not be necessarily unfavorable for the myocardium 

given that further inhibition of myocardial SCOT activity by treatment with pimozide neglected to 

impair, but rather alleviated cardiac hypertrophy and diastolic dysfunction in diabetic 

cardiomyopathy. Our results offer fundamental insight against a maladaptive role for decreased 

cardiac ketone body utilization in diabetic cardiomyopathy, as well as provide evidence to support 

pharmacological SCOT inhibition as a novel therapeutic target for the treatment of diabetes-related 

cardiac dysfunction.       
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5.2 Introduction 

Individuals with diabetes mellitus are at a significant risk of developing a myriad of debilitating 

cardiovascular complications (308, 309). Although diabetes mellitus predisposes affected 

individuals to coronary artery disease, ischemic heart disease and peripheral artery disease which 

can independently increase the risk of heart failure, the diabetic environment can also directly 

impact the myocardium. Diabetic cardiomyopathy refers to impairments in cardiac structure and 

function in diabetic individuals that occurs independent of other cardiac risk factors including 

hypertension, coronary artery disease and atherosclerosis (145, 146).  

 

The complex and multifactorial pathophysiology driving the development of diabetic 

cardiomyopathy remains largely unresolved, nonetheless, abnormal myocardial intermediary 

energy metabolism has been identified as a key contributing mechanism (145, 146, 153, 310, 311). 

The heart possesses a unique capacity to oxidize a variety of substrates for energy including fatty 

acids, carbohydrates, ketone bodies and amino acids, and disturbances in this metabolic flexibility 

can precipitate cardiac dysfunction (156). In the setting of diabetes mellitus, systemic insulin 

resistance and hyperlipidemia promote an overreliance of the myocardium on fatty acid oxidation 

at the expense of glucose oxidation, thus prompting a metabolic phenotype that predisposes the 

heart to energy inefficiency, reduced cardiac performance, and lipotoxicity (50, 312-314). 

However, given that the majority of research regarding metabolic perturbations in diabetic 

cardiomyopathy have focused on fatty acid and glucose oxidation, further investigation is required 

to establish how the utilization of other key energy substrates, namely ketone bodies (acetoacetate 

and β-hydroxybutyrate (βOHB)), is altered in diabetes mellitus.  

 

Ketone bodies are becoming increasingly recognized as a critical energy substrate for the failing 

heart (42, 113). Cardiac ketone body oxidation is elevated in heart failure with reduced ejection 

fraction, a response postulated to be adaptive since increasing ketone body circulating levels and 

myocardial oxidation rates improves contractile function (315-318). However, whether a similar 

therapeutic approach would be beneficial in diabetic cardiomyopathy is unknown. Acetoacetate 

and βOHB delivery to the heart, as well as the collective and individual myocardial uptake of the 

two ketone bodies were enhanced in individuals with type 2 diabetes (T2D) undergoing cardiac 

catherization for heart diseases compared to non-diabetic controls (319). Furthermore, acetoacetate 
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utilization and activity of the key ketolytic enzyme, succinyl-CoA:3-ketoacid-CoA transferase 

(SCOT), was increased in non-obese diabetic rats (195). Although the aforementioned studies may 

suggest that ketone body oxidation is upregulated in diabetic cardiomyopathy, evidence from 

several other studies have contradicted this viewpoint (194, 320). Myocardial ketone body 

oxidation was decreased in isolated cardiac myocytes and mitochondria from diabetic rats, as well 

as during aerobic perfusion of isolated working hearts from diabetic mice (118, 194). In addition 

to the ongoing debate regarding the direction in which ketone body metabolism is altered in 

diabetic cardiomyopathy, whether these alterations reflect an adaptive or maladaptive response 

also remains to be determined.  

 

In the present study, we utilized pimozide, an FDA-approved antipsychotic agent that we recently 

identified as a novel SCOT antagonist and anti-hyperglycemia agent (229), to ascertain the role of 

altered ketone body oxidation in the pathology of diabetic cardiomyopathy. Our previous findings 

indicate that pimozide-mediated SCOT inhibition may improve glycemia in obese mice by 

increasing skeletal muscle glucose oxidation (229). Pharmacological optimization of cardiac 

glucose oxidation ameliorated diastolic dysfunction in mice with experimental T2D, as evidenced 

by an improvement in the E/A and e'/a' ratio (102). Additionally, augmentation of cardiac glucose 

oxidation through treatment with the glucagon-like peptide-1 receptor agonist, liraglutide, was 

associated with improved cardiac function in a mouse model of T2D (110). Therefore, if the effects 

of pimozide on glucose oxidation in skeletal muscle can be recapitulated in the heart, pimozide 

may also be cardioprotective in diabetic cardiomyopathy. Furthermore, inhibition of cardiac 

ketone body oxidation may reduce inflammatory and pro-hypertrophic signaling in the heart. 

βOHB has been found to possess anti-inflammatory effects and, as a specific inhibitor of class 1 

histone deacetylases (HDAC), can transcriptionally promote resistance to oxidative stress and 

inhibition of cardiac myocyte hypertrophy (321-323). Therefore, cardiac βOHB accumulation as 

a result of decreased oxidation could mitigate the inflammation, oxidative damage and 

pathological hypertrophic remodeling that is characteristic of the myocardium in diabetes mellitus. 

 

Alternatively, given that ketone bodies may serve as an important additional energy substrate for 

the heart, it is possible that the pharmacological inhibition of cardiac ketone body oxidation will 

further impair cardiac metabolic flexibility and exacerbate cardiac dysfunction in diabetic 
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cardiomyopathy. Therefore, by inhibiting myocardial SCOT activity and subsequent ketone body 

oxidation with pimozide in mice with experimental T2D, we aimed to elucidate how cardiac ketone 

body oxidation is altered in diabetes, whether these alterations are compensatory or detrimental in 

the progression of diabetic cardiomyopathy, and to define the cardiac effects of pimozide which 

will be instrumental in determining whether it can be repurposed as a therapy for T2D.  

 

5.3 Methods 

 

5.3.1 Animal Care and Experimentation 

All animal procedures were conducted in accordance with the regulations of the Canadian Council 

on Animal Care and approved by the University of Alberta Health Sciences Animal Welfare 

Committee. Mice were housed under a 12-hr light/dark cycle in a 22°C temperature-controlled 

unit with standard environmental enrichment and ad libitum access to drinking water and food. 

Male C57BL/6J mice (The Jackson Laboratory) at 12 weeks-of-age were subjected to 

experimental type 2 diabetes (T2D) induced by high-fat diet feeding (HFD, 60% kcal from lard, 

Research Diets D12450J) for 10-weeks, with a single low-dose intraperitoneal (IP) injection of the 

pancreatic β-cell toxin, streptozotocin (STZ, 75mg/kg dissolved in sodium citrate (0.1M) at a pH 

of 5.0), provided at 4-weeks into the dietary protocol. Lean control mice were fed a standard chow 

diet and provided with an IP injection of vehicle control (sodium citrate). Following 4 weeks after 

STZ administration, mice were randomized to receive treatment with vehicle control (VC; corn 

oil) or pimozide (10 mg/kg once every 2 days) via oral gavage for 4 weeks. We have previously 

shown that treatment at this dose results in skeletal muscle SCOT inhibition and increases 

circulating concentrations of ketone bodies (229). Mice were maintained on their respective HFD 

or chow diet after completion of the experimental T2D induction protocol for the remainder of the 

study. After the 4-week treatment period, mice were euthanized after a 4-hour fast and 1-hour 

refeed with Ensure® (200 μL) via oral gavage with an IP injection of sodium pentobarbital (12 

mg), following which hearts were extracted and immediately snap frozen in liquid nitrogen using 

liquid nitrogen-cooled Wollenberger tongs prior to storage at -80°C. At study completion, a 

separate cohort of mice was euthanized and their isolated hearts were perfused in the working 

mode for the assessment of myocardial energy metabolism.  
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5.3.2 Ultrasound Echocardiography 

Cardiac structure and function were assessed at 4-weeks after STZ administration (baseline) and 

following 4-weeks of treatment with pimozide or VC utilizing non-invasive transthoracic 

echocardiography with an MX 550S probe and the VisualSonics Vevo 3100 rodent ultrasound 

imaging system as described in Chapter 2.3.2. Mice were initially anesthetized with 2 – 3% 

isoflurane and maintained on 1 – 1.5% isoflurane for the remainder of the assessment. During 

image acquisition, body temperature, respiratory rate and heart rate were consistently monitored. 

M-mode images were acquired for measurements of left ventricular (LV) internal diameter (LVID) 

and LV anterior (LVAW) and posterior (LVPW) wall thickness during systole (s) and diastole (d). 

Left atrial size was measured by m-mode imaging in the parasternal long-axis view as the maximal 

anteroposterior left atrial diameter.     

 

5.3.3 Whole Cell Homogenate Preparation and Immunoblot Analysis  

A protein lysis buffer containing 50 mM Tris HCl (pH 8 at 4°C), 1 mM EDTA, 10% glycerol 

(w/v), 0.02% Brij-35 (w/v), 1 mM dithiothreitol, and protease and phosphatase inhibitors (Sigma-

Aldrich) was used to extract protein from powdered, frozen cardiac tissue (~15-20 mg). Protein 

was quantified using a Bradford protein assay kit (Bio-Rad) and samples (30 µg) were 

subsequently denatured and subjected to western blotting protocols as previously described in 

Chapter 2.3.6. Membranes were probed with the following antibodies: succinyl CoA:3-ketoacid 

CoA transferase (SCOT; 12175-1-AP, Proteintech), βOHB dehydrogenase 1 (BDH1; NBP188673, 

Novus Biologicals), acetoacetyl CoA thiolase (ACAT1; 44276S, Cell Signaling), pyruvate 

dehydrogenase (PDH; 3205S, Cell Signaling), phospho-PDH-E1α (Serine 293) (AP1062, Sigma-

Aldrich), and vinculin (1390S, Cell Signaling). All antibodies were prepared in a 1/1000 dilution 

in 3% BSA except for vinculin, which was prepared in a 1/2000 dilution.  

 

5.3.4 RNA Isolation and Real-Time Quantitative PCR 

TRIzol™ reagent (Invitrogen) was used to homogenize frozen, powdered cardiac tissue (~15-20 

mg) for 2 minutes. Chloroform was added after homogenization, following which the samples 

were left to sit for 10 min to allow the homogenate to separate. The clear upper aqueous layer 

containing RNA was removed and RNA was precipitated with the addition of isopropanol. The 

precipitated RNA was washed with 75% ethanol to remove impurities and resuspended in 30 μL 
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of DNase/RNase-free water. First-strand cDNA (2 μg) was synthesized from extracted RNA using 

the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). A CFX Connect Real-

Time PCR machine (Bio-Rad Laboratories Inc.) was used to perform real-time PCR utilizing 

SYBR Green (KK4601; Kapa Viosystems, Inc.). Cyclophilin A (Ppia) was used as an internal 

housekeeping gene to determine relative mRNA transcript levels quantified with the 2-ΔΔCt method 

as previously described (236). Primer sequences are listed in Table 5.1.  

 

5.3.5 Magnetic Resonance Imaging and Body Composition Analysis 

Total fat and lean mass were quantified by quantitative nuclear magnetic resonance relaxometry 

utilizing an EchoMRI-4in1/700 body composition analyzer. Fat mass is representative of the total 

mass of all fat molecules in the body expressed as an equivalent weight of canola oil. Lean mass 

represents a muscle tissue mass equivalent of all body parts containing water, excluding fat, bone 

mineral content and NMR undetectable substances such as hair and claws.  

 

5.3.6 Succinyl-CoA:3-ketoacid-CoA Transferase Activity Assay 

Frozen, powdered cardiac tissue (30 mg) was homogenized in phosphate buffered saline (PBS) 

with protease inhibitors (Sigma-Aldrich) for 2 minutes, following which samples were left on ice 

for 30 minutes and then centrifuged at 20 000 x g at 4°C for 20 minutes. The supernatant was 

collected from each sample and the protein concentration was quantified using a Bradford protein 

assay kit (Bio-Rad). The protein concentration was adjusted with PBS to ensure a similar 

concentration among all samples. For the quantification of SCOT activity, 6 μL of each sample 

was added to the bottom of a cuvette along with 14 μL of a master mix containing 50 mM Tris 

HCl (pH 8.0), 10 mM MgCl2, 0.1–10 mM lithium acetoacetate, and 4 mM iodoacetamide. The 

catalytic reaction was initiated by the addition of 0.2 mM succinyl-CoA and SCOT activity was 

determined by the production rate of acetoacetyl-CoA, which was measured 

spectrophotometrically by monitoring the absorbance changes at 313 nm at room temperature and 

normalized to an acetoacetyl-CoA standard curve. The absorbance changes were recorded every 5 

seconds for 3 minutes.   
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5.3.7 Isolated Working Heart Perfusions and Assessment of Energy Metabolism 

Mice were euthanized via IP injection of sodium pentobarbital (12 mg) after the 4-week treatment 

with pimozide or VC, following which the hearts were immediately excised and perfused 

aerobically in the working mode for 60 min as previously described in Chapter 2.3.3. Insulin (100 

U/ml) was added to the perfusate at 30 min of perfusion. Hearts were perfused with oxygenated 

Krebs-Henseleit buffer containing 11 mM glucose, 1.2 mM palmitate bound to 3% bovine serum 

albumin (BSA) and 0.8 mM β-hydroxybutyrate (βOHB) with the appropriate radiolabeled tracers 

for the measurement of glycolysis ([5-3H]glucose), glucose oxidation ([U-14C]glucose), fatty acid 

oxidation ([9,10-3H]palmitate) and ketone body oxidation ([3-14C]βOHB). Assessment of 

glycolysis and fatty acid oxidation was determined through the quantitative collection of 3H2O, 

whereas glucose and ketone body oxidation were determined through the quantitative collection 

of 14CO2 as previously described (240, 324). At the completion of perfusion, hearts were 

immediately snap frozen with liquid N2 and stored at -80°C.  

 

5.3.8 Assessment of Glucose Homeostasis 

Mice were administered glucose (1g/kg) via IP injection in a glucose tolerance test (IPGTT) 

following an overnight fast. Blood glucose levels were measured from tail whole-blood following 

the fast (0 minutes) and at 15, 30, 60, 90 and 120 minutes after the administration of glucose using 

the Contour Next blood glucose monitoring system (Bayer, NJ, USA). For the assessment of 

circulating insulin levels, plasma was collected during the IPGTT at the 0- and 15-minute time 

points and analyzed using a commercially available enzyme-linked immunosorbent assay kit 

according to the manufacturer’s instructions (Alpco Diagnostics). In brief, plasma (5 μL) was 

added to the microplate wells along with 75 μL of a provided enzyme conjugate, following which 

the microplate was incubated at room temperature on an orbital microplate shaker at 700 rpm for 

2 hours. After the incubation period, the plate was washed 6 times with a provided working 

strength wash buffer and a reaction was initiated by the addition of 100 μL of a provided substrate. 

The reaction was terminated after 30 minutes by adding 100 μL of a provided stop solution to each 

well and plasma insulin levels (ng/mL) were determined by measuring the optical density at 450 

nm of each sample. 
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5.3.9 Statistical Analysis 

All values are presented as mean ± standard error of the mean (SEM). The significance of 

differences was determined using an unpaired, two-tailed Student’s t test, a two-way ANOVA or 

a repeated measures two-way ANOVA followed by a Bonferroni post-hoc analysis where 

appropriate. Data analysis was completed utilizing GraphPad Prism 9 software. 
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Table 5.1. Primer sequences 

 

 

 

 

 

 

 

 

 

 

 

Gene Name 

 

 

Forward 
 

Reverse 

 

Ppia  

 

GCT GGA CCA AAC ACA AAC G 
 

 

ATG CCT TCT TTC ACC TTC CC 
 

  
Col1a1 

 
TGCTAACGTGGTTCGTGACCGT 

 
ACATCTTGAGGTCGCGGCATGT 

 

Col1a2 

 

TTGCTGAGGGCAACAGCAGGTT 

 

AATGTCAAGGAACGGCAGGCGA 

 

 

Tgfb  

 

ATT TGG AGC CTG GAC ACA CA 
 

 

GAG CGC ACA ATC ATG TTG GA 
 

 
Nlrp3 

 

 
GAC ACG AGT CCT GGT GAC TT 

 

 

 
GTC CAC ACA GAA AGT TCT CTT AGC 

 

  
Il-1b 

 
TGG CAA CTG TTC CTG AAC TCA A 

 

 

 
AGC AGC CCT TCA TCT TTT GG 

 

 

Il-6 

 

AGT TGC CTT CTT GGG ACT GA 

 

 

TCC ACG ATT TCC CAG AGA AC 

 

 

Ccl2 

 

AGGTCCCTGTCATGCTTCTG 
 

 

 

 

TCTGGACCCATTCCTTCTTG 
 

 

 
 
Ccl5 

 
TGCCCACGTCAAGGAGTATTT 

 

 
TTCTCTGGGTTGGCACACACT 

 

  
         Tnfa 

 
AGCCCCCAGTCTGTATCCTT 

 

 
 

 
CTCCCTTTGCAGAACTCAGG 

 

 
 

 

Slc2a1 

 

TCA ACA CGG CCT TCA CTG 

 
 

 

 

CAC GAT GCT CAG ATA GGA CAT C 

 
 

 
 

Slc2a4 

 

TTCATTGTCGGCATGGGTTT 
 

 

ACGGCAAATAGAAGGAAGACGTA 
 

  
Foxo3 

 
GGG GAA CCT GTC CTA TGC C 

 

 
 

 

 
TCA TTC TGA ACG CGC ATG AAG 

 

 
 

 
Sod2 

 
CAG ACC TGC CTT ACG ACT ATG G 

 

 
 

 

 
CTC GGT GGC GTT GAG ATT GTT 

 

 
 

   

Table 5.1. Primer sequences 
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5.4 Results 

 

5.4.1 Mice with Experimental T2D Exhibit Left Ventricular Hypertrophy and Diastolic 

Dysfunction Associated with Increased Markers of Cardiac Fibrosis and Inflammation 

Echocardiography was utilized to investigate the baseline differences in cardiac structure and 

function between lean control mice and mice with experimental T2D after 8-weeks of HFD 

supplementation with a single low-dose injection of STZ provided after 4-weeks. Parameters 

indicative of systolic function including cardiac output (CO) and ejection fraction (EF) were 

preserved in T2D compared to lean mice, consistent with previous studies using the HFD diet/STZ 

rodent model of T2D (Figure 5.1, A and B, Table 5.2) (102, 112). Alternatively, T2D mice 

exhibited mild LV hypertrophy demonstrated by a significant increase in diastolic LV posterior 

wall (LVPW) thickness and a trending increase in LV anterior wall (LVAW) (P = 0.18) and LVPW 

thickness (P = 0.10) during systole compared to their lean counterparts (Table 5.2). However, 

systolic and diastolic LV internal diameter and volume remined unchanged when compared to lean 

mice, as well as the ratio between LV mass and lean body mass (LBM), although the latter is likely 

attributable to T2D mice having increased LBM (Figure 5.1, C–E, Table 5.2). T2D mice 

demonstrated impaired diastolic function evidenced by an increase and decrease in the E/e' and 

e'/a' ratio, respectively, although the E/A ratio was unchanged (Figure 5.1, F–H, Table 5.2, 

Appendix Figure 1.2). In addition, enlargement of the left atrium (LA) is a commonly used maker 

of LV diastolic dysfunction (325-327) and LA size was in fact significantly increased in T2D 

compared to lean mice (Figure 5.1I, Table 5.2, Appendix Figure 1.2).    

 

There is robust clinical and preclinical evidence to suggest that cardiac fibrosis is a characteristic 

morphological defect of the heart affected by diabetes (328-332). Indeed, assessment of cardiac 

tissue isolated from T2D mice displayed enhanced mRNA expression of collagen type 1 α1 

(Col1a1) which encodes for the pro-α1(I) chain component of type I collagen, although transcript 

levels of collagen type 1 α2 (Col1a2) and transforming growth factor-β (Tgfβ) were unchanged 

(Figure 5.1J). Cardiac inflammation has also been identified as a pathophysiological mediator in 

the development of diabetic heart disease (333-337). To evaluate the association of cardiac 

inflammation with the aberrant LV structural remodeling and diastolic dysfunction observed in 

T2D mice, the expression of several gene markers of inflammatory signaling was assessed (Figure 
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5.1K). Notably, the results identified a trending increase in the transcript levels of the nucleotide-

binding domain-like receptor protein 3 (Nlrp3) inflammasome and interleukin-6 (Il-6) (Figure 

5.1K). Furthermore, consistent with myocardial insulin resistance and a reduction in glucose 

utilization, mRNA expression of glucose transporter type 4 (Slc2a4), which is responsible for 

insulin-dependent glucose uptake, strongly trended to decrease in T2D while glucose transporter 

type 1 (Slc2a1) expression was unchanged (Figure 5.1L).  

 

5.4.2 Myocardial Ketone Body Oxidation is Blunted in Mice with Experimental T2D 

Hearts isolated from T2D and lean mice were aerobically perfused in the working mode to 

investigate the alterations in myocardial intermediary energy metabolism, namely ketone body 

oxidation, that characterize diabetic heart disease. In support of previous findings suggesting 

increased cardiac fatty acid oxidation in the setting of diabetes, palmitate oxidation rates trended 

to increase in T2D mouse hearts compared to lean counterparts (Figure 5.2A). Notably, a marked 

decrease in βOHB oxidation rates was also observed in T2D mouse hearts, however, was 

paradoxically associated with an increase in SCOT activity (Figure 5.2, B–D). The reduction in 

cardiac βOHB oxidation rates was also associated with a decline in the cardiac protein expression 

of SCOT and β-hydroxybutyrate dehydrogenase (BDH1), which catalyzes the first step in the 

ketone body oxidation pathway (Figure 5.2, E–G). Cardiac protein levels of acetoacetyl CoA 

thiolase (ACAT1), another critical enzyme in the oxidation of ketone bodies, was unaffected in 

the hearts of T2D mice (Figure 5.2G).    
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Figure 5.1. Mice with experimental T2D exhibit mild cardiac hypertrophy with notable diastolic dysfunction and preserved 

systolic function 



 135 

Figure 5.1. Mice with experimental T2D exhibit mild cardiac hypertrophy with notable diastolic 

dysfunction and preserved systolic function. Ultrasound echocardiography was used to assess 

cardiac output (CO) (A), ejection fraction (EF) (B), left ventricular (LV) internal diameter (LVID) 

(C), LV volume (D), LV mass normalized to lean body mass (LBM) (E) (n = 8–15), E/e' (F), e'/a' 

(G), E/A (H), and left atrial (LA) size (I)  in mice with experimental T2D compared to lean control 

mice (n = 10–24). Relative mRNA expression of gene markers of fibrosis (collagen type 1 α1 

(Col1a1), collagen type 1 α2 (Col1a2), and transforming growth factor-β (Tgfβ)) (J), inflammation 

(nucleotide-binding domain-like receptor protein 3 (Nlrp3), interleukin-1β (Il-1b), interleukin-6 

(Il-6), C-C motif chemokine ligand 2 (Ccl2), and C-C motif chemokine ligand 5 (Ccl5)), and (L) 

glucose uptake (glucose transporter 1 (Slc2a1) and glucose transporter 4 (Slc2a4) (K) (n = 4–6). 

Values represent mean ± SEM. Differences were determined using an unpaired, two-tailed 

Student’s t test. *P < 0.05, significantly different from lean control mice.  
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Table 5.2. In vivo baseline assessment of cardiac structural and functional parameters in lean and 

T2D mice 

 

In vivo cardiac function and LV wall measurements in lean (n = 8-10) and T2D (n = 15-24) mice. 

Values represent mean ± SEM. Differences were determined using an unpaired, two-tailed 

Student’s t test. *P < 0.05, significantly different from lean mice. LBM, lean body mass; CO, 

cardiac output; EF, ejection fraction; FS, fractional shortening; LV, left ventricular; LVAW, LV 

anterior wall thickness; LVID, LV internal diameter; LVPW, LV posterior wall thickness; s, 

systole; d, diastole. 

 

 

 

 

Lean 

 

 

T2D 

 

 

 

Heart Rate (beats/min) 

 

 

404  13 

 

430  7 

LBM (g) 24.9 ± 0.5 26.5 ± 0.5* 

 

LV Mass (mg) / LBM (g) 4.34 ± 0.15  4.42 ± 0.14 

 

LVID (mm); s 

 

 

3.19  0.07 

 

3.11  0.05 

LVID (mm); d 

 
4.29  0.05 4.28  0.06 

Volume (L); s 

 

40.9  2.2 38.6  1.4 

Volume (L); d 

 

82.6  2.4 82.9  2.8 

Stroke Volume (L) 

 

41.7  1.1 44.3  1.8 

CO (ml/min) 

 
16.8  0.7 19.1  0.9 

EF (%) 

 
50.7  1.5 53.5  0.9 

FS (%) 

 
25.7  0.9  27.4  0.6 

LVAW; s (mm) 

 
1.08  0.01 1.13  0.02 

LVAW; d (mm) 

 
0.72  0.02 0.77  0.03 

LVPW; s (mm) 

 
1.18  0.04 1.27  0.03 

LVPW; d (mm) 

 
0.86  0.04 0.95  0.02* 

E/A 

 
1.58  0.04 1.62  0.07 

e'/a' 

 
1.93  0.15 1.58  0.08* 

E/e' 

 
26.5  0.7 29.9  0.6* 

LA Size (mm) 2.22  0.07 2.53  0.07* 

 

Table 5.2. In vivo baseline assessment of cardiac structural and functional parameters in lean and T2D mice 
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Figure 5.2. Myocardial ketone body oxidation is blunted in mice with experimental T2D. Palmitate 

(A) and βOHB (B) oxidation rates were determined during aerobic perfusion of isolated working 

hearts from lean and T2D mice (n = 3–6). SCOT activity in cardiac tissue from lean and T2D mice 

expressed as the levels (C) and rate (D) of acetoacetyl CoA (AcAc-CoA) production per mg of 

protein (n = 4–5). Protein levels of succinyl CoA:3-ketoacid CoA transferase (SCOT) (E), βOHB 

dehydrogenase 1 (BDH1) (F), and acetoacetyl CoA thiolase (ACAT1) (G) relative to vinculin in 

cardiac tissue from lean and T2D mice (n = 5–10). Values represent mean ± SEM. Differences 

were determined using a two-way ANOVA or an unpaired, two-tailed Student’s t test. *P < 0.05, 

significantly different from lean control mice. 

 

 

 

 

 

 

 

 

Figure 5.2. Myocardial ketone body oxidation is blunted in mice with experimental T2D 
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5.4.3 Treatment with Pimozide Improves Glycemia in T2D Mice Without Significantly 

Altering Body Composition 

Consistent with our previous findings that the pharmacological inhibition of skeletal muscle SCOT 

activity via treatment with pimozide improves glycemia in mice with HFD-induced obesity, T2D 

mice treated with pimozide for 2 weeks demonstrated a robust improvement of glucose 

homeostasis when compared to T2D mice that received VC independent of changes in plasma 

insulin levels (Figure 5.3, A–C). These results support that in addition to obesity, the anti-

hyperglycemic effects of pimozide can be extended to the setting of T2D. The pimozide-mediated 

improvements in glycemia are likely to be independent of changes in body composition given that 

only mild, nonsignificant decreases in body weight and fat mass, and no change in lean mass 

measurements were observed in pimozide-treated T2D mice despite the marked enhancement of 

glucose tolerance (Figure 5.3, D–F).  

 

5.4.4 Pimozide Effectively Reduces Myocardial SCOT Activity 

Treatment of T2D mice with pimozide for 4 weeks effectively inhibited myocardial SCOT activity 

compared to T2D control mice, thus emulating our previous findings with gastrocnemius muscle 

from diet-induced obese mice (229) and providing further evidence to support pimozide as a SCOT 

antagonist. The reduction in myocardial SCOT activity had no effect on palmitate oxidation rates 

in the isolated T2D working heart, nor were cardiac βOHB oxidation rates affected despite the 

pronounced pimozide-mediated SCOT inhibition (Figure 5.4, A–D). Protein expression of SCOT, 

BDH1 and ACAT1 also remained similar between pimozide and VC-treated T2D mice (Figure 5. 

4, E–G). To elucidate the effect of pimozide and subsequent SCOT inhibition on myocardial 

glucose oxidation, we assessed the level of PDH phosphorylation in cardiac tissue extracted from 

pimozide and VC-treated T2D mice, whereby a reduction in inhibitory phosphorylation is 

associated with enhanced PDH activity and suggestive of an increase in glucose oxidation. 

Although our previous findings with diet-induced obese mice identified that treatment with 

pimozide reduced PDH phosphorylation in gastrocnemius muscle (229), we did not observe a 

significant difference in the phosphorylation state of cardiac PDH between pimozide and VC-

treated T2D mice (Figure 5.4H).  
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Figure 5.3. Pimozide improves glucose tolerance in T2D mice independent of marked alterations 

in body composition. Glucose tolerance assessed by an intraperitoneal glucose tolerance test 

(IPGTT) after 2-weeks of treatment with pimozide or vehicle control (VC) in T2D mice (A) and 

the corresponding area under the curve analysis (AUC) (B) (n = 13–16). Circulating insulin levels 

during the IPGTT before and at 15 minutes post glucose administration (C) (n = 10–11). Body 

weight (D), fat mass (E) and lean mass (F) measured after 4-weeks of treatment with pimozide or 

VC in T2D mice (n = 10–14). Values represent mean ± SEM. Differences were determined using 

a two-way ANOVA or an unpaired, two-tailed Student’s t test. *P < 0.05, significantly different 

from VC-treated T2D mice. ^P < 0.05, significantly different from 0-minute time point.  

Figure 5.3. Pimozide improves glucose tolerance in T2D mice independent of marked alterations in body composition 
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Figure 5.4. Pimozide reduces myocardial SCOT activity. Palmitate and (A) βOHB (B) oxidation 

rates were determined during aerobic perfusion of isolated working hearts from T2D mice treated 

with pimozide or vehicle control (VC) (n = 6). Succinyl CoA:3-ketoacid CoA transferase (SCOT) 

activity in cardiac tissue from pimozide and VC-treated T2D mice expressed as the levels (C) and 

rate (D) of acetoacetyl CoA (AcAc-CoA) production per mg of protein (n = 4–5). Protein levels 

of SCOT (E), βOHB dehydrogenase 1 (BDH1) (F), and acetoacetyl CoA thiolase (ACAT1) (G) 

relative to vinculin in cardiac tissue from pimozide and VC-treated T2D mice (n = 10–12). 

Pyruvate dehydrogenase (PDH) phosphorylation at serine 293 relative to total PDH in myocardial 

tissue from T2D mice treated with pimozide or VC (H) (n = 6). Values represent mean ± SEM. 

Differences were determined using a two-way ANOVA or an unpaired, two-tailed Student’s t test. 

*P < 0.05 significantly different from VC-treated T2D mice. 

 

 

 

 

 

 

 

Figure 5.4. Pimozide reduces myocardial SCOT activity 
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5.4.5 Chronic Reduction of Myocardial SCOT Activity by Pimozide Treatment Improves 

Aberrant Cardiac Structural Remodeling and Diastolic Function in T2D Mice  

Cardiac structure and function were assessed in mice with T2D after a 4-week treatment with 

pimozide or VC to ascertain whether the blunting of myocardial βOHB oxidation rates is reflective 

of an adaptive or maladaptive mechanism in diabetic cardiomyopathy. Systolic function, as 

assessed by CO and EF, as well as diastolic and systolic LVID and volume were not detrimentally 

impacted by the chronic reduction of myocardial SCOT activity (Figure 5.5, A–D, Table 5.3). 

Intriguingly, pimozide-treated T2D mice displayed a reduction in the LV mass to LBM ratio 

indicative of a reduction in cardiac hypertrophy and reversal of aberrant LV structural remodeling 

when compared to VC-treated T2D littermates (Figure 5.5E, Table 5.3). Likewise, a significant 

and trending (P = 0.15) reduction in LVAW thickness during diastole and systole, respectively, 

was demonstrated in T2D mice following chronic pimozide administration (Table 5.3). In line 

with an attenuation of hypertrophic remodeling, diastolic function was also improved as 

determined by an increase in the E/e' ratio when compared to both VC-treated T2D mice following 

treatment, and to baseline measurements (Figure 5.5, F and G). The e'/a' ratio also trended to 

decrease in T2D pimozide-treated mice when compared to control mice suggestive of improved 

diastolic function, although the E/A ratio was unchanged (Figure 5.5, H and I). Furthermore, the 

LA enlargement associated with the T2D cardiac phenotype was also effectively attenuated by 

pimozide, thus providing further evidence to suggest an improvement of diastolic function (Figure 

5.5, J–M).  

 

Assessment of the transcript levels of Col1a1 in the pimozide-treated T2D mouse heart revealed a 

trend towards reduced expression, however, expression of Col1a2 and Tgfβ were unchanged 

(Figure 5.5N). In addition, the transcriptional expression of the pro-inflammatory cytokine, Il-6, 

also trended towards a reduction in pimozide-treated mice (P = 0.18), whereas expression levels 

of the glucose transporters (Slc2a1, Slc2a4) and oxidative stress resistance genes (forkhead box 

O3 (Foxo3) and superoxide dismutase 2 (Sod2)) were unaffected (Figure 5.5, O–Q). Overall, these 

findings highlight that the pharmacological inhibition of myocardial SCOT activity does not 

exacerbate cardiac dysfunction in the context of T2D and rather permits an improvement in LV 

function and reversal of pathological cardiac remodeling which may be associated with a mild 

reduction in fibrosis and inflammation.   
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Figure 5.5. Pimozide improves diastolic function and supresses adverse cardiac remodeling in T2D mice 



 143 

Figure 5.5. Pimozide improves diastolic function and supresses adverse cardiac remodeling in 

T2D mice. Ultrasound echocardiography was used to assess cardiac output (CO) (A), ejection 

fraction (EF) (B), left ventricular (LV) internal diameter (LVID) (C), LV volume (D), and LV 

mass normalized to lean body mass (LBM) (E) in T2D mice treated with vehicle control (VC) or 

pimozide for 4-weeks (n = 9–14).  Post-treatment measurements of the E/e' ratio (F) and compared 

to pre-treatment (baseline) values (G), e'/a' ratio (H), and E/A (I) measured in VC and pimozide-

treated T2D mice (n = 9–14). Representative images of left atrial (LA) size in T2D VC-treated 

mice (J) and T2D pimozide-treated mice (K). Post-treatment measurements of LA size in T2D VC 

and pimozide-treated mice (L) and presented compared to pre-treatment values (M) (n = 9–14). 

Relative mRNA expression of gene markers of fibrosis (collagen type 1 α1 (Col1a1), collagen 

type 1 α2 (Col1a2), and transforming growth factor-β (Tgfβ)) (N), inflammation (nucleotide-

binding domain-like receptor protein 3 (Nlrp3), interleukin-1β (Il-1b), interleukin-6 (Il-6), C-C 

motif chemokine ligand 2 (Ccl2), and C-C motif chemokine ligand 5 (Ccl5)) (O), glucose uptake 

(glucose transporter 1 (Slc2a1) and glucose transporter 4 (Slc2a4) (P), and oxidative stress 

(forkhead box O3 (Foxo3) and superoxide dismutase 2 (Sod2)) (Q) (n = 4–6). Values represent 

mean ± SEM. Differences were determined using a repeated measures two-way ANOVA or an 

unpaired, two-tailed Student’s t test. *P < 0.05, significantly different from VC-treated T2D mice.  
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Table 5.3 In vivo assessment of cardiac structural and functional parameters in T2D mice 

following treatment with vehicle control or pimozide 

 

In vivo cardiac function and LV wall measurements in T2D mice treated with vehicle control (VC) 

(n = 9) or pimozide (n = 14) for 4 weeks. Values represent mean ± SEM. *P < 0.05, significantly 

different from T2D VC-treated mice. LBM, lean body mass; CO, cardiac output; EF, ejection 

fraction; FS, fractional shortening; LV, left ventricle; LVAW, LV anterior wall thickness; LVID, 

LV internal diameter; LVPW, LV posterior wall thickness; s, systole; d, diastole. 

 

 

 
 

 

VC 

 

 

Pimozide 

 

 

 

Heart Rate (beats/min) 

 

 

422  7 

 

451  12 

LBM (g) 24.6 ± 0.6 24.6 ± 0.6 

 

LV Mass (mg) / LBM (g) 4.59 ± 0.14  4.07 ± 0.11* 

 

LVID (mm); s 

 

 

2.95  0.07 

 

2.99  0.06 

LVID (mm); d 

 
4.19  0.10 4.15  0.08 

Volume (L); s 

 

33.9  2.0 35.0  1.6 

Volume (L); d 

 

78.5  4.8 77.0  3.5 

Stroke Volume (L) 

 

43.4  1.8 43.9  2.2 

CO (ml/min) 

 
18.8  0.9 19.5  1.4 

EF (%) 

 
56.4  1.6 56.1  1.1 

FS (%) 

 
29.2  1.1  28.7  0.7 

LVAW; s (mm) 

 
1.15  0.04 1.06  0.04 

LVAW; d (mm) 

 
0.79  0.04 0.70  0.02* 

LVPW; s (mm) 

 
1.29  0.06 1.24  0.03 

LVPW; d (mm) 

 
0.95  0.05 0.90  0.02 

E/A 

 
1.60  0.10 1.59  0.06 

e'/a' 

 
1.56  0.07 1.72  0.07 

E/e' 

 
29.0  1.1 25.2  1.0* 

LA Size (mm) 2.32  0.06 2.14  0.06* 

 

Table 5.3. In vivo assessment of cardiac structural and functional parameters in T2D mice following treatment with vehicle 

control or pimozide 
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5.5 Discussion 

Cardiovascular disease manifests in a significant proportion of well-controlled diabetic patients, 

thus emphasizing the need for further investigation into the pathophysiology underlying diabetic 

heart disease and the development of targeted therapies (145). A loss of myocardial metabolic 

flexibility characterized by an excessive reliance on fatty acid oxidation and impaired glucose 

oxidation is a leading mechanism that contributes to the development and progression of diabetic 

cardiomyopathy, however, the extent to which perturbations in myocardial ketone body 

metabolism are also implicated remains enigmatic (154). Recent findings collectively postulate an 

adaptive role for the increase in cardiac ketone body oxidation demonstrated in heart failure 

without diabetes (42). In contrast, our results reveal that myocardial ketone body oxidation is in 

fact suppressed in diabetic cardiomyopathy characterized by moderate cardiac hypertrophy and 

impaired diastolic function. Intriguingly, this intrinsic shift away from ketone body utilization in 

the diabetes-affected heart may not be detrimental given that further pharmacological antagonism 

of cardiac SCOT activity neglected to exacerbate adverse LV remodeling and cardiac dysfunction 

in T2D mice. Furthermore, we identified that, in addition to its anti-hyperglycemic effects, 

pimozide also has cardioprotective actions, thus further supporting its potential as a novel therapy 

for T2D.  

 

Myocardial βOHB oxidation rates were markedly depressed in T2D mice. Of interest, this 

reduction in ketone body oxidation did not appear to be due to a repression of SCOT given that 

SCOT catalytic activity was paradoxically increased in the T2D mouse heart. Alternatively, the 

reduced myocardial ketone body oxidation rates in T2D mice may be explained by the observed 

decrease in the cardiac protein expression of the upstream enzyme, BDH1. Extrahepatic 

mitochondrial BDH1 catalyzes the first step in ketone body oxidation by converting βOHB to 

acetoacetate, which is then activated to acetoacetyl-CoA by SCOT through a CoA exchange with 

succinyl-CoA (39). Although we did not directly measure BDH1 activity in the T2D heart, a recent 

study utilizing a streptozotocin-induced mouse model of T1D demonstrated a reduction in cardiac 

BDH1 expression that translated to a 27% reduction in catalytic activity and a strong trend for 

decreased βOHB oxidation in isolated working hearts (194). A similar reduction in cardiac BDH1 

enzymatic activity was also demonstrated in mice with high-fat diet-induced glucose intolerance 

and chronically diabetic rats, which is consistent with findings of suppressed BDH1 gene 
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expression in LV biopsies from T2D patients with heart failure compared to nondiabetic heart 

failure patients (194, 320).  

 

Metabolic flux measurements in the isolated working mouse heart suggest that the utilization of 

ketone bodies for cardiac energy production is decreased in diabetic cardiomyopathy, which is 

consistent with several recent findings in mouse models of diabetes and heart failure with 

preserved ejection fraction, a cardiac phenotype enriched in the diabetic population (118, 194, 

338). In contrast, cardiac ketone body oxidation was proposed to be increased in diabetic 

cardiomyopathy following findings that the myocardial uptake of acetoacetate and βOHB was 

enhanced in individuals with T2D undergoing cardiac catherization for heart disease (319). 

Furthermore, ketone body oxidation in the heart was determined to be elevated in a non-obese T2D 

rat model utilizing hyperpolarized [3-13C]acetoacetate (195). However, given that BDH1 catalyzes 

the conversion of βOHB to acetoacetate in the first step of βOHB oxidation, the use of acetoacetate 

rather than βOHB, the most abundant circulating ketone body (339), circumvents a potential 

contribution of BDH1 dysregulation in the assessment of cardiac ketone body oxidation. 

Therefore, it remains possible that cardiac ketone body oxidation may have actually been 

decreased in this model of T2D if potential alterations in BDH1 activity had been accounted for.  

 

To elucidate whether a decrease in myocardial ketone oxidation is reflective of an adaptive or 

maladaptive response in diabetic cardiomyopathy, we further inhibited ketone body metabolism 

in the heart through pharmacological antagonism of SCOT with pimozide. Notably, we observed 

that inhibition of the heart’s capacity to utilize ketone bodies as an energy source does not provoke 

a deterioration of cardiac structure and function which suggests against a pathological role for 

decreased myocardial ketone body metabolism in the development and progression of diabetic 

cardiomyopathy. An adaptive attenuation of ketone body oxidation may serve to preserve 

tricarboxylic acid (TCA) cycle flux when plasma concentrations of ketone bodies are elevated as 

observed in T1D and T2D (340, 341). Isolated working rat hearts perfused exclusively with 

acetoacetate developed reversible contractile dysfunction associated with an inhibition of the TCA 

cycle at the level of α-ketoglutarate dehydrogenase (342-345). This defect could be rescued by the 

addition of anaplerotic substrates to replenish TCA cycle intermediates or CoA synthetic 

precursors to compensate for the sequestration of intramitochondrial CoA as acetoacetyl-CoA and 
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acetyl-COA. Furthermore, a downregulation of ketolysis may occur as a result of a compensatory 

upregulation of cardiac ketogenesis to shift the flux of excess intramitochondrial fatty acid-derived 

acetyl CoA toward ketone body synthesis. Indeed, transcriptional suppression of ketolytic enzymes 

has been demonstrated to occur concomitantly with an induction of the fate-committing ketogenic 

enzyme, mitochondrial 3-hydroxymethylglutaryl-CoA synthase 2 (Hmgcs2/HMGCS2), in the 

myocardium of T1D mice (194, 325, 346, 347).  

 

Increasing myocardial ketone body availability by means of reduced oxidation may have enhanced 

the function of βOHB as a signaling molecule in the myocardium, thus contributing to the 

cardioprotective effects of pimozide treatment. Cardiac dysfunction in T2D mice was associated 

with enhanced expression of the fibrotic marker, Col1a1, as well as a trending increase in the gene 

expression of the pro-inflammatory cytokine, Il-6, which were both decreased by pimozide 

treatment. βOHB can mediate anti-inflammatory effects through activation of the G-protein 

coupled receptor, GPR109A, and inhibition of the NLRP3 inflammasome on 

macrophages/monocytes (323, 348), as well as suppress cardiac fibrosis as a specific inhibitor of 

class 1 histone deacetylases (349, 350).  Interestingly, gene expression of several other fibrotic and 

inflammatory markers was not different between lean and T2D mice, which may indicate that 

inflammation and fibrosis do not contribute to the development of diabetic cardiomyopathy to the 

same degree as observed in other preclinical models (329, 332). Nonetheless, expression of 

markers that were enhanced in T2D mice were the markers reduced by pimozide treatment, 

therefore, βOHB-mediated suppression of cardiac inflammation and fibrosis may still play a 

modest role in the improvement of the cardiac phenotype. Notably, HDAC inhibition has been 

demonstrated to preserve cardiac function and reduce adverse remodeling in diabetic 

cardiomyopathy through multiple alternative mechanisms including mitigation of oxidative stress, 

cardiac myocyte hypertrophy, insulin resistance, endothelial hyperpermeability and diabetes-

associated derangements in fatty acid metabolism (322, 349, 351-354). However, treatment with 

pimozide did not enhance the cardiac transcriptional expression of insulin-dependent glucose 

transporter 4 (Slc2a4) or the oxidative stress resistance genes, Foxo3 and Sod2.  

 

Emergent evidence from our laboratory indicates that pimozide may improve glucose homeostasis 

in obese and T2D mice, at least in part, through the enhancement of skeletal muscle PDH activity 
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and glucose oxidation (229). Therefore, if the effects of SCOT inhibition on skeletal muscle PDH 

phosphorylation can be recapitulated in the myocardium, enhancement of cardiac glucose 

oxidation secondary to PDH activation could represent a potential mechanism through which 

pimozide may improve cardiac function in diabetic cardiomyopathy. In contrast to our previous 

findings in gastrocnemius muscle, pimozide treatment did not affect the phosphorylation state of 

PDH in the hearts of T2D mice. Although this finding suggests against our hypothesis, we were 

unable to confirm whether myocardial glucose oxidation rates were affected by pimozide treatment 

during isolated working heart perfusions. Furthermore, given that pimozide improved glucose 

tolerance in T2D mice, alleviation of hyperglycemia may also contribute to the observed 

improvements in cardiac structure and function. Lastly, it cannot be excluded that inhibition of 

other pimozide targets, namely myocardial D2 receptors (355), may also be involved in mediating 

the positive cardiac outcomes of pimozide treatment.  

 

In conclusion, our results suggest that myocardial ketone body oxidation is downregulated in 

diabetic cardiomyopathy, and that this metabolic shift away from the utilization of ketones as an 

energy substrate may reflect a compensatory response of the myocardium to the diabetic milieu. 

Furthermore, we identified that systemic SCOT inhibition by treatment with pimozide improves 

glucose homeostasis, as well as attenuates diastolic dysfunction and hypertrophic remodeling in 

T2D mice, therefore highlighting the therapeutic potential of pimozide for the treatment of T2D. 

Further investigation is required to elucidate the mechanisms underlying pimozide-mediated 

cardioprotection in diabetic cardiomyopathy. Nevertheless, therapies specifically designed to 

target diabetic cardiomyopathy and subsequent heart failure are very limited, therefore, the 

findings of this study are highly relevant towards the development of novel anti-diabetic therapies.  
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Chapter 6: Discussion 

 

6.1 Barth Syndrome Cardiomyopathy 

 

6.1.1 Overview  

Derangement of mitochondrial membrane lipid composition is a critical mechanism contributing 

to the impairment of myocardial energy production and subsequent progression of cardiac 

dysfunction (356-359). Cardiolipin is a structurally distinct phospholipid primarily localized to the 

inner mitochondrial membrane with essential roles in providing structural and functional support 

to numerous proteins involved in mitochondrial bioenergetics (72). Aberrant cardiolipin content 

and composition in the heart, particularly a reduction of the predominant tetralinoleoyl cardiolipin 

species, has been reported in a variety of cardiac pathologies, including idiopathic dilated 

cardiomyopathy (356), diabetic cardiomyopathy (360) and heart failure (71), therefore 

highlighting the fundamental role of cardiolipin in cardiovascular health and disease. Moreover, 

defective cardiolipin biosynthesis and remodeling is also implicated in the development of 

cardiomyopathy associated with several genetic disorders such as Dilated Cardiomyopathy with 

Ataxia and Sengers syndrome (361). Notably, the X-linked recessive disorder, Barth syndrome 

(BTHS), provides direct evidence for a pathological role of perturbed cardiolipin remodeling in 

heart disease (94). In BTHS, deficiency of tetralinoleoyl cardiolipin caused by TAFAZZIN 

mutations is the primary mechanism for mitochondrial dysfunction leading to the infantile 

development of cardiomyopathy (66, 67). Therefore, further investigation to delineate the 

pathophysiological mechanisms linking altered cardiolipin biosynthesis to cardiac dysfunction in 

BTHS has broad implications for a plethora of cardiac pathologies associated with defects in the 

cardiolipin pool.  

 

The work presented in the two studies herein (Chapters 2 and 3), in addition to previous literature 

(81, 82, 86, 106), identifies alterations in myocardial intermediary energy metabolism as a primary 

pathological mediator and potential therapeutic target for BTHS-related cardiomyopathy. Whereas 

previous findings have predominately been dependent on in vitro studies (81, 82, 106), the results 

reported in Chapter 2 provide noteworthy contributions towards the field as we performed the 

first investigations of metabolic flux in the ex vivo isolated working heart. Importantly, we 
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demonstrated that tafazzin-deficiency in BTHS is associated with an impairment of insulin-

stimulated cardiac glucose oxidation and a concomitant elevation of cardiac fatty acid metabolism 

in the presence of insulin. Similar to findings in tafazzin-deficient C2C12 mouse myoblasts (106), 

decreased myocardial glucose oxidation in TazKD mice was accompanied by a reduction in PDH 

activity, however, in contrast to the aforementioned study, decreased PDH catalytic activity was 

independent of alterations in the phosphorylation or acetylation state of the enzyme. Interestingly, 

although proteins involved in fatty acid uptake and oxidation were either unchanged or decreased, 

palmitate oxidation rates in perfused working hearts from TazKD mice strongly trended to increase 

compared to WT mice in the presence of insulin. Insulin exerts an inhibitory effect on fatty acid 

oxidation by increasing the level of malonyl-CoA through enhancement of ACC activity, thereby 

decreasing mitochondrial fatty acid uptake via CPT1 (362, 363). Therefore, the elevation of 

palmitate oxidation in the TazKD working heart may be suggestive of cardiac insulin resistance. 

The insulin-stimulated enhancement of glucose oxidation rates was also blunted in the TazKD 

isolated working heart which coincided with a reduction in the gene expression of GLUT4, 

therefore providing further evidence to suggest a degree of cardiac insulin resistance in BTHS. 

Furthermore, given that myocardial TAG content was elevated in TazKD mice, it is possible that 

accumulation of toxic lipid intermediates such as ceramide and diacylglycerol contribute to the 

development of cardiac insulin resistance in BTHS (180).  

 

Evidence of increased and decreased circulating glucose and insulin levels, respectively, in our 

TazKD mouse model, and of reduced pancreatic islet insulin secretion in TazKD mice (250) 

provide further support for the paradigm of impaired insulin action in the context of tafazzin 

deficiency. Although, overt insulin deficiency was not reported in one study involving adolescents 

and young adults with BTHS (124). Lastly, regarding cardiac ketone body metabolism in BTHS, 

we observed a near four-fold increase in the myocardial protein expression of the ketone body 

oxidation enzyme, BDH1, which did not translate into an increase in βOHB oxidation rates 

assessed during isolated working heart perfusions. Nonetheless, the increased BDH1 levels may 

indicate an increased capacity of the heart to oxidize ketones for energy and, therefore, modulation 

of ketone body oxidation may represent a novel target for therapeutic intervention in BTHS.  
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In Chapter 3, we explored whether pharmacological enhancement of myocardial glucose 

oxidation with DCA would be sufficient to attenuate pathological cardiac remodeling in the 

TazKD mouse heart. In contrast to our hypothesis, DCA treatment did not alleviate hypertrophic 

cardiac remodeling in TazKD mice despite a reduction in PDH phosphorylation, indicative of an 

enhancement of PDH activity, and a trend towards reduced oxidative stress. The latter result 

supports the argument against a significant role of mitochondrial reactive oxygen species in the 

pathophysiology of BTHS-related cardiomyopathy, which recapitulates previous findings that the 

overexpression of catalase and amelioration of oxidative stress in the heart did not improve the 

cardiac phenotype in TazKD mice (238).  

 

As discussed in Chapter 3, a potential reason why DCA treatment failed to improve cardiac 

outcomes in TazKD mice may be due to the possibility that despite PDH activity and glucose 

oxidation being elevated, persistent ETC defects may prevent a net improvement in ATP 

production. However, alternative explanations for the lack of benefit may be attributed to direct 

cardiolipin-deficiency associated impairments of TCA cycle enzymes including aconitase and 

succinate dehydrogenase (364, 365) and/or recent findings of impaired calcium handling in TazKD 

cardiac myocytes (107, 108, 366). To accommodate for variations in cardiac workload, ADP-

induced stimulation of the ETC is coupled with mitochondrial Ca2+ uptake though the MCU to 

enhance the activity of PDH and TCA cycle dehydrogenases, thereby accelerating the regeneration 

of reducing equivalents in a process termed “mechano-energetic coupling” (72).  Downregulation 

of the pore-forming subunit of the MCU complex abrogates mitochondrial Ca2+ uptake in cardiac 

mitochondria from TazKD mice, therefore impairing adaptation of TCA cycle activity to ATP 

consumption in response to increased cardiac workload (108). A reduction in the abundance of the 

MCU and mitochondrial calcium uptake protein 1, the principal regulator of the MCU channel, 

was also demonstrated in a C2C12 Tafazzin-knockout murine myoblast cell line and BTHS patient-

derived cells and cardiac tissue (107, 366). Therefore, although the heart’s ability to oxidize 

glucose for energy was enhanced by DCA treatment, a principal defect in mechano-energetic 

coupling, rather than ATP-production-capacity, per se, may limit the increased energy production 

required to enhance contractile performance during elevated demand, thus resulting in cardiac 

myocyte hypertrophy (367). Furthermore, defective Ca2+-dependent energy supply and demand 

matching in the hearts of TazKD mice may also explain why our finding of a potential increase in 
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basal myocardial ATP levels by DCA treatment did not translate into a reversal of hypertrophic 

cardiac remodeling.  

 

In addition, although assessment of the level of PDH phosphorylation is considered a reliable 

indicator of PDH activity and subsequent glucose oxidation (29, 102), we did not directly measure 

cardiac PDH flux or glucose oxidation in TazKD and WT mice treated with DCA or vehicle 

control. This limitation of the experimental design in Chapter 3 may also contribute to the 

negative findings as it is possible that the DCA-mediated reduction in myocardial PDH 

phosphorylation did not result in a restoration of cardiac glucose oxidation. PDH closely associates 

with the inner mitochondrial membrane (368), and its activity can be directly regulated by mature 

cardiolipin (106), therefore an intrinsic defect in PDH due to impaired cardiolipin remodeling may 

ultimately impair PDH activity despite alterations in the phosphorylation state. Furthermore, as 

described in Chapter 2, we identified that myocardial PDH activity is downregulated in TazKD 

mice independent of PDH phosphorylation, therefore an alternative post-translational modification 

(i.e., S-glutathionylation (369)) may have ultimately superseded the effect of DCA on PDH 

phosphorylation in the regulation of PDH activity. Cardiolipin has also been demonstrated to 

interact with the mitochondrial pyruvate carrier (370). Reduced transport of cytosolic-derived 

pyruvate into the mitochondria for conversion to acetyl CoA by PDH could reduce pyruvate 

oxidation despite increased availability of active PDH. Direct measurement of glucose oxidation 

in the ex vivo isolated working heart of DCA-treated mice and the direct in vivo assessment of 

myocardial PDH flux utilizing hyperpolarized 13C-magnetic resonance spectroscopy (371) could 

address these limitations. The potential contributing factors that may underlie the failure of DCA 

to improve pathological structural remodeling in TazKD mice are outlined in Figure 6.1.  
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Figure 6.1. Potential factors that may limit the effectiveness of DCA as a therapeutic agent for 

Barth syndrome cardiomyopathy. Mechanisms that may explain the lack of benefit observed with 

DCA treatment in TazKD mice with regard to pathological cardiac structural remodeling are 

denoted with a red asterisk. In brief, DCA enhances PDH activity through inhibition of all isoforms 

of PDHK which inhibit PDH through reversible phosphorylation. However, impaired pyruvate 

uptake through the MPC, intrinsic defects in PDH, alternative regulatory PDH post-translational 

modifications (acetylation, S-glutathionylation), impaired mitochondrial Ca2+ handling and 

associated activation of TCA cycle dehydrogenases, decreased activities of TCA cycle enzymes, 

and defects in ETC function may contribute to the negative findings described in Chapter 3. MPC, 

mitochondrial pyruvate carrier; PDH, pyruvate dehydrogenase; PDHK, PDH kinase; PDHP, PDH 

phosphatase; P, phosphate group; Ac, acetyl group; S-Glu, glutathione; MCU, mitochondrial 

calcium uniporter; TCA cycle, tricarboxylic acid cycle; ETC, electron transport chain. Created 

with BioRender.com.  
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6.1.2 Future Directions 

Although the mechanisms underlying the cardioprotective effects of SGLT2 inhibitors, including 

empagliflozin, in the setting of heart failure with reduced and preserved ejection fraction (210, 

372) have not yet been comprehensively elucidated, one hypothesis suggests that SGLT2 inhibitors 

may enhance cardiac ketone body oxidation, thereby improving myocardial energetics, by 

increasing circulating levels and thus the cardiac delivery of βOHB (373, 374). Given our findings 

that the ability of the heart to oxidize ketone bodies is likely intact, and potentially enhanced in the 

energy-deficient heart in BTHS, SGLT2 inhibitors may represent a promising therapeutic 

approach for BTHS-related cardiomyopathy. Indeed, empagliflozin treatment increased cardiac 

utilization of ketone bodies and myocardial ATP content in a nondiabetic porcine model of heart 

failure which was associated with an improvement in cardiac function and reversal of adverse 

remodeling (117). Empagliflozin may also improve mechano-energetic coupling in BTHS by 

enhancing mitochondrial Ca2+ concentration in cardiac myocytes secondary to reduced myocardial 

Na+ levels due to direct inhibition of the Na+/H+ exchanger (375). However, given that circulating 

ketone body levels are already increased in BTHS (115), there is a possibility that further 

enhancement of plasma ketone body levels by treatment with SGLT2 inhibitors could lead to 

ketoacidosis. In addition, given that empagliflozin treatment can stimulate adipose tissue lipolysis 

to mobilize fatty acids for hepatic ketogenesis (376), this could be detrimental for individuals with 

BTHS whom already possess a very lean body composition (124). Therefore, treatment of TazKD 

mice with empagliflozin and subsequent assessment of body composition, myocardial energetics 

and cardiac function could be performed to help determine whether SGLT2 inhibitors are 

cardioprotective in the context of BTHS.    

 

6.2 Obesity and Diabetic Cardiomyopathy 

 

6.2.1 Overview 

Chapter 4 describes the effect of the ketogenic diet on body composition, glycemic control, and 

cardiac function in the setting of obesity/prediabetes. We observed that 8-weeks of 

supplementation with a ketogenic diet did not promote significant body weight loss or improve 

glucose homeostasis in a mouse model of high-fat diet-induced obesity. Alternatively, transition 

to a low-fat, high complex carbohydrate diet produced marked body weight loss in obese mice that 
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was primarily attributable to a decrease in fat mass, and reversed obesity-induced derangements 

in glucose tolerance. The ketogenic diet also promoted an accumulation of myocardial TAG 

content without significantly affecting cardiac function in obese mice.   

 

Our findings are in contrast to a recent study that used a similar experimental approach to 

investigate the effects of the ketogenic diet on obesity and obesity-related cardiovascular risk 

factors. C57Bl6/J mice rendered obese by a high-fat diet and subjected to surgical destabilization 

of the medial meniscus to induce osteoarthritis were transitioned to either a ketogenic or chow 

diet, or were maintained on a high-fat diet for an additional 8-weeks (377). Similar to chow-fed 

mice, ketogenic diet-fed mice also exhibited decreased body weight and fat mass, and improved 

glucose homeostasis as assessed by an IPGTT. An increase in histone β-hydroxybutyrylation, a 

protein post-translational modification involved in the regulation of gene expression (378), in the 

liver and kidney may have contributed to the metabolic effects. We did not assess modulation of 

the epigenome by β-hydroxybutyrylation in our study, therefore, it cannot be determined whether 

differences in histone β-hydroxybutyrylation may account for the discrepancies. In contrast to the 

ketogenic diet utilized in our study (85% calories from fat, 5% from carbohydrates and 10% from 

protein), the ketogenic diet utilized by Nasser et al. (2022) was formulated with 94% of its energy 

provided by fat, 5% by protein and <1% of energy provided by carbohydrates. The 9% difference 

in fat content between the diets may have altered the level of ketosis achieved in each study which 

may also have contributed to the contrasting findings (379).  

 

A specific obesity-induced cardiac phenotype is difficult to determine given that obesity is often 

associated with several comorbidities that can increase the risk for cardiovascular complications 

including hypertension, impaired glucose tolerance and diabetes (304). Although several 

preclinical and clinical studies have proposed that obesity may be independently associated with 

increased left ventricular mass and cardiac adiposity (304, 380-383), findings regarding the effect 

on systolic and diastolic function are variable (304). In the mouse model of high-fat diet-induced 

obesity utilized in Chapter 4, impairments in cardiac function were not observed, which is 

consistent with several studies where a similar preclinical model was used (185, 384, 385). Of 

interest, transition to a ketogenic diet after chronic high-fat diet feeding did not induce marked 

abnormalities in cardiac structure and function.  
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However, given that we were unable to complete a comprehensive molecular analysis of the 

cardiac tissue samples, it remains a possibility that maintenance on a ketogenic diet prompted 

pathological molecular alterations that had not yet manifested into overt cardiac functional defects. 

Indeed, spontaneously hypertensive rats (SHR) subjected to a ketogenic diet exhibited aggravated 

hypertension, cardiac hypertrophy and myocardial interstitial fibrosis compared to SHR rats fed a 

control diet (386, 387). Furthermore, the ketogenic diet increased activity of the mammalian target 

of rapamycin complex 2 pathway which may have contributed to the enhancement of  

mitochondrial reactive oxygen species production and inflammatory signaling in the hearts of SHR 

rats as evidenced by increased protein levels of monocyte chemoattractant protein 1 and TNFα, 

and increased neutrophil and macrophage infiltration (387). Maintenance on a ketogenic diet for 

12 weeks also exacerbated diastolic dysfunction and cardiac interstitial fibrosis in db/db mice 

despite mild improvement of some metabolic parameters (fasting glucose, fasting insulin, HOMA-

IR) and was associated with suppression of T-regulatory cell expansion and function (388). In 

contrast, 8-week supplementation with the ketogenic diet improved systolic function and reduced 

levels of cardiac fibrosis in db/db mice by improving mitochondrial dynamics and function, 

reducing oxidative stress, and attenuating cardiac myocyte apoptosis (389). Although the reason 

for the discrepancies between studies is unclear, the latter study also reported a decrease in fasting 

blood glucose and serum insulin levels following the ketogenic dietary intervention in db/db mice, 

therefore, improved glucose homeostasis may account for an initial recovery of cardiac function, 

however, with extended ketogenic diet feeding, the negative effects induced by the diet may 

ultimately supersede the beneficial outcomes of improved metabolic control.  

 

In addition, although we did not observe impaired cardiac function in ketogenic diet-fed obese 

mice at rest, it is possible that with increased myocardial stress, functional defects would have 

been revealed. Abdurrachim et al. (2018) reported that the ketogenic diet attenuated the decrease 

in end-diastolic volume measured in diabetic Goto-Kakizaki rats using MRI during infusion of the 

β-1 agonist, dobutamine, indicative of an increase in cardiac preload and reduced cardiac 

compliance (269). However, cardiac function parameters were similar between chow-fed and 

ketogenic diet-fed diabetic rats at rest. This study highlights the importance of assessing the 

cardiovascular effects of the ketogenic diet during different physiological (exercise) and 

pathological states that individuals with obesity and diabetes are at an increased risk to develop 
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(myocardial ischemia, hypertension, and heart failure) in order to comprehensively assess the 

cardiovascular safety profile of the ketogenic diet.  

 

In Chapter 5, we aimed to elucidate the alterations in ketone body metabolism present in diabetic 

cardiomyopathy and provide insight regarding whether these alterations may reflect a beneficial 

or detrimental response of the myocardium. Consistent with previous findings (118, 194), we 

confirmed that ketone body oxidation is reduced in the heart affected by obesity and T2D (Figure 

6.2). Furthermore, we identified that this metabolic shift away from ketone body utilization in the 

heart may be adaptive given that further inhibition of myocardial SCOT activity did not exacerbate, 

but rather improved cardiac functional and structural abnormalities in a mouse model of diabetic 

cardiomyopathy. Lastly, we proposed that the anti-psychotic agent, pimozide, may represent a 

novel therapeutic approach for the treatment of diabetes given its antihyperglycemic and 

cardioprotective effects.  

 

 

Figure 6.2. Myocardial energy metabolism in diabetic cardiomyopathy. Created with 

BioRender.com 

 

Figure 6.2. Myocardial energy metabolism in diabetic cardiomyopathy 
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The notion that a decrease in ketone body utilization for energy production could be adaptive in 

diabetic cardiomyopathy is interesting given that enhanced ketone body oxidation is postulated to 

be protective in HFrEF (42), nonetheless recent findings have tended towards this hypothesis. 

Myocardial ketone body oxidation as assessed by 13C NMR isotopomer analysis was decreased in 

a 3-Hit murine model of HFpEF (involving age, long-term high-fat diet, and deoxycorticosterone 

pivalate (75 mg/kg) challenge to accentuate hypertension and systemic inflammation) (338). Of 

interest, sirtuin 3 knockout mice subjected to the same 3-Hit protocol exhibited increased 

myocardial ketone body oxidation, however, developed a more severe cardiac phenotype involving 

further exacerbation of cardiac hypertrophy and fibrosis and a decrease in diastolic function (338). 

It is important to consider that mitochondrial protein hyperacetylation as a result of the sirtuin 3 

knockdown can affect multiple pathways which would influence the cardiac phenotype, however, 

it is interesting that an increase in cardiac ketone oxidation failed to benefit the heart in HFpEF, a 

cardiac phenotype enriched in the diabetic population (146). Another study also demonstrated that 

enhancing circulating ketone bodies through treatment with empagliflozin improved cardiac 

function in db/db mice without reversing the reduction in βOHB oxidation rates in isolated 

working hearts (118). Furthermore, in individuals with T2D undergoing cardiac catherization for 

heart failure compared to non-diabetic controls, a significant positive correlation was observed 

between total ketone body cardiac uptake and plasma levels of brain natriuretic peptide, a 

biomarker for cardiac dysfunction, thus suggesting that increased cardiac ketone body utilization 

may be associated with cardiac functional deterioration in T2D (319). Lastly, enhancing 

circulating ketone body concentrations is associated with an improvement of cardiac function in 

the setting of diabetes (390, 391), which may highlight the role of the βOHB-mediated activation 

of signaling pathways in the heart as the primary contributor to the cardiovascular benefits.   

 

Although we have identified pimozide as a SCOT antagonist (229), it is also possible that the 

cardioprotective effects of pimozide are mediated by alterative mechanisms beyond an effect on 

cardiac ketone body metabolism. Pimozide has also been shown to activate PPARγ by selective 

inhibition of fatty acid binding protein-4 (392). PPARγ activators have been used in the treatment 

of T2D to improve insulin sensitivity and reduce glucose levels (393). In addition, the PPARγ 

agonist, pioglitazone, has also been demonstrated to improve myocardial insulin sensitivity and 

diastolic function in individuals with T2D (394, 395). Furthermore, although we did not report a 
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difference in PDH phosphorylation state, a limitation of Chapter 5 was that were unable to 

determine whether myocardial glucose oxidation rates were altered by pimozide treatment.  

 

Lastly, there are several remaining concerns regarding the use of pimozide as a treatment for 

diabetic cardiomyopathy that warrant further investigation. Schugar et al. (2014) reported that 

mice with a cardiac myocyte-specific knockout of SCOT (SCOT-Heart-KO) developed more 

severe ventricular remodeling characterized by left ventricular dilatation and reduced ejection 

fraction in response to myocardial pressure overload through transverse aortic constriction when 

compared to αMHC-Cre control mice which exhibited compensatory left ventricular hypertrophy 

and preserved systolic function (396). However, at baseline, SCOT-Heart-KO mice did not display 

any abnormalities in left ventricular mass or systolic function. The results of this study suggest 

that myocardial stress may be required to unmask the full spectrum of cardiac effects induced by 

limiting the heart’s capacity to oxidize ketones. Therefore, it would be important for future studies 

to investigate the cardiac effects of pimozide treatment in diabetic mice subjected to additional 

myocardial stressors such as myocardial ischemia and sustained hypertension in order to confirm 

the cardiovascular safety of pimozide. Furthermore, several reports that pimozide may prolong the 

cardiac QT interval and increase the risk for arrythmias (397) may also limit the clinical utility of 

pimozide for the treatment of T2D.  

 

6.2.2 Future Directions 

A major concern with the utilization of the ketogenic diet as a therapeutic intervention for obesity 

and T2D is that individuals with an already elevated risk of cardiovascular disease may 

unknowingly subject themselves to further detrimental cardiac effects. Although we did not 

observe compromised cardiac function in ketogenic diet-fed obese mice, it remains possible that 

maintenance on a ketogenic diet induced maladaptive myocardial metabolic changes that may only 

manifest into overt cardiac dysfunction with chronic administration or induction of myocardial 

stress. Therefore, characterization of the cardiac metabolic alterations induced by the ketogenic 

nutrient environment in the setting of obesity and T2D would represent an important follow-up 

investigation to the results presented in Chapter 4. Maintenance on a ketogenic diet has been 

shown to increase circulating levels of free fatty acids (398), which can increase cardiac fatty acid 

availability. This increase in fatty acid delivery to the myocardium could exacerbate diabetes-
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induced alterations in myocardial energy metabolism by leading to a further elevation and 

reduction of fatty acid and glucose oxidation, respectively, through substrate competition. In 

addition, cardiac lipid accumulation as discussed in Chapter 4, could further impair insulin 

sensitivity in the heart. Moreover, elevated circulating levels of  βOHB with ketogenic diet feeding 

could also directly affect glucose uptake given evidence that chronic in vitro exposure to βOHB 

has been shown to promote insulin resistance and decrease glucose uptake in cardiac myocytes 

through decreased activation of the phosphatidylinositol 3-kinase (PI3-K)/protein kinase B 

signaling cascade (399, 400). To provide insight into the effect of the ketogenic diet on the heart 

in the setting of T2D, alterations in metabolic flux could be measured in isolated working hearts 

of mice with experimental T2D fed a ketogenic diet and perfused with substrate concentrations 

reflective of the ketogenic nutrient environment (high levels of palmitate and βOHB).  

 

With regard to Chapter 5, assessment of cardiac function in mice with cardiac myocyte-specific 

overexpression of BDH1 and subjected to experimental T2D would serve to provide further insight 

into whether the reduction in myocardial ketone body oxidation in diabetic cardiomyopathy is 

adaptive or maladaptive. Overexpression of BDH1 in the heart would reverse the reduction in 

cardiac BDH1 protein expression in T2D mice and enhance ketone body oxidation (251). If our 

hypothesis is correct and the reduction in cardiac ketone body oxidation is indeed beneficial in 

diabetes, we would expect that T2D BDH1 overexpressing mice would exhibit a more severe 

cardiac phenotype. On the contrary, if overexpression of BDH1 in the heart is cardioprotective, 

this may suggest that pimozide mitigates diabetic cardiomyopathy through mechanisms beyond an 

effect on cardiac ketone body oxidation (i.e., mitigation of inflammation, oxidative stress, and 

fibrosis and/or systemic improvement in glucose tolerance). Furthermore, if mice with a cardiac 

myocyte-specific knockout of SCOT and subjected to experimental T2D recapitulate the 

improvement in cardiac function observed with pimozide-treated T2D mice, this would provide 

further support for an adaptive role of reduced cardiac ketone body oxidation in diabetes, as well 

as confirm that pimozide mediates its cardioprotective effects primarily through SCOT inhibition. 

Alternatively, if treatment of T2D cardiac myocyte-specific SCOT knockout mice with pimozide 

results in additional improvement in cardiac function, this may suggest that alternative actions of 

pimozide are also involved.  
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6.3 Concluding Remarks   

Both BTHS-related cardiomyopathy and diabetic cardiomyopathy are characterized by 

perturbations in myocardial intermediary energy metabolism which may represent potential targets 

for reversing disease pathology and preventing the progression to clinical heart failure (94, 145, 

146). Indeed, investigations involving animal models of BTHS have significantly expanded the 

collective understanding of pathological metabolic alterations present in BTHS. Accordingly, 

defects in both ETC respiratory function and intermediary energy metabolism have been 

postulated as important contributors to cardiomyopathy development in this rare genetic disease 

(72, 81, 82, 89, 95, 106, 242). Impaired myocardial glucose oxidation appears to be a principal 

metabolic defect in the BTHS-affected heart. Unfortunately, pharmacological enhancement of 

cardiac glucose metabolism in BTHS failed to reverse adverse hypertrophic cardiac remodeling. 

Without correcting the impairments in ETC function, interventions that stimulate cardiac 

intermediary energy metabolism in BTHS may fail given that enhanced oxidation of fuel substrates 

may not translate into increased energy production. As such, metabolic therapeutic interventions 

may need to be provided in conjunction with therapies that stabilize ETC respiratory function (i.e., 

elamipretide) in order to be beneficial in BTHS.  

 

Previous investigations regarding alterations in myocardial ketone body metabolism in diabetic 

cardiomyopathy have yielded contrasting results (118, 194, 195). From the results presented 

herein, the heart affected by T2D appears to shift away from the utilization of ketone bodies as an 

energy source, which may reflect an adaptive response although further investigation will be 

necessary to confirm this finding. Myocardial ketone body oxidation could also be modulated by 

maintenance on a ketogenic diet, whereby increased circulating levels of ketone bodies would 

enhance myocardial delivery and subsequent cardiac uptake. However, the ketogenic nutrient 

environment is also characterized by elevated circulating fatty acids, which would influence the 

overall effect of the dietary intervention on the myocardium. The ketogenic diet did not impair 

cardiac function in obese/prediabetic mice, however, given that myocardial lipid content was 

increased, it is possible that pathological molecular alterations were present, and that overt cardiac 

dysfunction would manifest with long-term administration of the dietary intervention.  
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In conclusion, although alterations of myocardial energy metabolism represent a shared feature of 

cardiomyopathies, modulation of intermediary metabolic pathways may not always represent a 

sufficient therapeutic approach, especially if downstream defects in oxidative phosphorylation are 

present. Further study of the mechanisms by which cardiac metabolic flexibility or energy 

production is impaired in various cardiomyopathies will help to ascertain whether therapies 

designed to target myocardial intermediary energy metabolism will be effective at mitigating 

cardiac dysfunction.  
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 Appendix 

 

Appendix Figure 1.1. Molecular regulation of energy metabolism in soleus muscles of male TazKD mice 
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Appendix Figure 1.1. Molecular regulation of energy metabolism in soleus muscles of male 

TazKD mice. A: PDH phosphorylation at serine (Ser) 293, 300 and 232 in soleus extracts from 

WT and TazKD mice (n = 6–7). B: mRNA expression of genes involved in the regulation of PDH 

activity (PDH kinase 1 (Pdk1), PDH kinase 2 (Pdk2), and PDH kinase 4 (Pdk4) in soleus extracts 

from WT and TazKD mice (n = 8–10). C: Protein expression of fatty acid β-oxidation enzymes 

(long chain acyl CoA dehydrogenase (LCAD) and β-hydroxyacyl CoA dehydrogenase (βHAD)) 

in soleus extracts from WT and TazKD mice (n = 3–5). D: mRNA expression of genes involved 

in the regulation of fatty acid oxidation (medium chain acyl CoA dehydrogenase (Acadm), 

carnitine palmitoyl transferase 1 (Cpt1b), peroxisome proliferator-activated receptor α (Ppara), 

PPARg coactivator-1a (Ppargc1a) and nuclear respiratory factor 1 (Nrf1) in soleus extracts from 

WT and TazKD mice (n = 9–11). E: Protein expression of enzymes involved in ketone body 

oxidation, acetoacetyl CoA thiolase (ACAT1), β-hydroxybutyrate dehydrogenase (BDH1), and 

succinyl CoA:3-ketoacid CoA transferase (SCOT), in soleus extracts from TazKD and WT mice 

(n = 3–5). F: mRNA expression of Acat1, Bdh1, and Oxct1 in soleus extracts from WT and TazKD 

mice (n = 6–9). Values represent mean ± SEM. Differences were determined by an unpaired two-

tailed Student’s t-test or a Mann-Whitney Test. *P < 0.05, significantly different from WT mice. 
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Appendix Figure 1.2. Representative echocardiography images of T2D and lean mice at baseline. 

A: Representative images of left atrial (LA) size acquired in the parasternal long axis view in M-

mode. B: M-mode images of the left ventricle in the parasternal short axis view. C: Mitral annular 

velocity obtained by tissue Doppler imaging in the parasternal short axis view.  
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