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ABSTRACT 

 

Amelioration of Mitochondrial Bioenergetic Dysfunction in Diabetes 

Mellitus: Exploring Specialized and Non-specific Therapeutics for the Ailing 

Heart 

 

Andrya Jean Durr 

 

Morbidity and mortality of the diabetic population is influenced by many 
confounding factors, but cardiovascular disease (CVD), remains the leading cause 
of death. Mitochondrial dysfunction is central in the development of cardiac 
contractile dysfunction, with decreased mitochondrial bioenergetic function, 
increased dependence on free fatty acid utilization, and a decrease in glucose 
utilization having been shown to contribute to contractile dysfunction. Strategies 
targeting the amelioration of mitochondrial bioenergetic function are attractive for 
limiting diabetes-induced heart failure, and preserving health-span. The goals of 
this dissertation were to assess two mitochondrial-centric approaches for the 
amelioration of mitochondrial and cardiac contractile dysfunction in diabetes 
mellitus. Our laboratory previously identified microRNA-378a (miR-378a) as a 
regulator of mitochondrially encoded ATP synthase membrane subunit 6 (mt-
ATP6) mRNA, a component of the ATP synthase F0 complex. More recently, a 
second class of non-coding RNAs, long non-coding RNAs (lncRNA), have been 
proposed to regulate microRNA activity. LncRNA potassium voltage-gated 
channel subfamily Q member 1 overlapping transcript 1 (Kcnq1ot1), is predicted 
to bind miR-378a. Chapter 2 aimed to determine if inhibition of miR-378a could 
ameliorate cardiac contractile dysfunction in type 2 diabetes mellitus (T2DM), and 
to ascertain whether Kcnq1ot1 interacts with miR-378a to impact ATP synthase 
functionality by preserving mt-ATP6 levels. MiR-378a genomic loss, and inhibition 
by Kcnq1ot1, improved ATP synthase functionality, and preserved cardiac 
contractile function. Together, Kcnq1ot1 and miR-378a may act as constituents in 
an axis that regulates mt-ATP6 content. By acting as therapeutic targets, their 
manipulation may provide benefit to ATP synthase functionality in the heart during 
T2DM. A second method of ameliorating mitochondrial dysfunction is 
mitochondrial transplantation. Current literature suggests that mitochondrial 
transplantation may be of benefit to the diabetic heart. Chapter 3 aimed to assess 
mitochondrial transplantation as a prophylactic method of treating mitochondrial 
dysfunction in the diabetic heart. Following mitochondrial transplantation in vivo 
using ultrasound-guided echocardiography, mitochondrial signal was detectable in 
at least 30% of the left ventricle myocardium, primarily within and near injection 
sites. Poor mitochondrial distribution indicated a need for a more focused injection 
strategy aimed at targeting a cardiac region or segment of interest. Speckle 
tracking echocardiography has been utilized to evaluate spatial and progressive 



 
 

alterations in the diabetic heart independently, but the spatial and temporal 
manifestation of cardiac dysfunction remain elusive. Therefore, the objectives of 
Chapter 4 were to elucidate if cardiac dysfunction associated with T2DM occurs 
spatially, and if patterns of regional or segmental dysfunction manifest in a 
temporal fashion. Non-invasive echocardiography datasets were utilized to 
segregate mice into two pre-determined groups, wild-type and Db/Db, at 5, 12, 20, 
and 25 weeks. Machine learning was used to identify and rank cardiac regions, 
segments, and features by their ability to identify cardiac dysfunction. Overall, the 
Septal region, and the AntSeptum segment, best represented cardiac dysfunction 
associated with the diabetic state at 5, 20, and 25 weeks, with the AntSeptum also 
containing the greatest number of features which differed between diabetic and 
non-diabetic mice. These results suggested that cardiac dysfunction manifests in 
a spatial and temporal fashion, and is defined by patterns of regional and 
segmental dysfunction in the diabetic heart. Further, the Septal region, and 
AntSeptum segment, may provide a locale of interest for therapeutic interventions 
aimed at ameliorating cardiac dysfunction in T2DM. 
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SPECIFIC AIMS 

  

Cardiovascular disease (CVD) is the leading cause of mortality in the 

diabetic population, with diabetics having up to a four times greater risk of death 

from a cardiovascular event when compared to their healthy counterparts (1). 

Concomitantly, 322 billion dollars are spent on medical care for pre-diabetes and 

diabetes mellitus patients annually in the Unites States, as medical costs are 

estimated to be 2.3 times greater for those with diabetes mellitus than those 

without (2, 3). As diabetes mellitus incidence continues to grow exponentially, 

medical costs, reduced health-span, and increased risk of mortality will continue 

to rise as well (4). Diabetic patients experience a large number of macrovascular 

and microvascular complications, but CVD is the leading cause of mortality and 

can intensify other comorbidities. Decreases in mitochondrial bioenergetic 

function, increased dependence on free fatty acid utilization, and a decrease in 

glucose utilization have all been shown to contribute to the functional deficits 

observed in the diabetic heart (5-8).  

 

Research focused on the prevention, management, and restoration of 

cardiac contractile function fills a critical need in the diabetic population by 

reducing the financial burden associated with management and treatment, 

preventing the development of cardiovascular dysfunction in those at risk, and 

improving health-span by improving health outcomes in those already afflicted. 

The current landscape of mitochondrially targeted therapeutics aimed at the 

diabetic heart are limited, and their advancement is necessary to improve the 

treatment of cardiac contractile and mitochondrial bioenergetic dysfunction. The 

studies outlined in this dissertation address these gaps in knowledge. The studies 

outlined in Specific Aim I are designed to determine if loss or inhibition of 

microRNA-378a (miR-378a) can ameliorate mitochondrial bioenergetic and 

cardiac contractile dysfunction in the (type 2 diabetes mellitus) T2DM heart. The 

studies outlined in Specific Aim II are designed to determine the efficacy of 

mitochondrial transplantation as a method of mitochondrial bioenergetic rescue for 
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diabetes mellitus, in which mitochondrial transplantation can be achieved in a 

minimally invasive manner using ultrasound-guided injections, and enhanced 

using machine learning analysis to determine locales of interest. The long-term 

goals of this dissertation are to advance our knowledge of mitochondrially targeted 

therapeutics through the evaluation of non-coding RNA (ncRNA) targets and 

mitochondrial transplantation for the amelioration of reduced mitochondrial ATP 

generating capacity and cardiovascular contractile dysfunction in diabetes 

mellitus. 

 

The objectives of this dissertation are to determine the efficacy of two 

mitochondrial-centric therapeutic approaches for their efficacy in the diabetic heart; 

(1) miR-378a inhibition and (2) mitochondrial transplantation. The central 

hypothesis of this dissertation is that both the inhibition of miR-378a, and 

mitochondrial transplantation may be two very different, yet conceivable methods 

of ameliorating mitochondrial bioenergetic dysfunction and cardiovascular 

contractile dysfunction in the diabetic heart. To test our central hypothesis, we 

propose two Specific Aims:  

 

Specific Aim I: Determine whether loss of miR-378a restores ATP generating 

capacity of the type 2 diabetic heart through improved mitochondrial 

genome-encoded mt-ATP6 translation and ATP synthase functionality. Using 

a miR-378a knockout/Db/Db murine model and an in vitro model of miR-378a 

overexpression, we will test our working hypothesis that inhibition of miR-378a 

could ameliorate cardiac contractile dysfunction in T2DM through preservation of 

mitochondrially encoded ATP synthase membrane subunit 6 (mt-ATP6) and ATP 

synthase content and ATP synthase activity. Further, we will evaluate the role of 

long non-coding RNA (lncRNA) potassium voltage-gated channel overlapping 

transcript 1 (Kcnq1ot1) as a regulator of miR-378a, in which Kcnq1ot1 

overexpression can influence miR-378a mediated downregulation of mitochondrial 

genome encoded protein mt-ATP6. Specific Aim I is focused at the molecular and 

genomic levels, where ncRNAs provide a wide array of potential therapeutic 
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targets for the treatment and preservation of cardiac contractile function. Specific 

Aim I includes three objectives: 

  

1.1  Confirm the presence of the miR-378a/mt-ATP6 regulatory axis in 

the T2DM phenotype 

 

1.2 Evaluate the impact of genomic loss of miR-378a on ATP synthase 

functionality and cardiac contractile dysfunction in a murine model of T2DM 

  

1.3  Determine whether Kcnq1ot1 interacts with miR-378a in a sponging 

mechanism to influence mitochondrial genome-encoded mt-ATP6 and ATP 

synthase functionality. 

 

The expected outcomes of Specific Aim I are that cardiac contractile 

dysfunction will be ameliorated though the restoration of mitochondrial ATP 

generating capacity in a murine model of T2DM. We anticipate that reducing the 

amount of miR-378a available to localize within the mitochondria may amend 

mitochondrial bioenergetic dysfunction through restoration of ATP generating 

capacity, indicated by increased translation of mt-ATP6 protein, and preserved 

ATP synthase content and activity. Further, we anticipate that inhibition of miR-

378a by lncRNA Kcnq1ot1 will provide a therapeutic benefit to the T2DM heart 

through improved ATP synthase functionality. 

 

Specific Aim II: Evaluate mitochondrial transplantation as a therapeutic 

approach for the amelioration of mitochondrial bioenergetic dysfunction in 

the diabetic heart. Specific Aim II aims to ascertain the efficacy of mitochondrial 

transplantation, a macroscale approach to the amelioration of mitochondrial 

dysfunction in diabetes mellitus through mitochondrial replacement, to preserve 

mitochondrial bioenergetic function in diabetes mellitus. In Specific Aim II, we will 

test our working hypothesis that mitochondrial transplantation can be applied to 

the diabetic heart in a prophylactic manner using minimally invasive ultrasound-
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guided intracardiac injections, and that the specificity of mitochondrial 

transplantation may be enhanced using machine learning methodologies. We 

further hypothesized that spatial and temporal patterns of cardiac dysfunction exist 

in the diabetic heart, and could be identified in a murine model of T2DM using non-

invasive echocardiography data and machine learning methodologies. Specific 

Aim II includes three objectives: 

  

2.1  Assess the efficacy of ultrasound-guided injections as a minimally 

invasive method of mitochondrial transplantation for the diabetic heart 

 

2.2  Determine the spatial and temporal progression of cardiac contractile 

dysfunction, and identify locales of interest for mitochondrial transplantation 

using a murine model of T2DM. 

 

2.3  Evaluate the ability of machine learning to provide a more descriptive 

and thorough approach to efficiently managing large amounts of contractile 

data 

 

The expected outcomes of Specific Aim II are that mitochondrial 

transplantation is adaptable for prophylactic use in diabetes mellitus using 

minimally invasive ultrasound-guided intracardiac injections. We expect that 

mitochondrial transplantation performed using ultrasound-guided injections will 

result in poor distribution of mitochondria within the left ventricular myocardium, 

therefore we anticipate the need to determine a locale of interest for targeted 

mitochondrial transplantation. We expect that machine learning methodologies will 

provide a more descriptive and thorough approach to efficiently managing large 

amounts of data for the evaluation of cardiac dysfunction, and that it can be used 

to evaluate cardiac contractile dysfunction associated with the T2DM murine heart. 

Lastly, we expect cardiac dysfunction to manifest in a spatial and temporal fashion, 

and be defined by patterns of regional and segmental dysfunction. 
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With respect to overall expected outcomes, successful completion of Specific 

Aim I studies will provide a novel genomic pathway that could be leveraged for the 

amelioration of cardiac contractile dysfunction in T2DM. The successful 

completion of Specific Aim II studies will determine if mitochondrial transplantation 

may provide a method of replacing damaged mitochondria in the diabetic heart, 

which could be applied as prophylactic against mitochondrial bioenergetic 

dysfunction. Further, the identification of spatial and temporal patterns of cardiac 

dysfunction in the diabetic heart will aid in the determination of a locale of interest 

for both precise mitochondrial transplantation, and the identification of regions and 

segments of interest for experimental, clinical, and therapeutic purposes. 
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RESEARCH STRATEGY 

 

SIGNIFICANCE. Diabetes mellitus is the world’s fastest growing disease, affecting 

347 million people worldwide (9, 10). Cardiovascular complications, including the 

development of diabetic cardiomyopathy (DCM), remain the leading cause of 

mortality in the diabetic population (10, 11). The pathophysiology of DCM is well 

characterized by mitochondrial dysfunction (5, 12). The mitochondrion is a critical 

producer of ATP, and bioenergetic disruption is central to the development of 

cardiac contractile dysfunction and heart failure, emphasizing its importance as a 

target for therapeutic intervention (13, 14). Interventions targeting mitochondrial 

function may include those aimed at preservation or rescue of bioenergetic 

function via improvements in respiratory capacity and ATP generating ability (15). 

Overall, improved methods of preserving mitochondrial bioenergetic function 

would reduce mortality rates in the diabetic population, and provide an essential 

treatment for DCM. As a result, strategies targeting preservation of bioenergetic 

function and ATP generating capacity, including those directed at the ATP 

synthase complex of the mitochondrial electron transport chain, are attractive for 

limiting diabetes-induced heart failure and disease burden.  

 

Previous studies provide the scientific premise for the proposed 

experimentation. Our laboratory was the first to demonstrate that miR-378a 

enhancement in diabetic mitochondria leads to downregulation of mt-ATP6, a 

critical component of the ATP synthase F0 complex, therefore reducing mt-ATP6 

protein content and ATP synthase activity (15, 16). A second lncRNA, Kcnq1ot1, 

has been shown to be altered in the diabetic heart, and has been suggested to 

interact with target microRNAs to influence translation of protein (17, 18). As a 

predicted regulator of miR-378a, Kcnq1ot1 provided an additional layer of 

regulation for the mitochondrial genome, in which pathological overexpression of 

miR-378a may be quelled. Mitochondrial transplantation has been studied 

extensively in murine models of ischemia reperfusion, and has demonstrated 

significant benefits (19-22), but has been minimally explored in diabetes mellitus 
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(22-25). Current literature suggests that the transplantation of mitochondria from a 

non-allogeneic source, or from a different individual of the same species, 

demonstrated no negative inflammatory or rejection like consequences following 

transplantation (20, 25, 26). These reports demonstrate that mitochondrial 

transplantation may be of benefit to the diabetic heart, and would allow for the use 

of mitochondria collected from a healthy donor.  

 

The research generated from this dissertation is significant because it aims 

to ameliorate cardiac contractile dysfunction associated with the diabetes mellitus 

pathology through assessment and implementation of novel mitochondrial-centric 

therapeutic strategies. This work was conceptually and mechanistically 

innovative because it utilized novel mouse models, including a miR-378a 

KO/Db/Db mouse, and manipulation of the mitochondrial ncRNA profile. The 

proposed research is technically innovative in its application of mitochondrial 

replacement strategies, and the use of echocardiography for the assessment of 

spatial and temporal patterns of dysfunction in the T2DM murine heart. Deepening 

our understanding of the influence of the ncRNA profile on regulation of the 

mitochondrial genome enhances the impact of these studies by providing new and 

innovative therapeutic targets for the amelioration of cardiac dysfunction. Further, 

the prophylactic application of mitochondrial transplantation in the diabetic heart 

aims to preserve mitochondrial bioenergetic function and prolong the development 

of cardiac contractile dysfunction.  
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BACKGROUND AND SIGNFICANCE 

 

Diabetes mellitus is a prolific disease characterized by a complex set of 

pathological insults which impact all of the biological systems of the body. 

Pathophysiological changes can be observed at the level of the genome, and 

traced throughout the cellular, organellar, and tissue levels, culminating in what is 

ultimately a systemic disease (1, 2). Of the associated co-morbidities, 

cardiovascular disease (CVD) accounts for the greatest mortality rate in the 

diabetic population (3). Though CVD is rampant and only becoming more 

prevalent, gaps remain in our knowledge regarding its development and 

progression. Mechanistically, the pathophysiology of CVD in diabetes mellitus is a 

continuously evolving subject. While many mechanisms have yet to be fully 

elucidated, a large volume of research is available to support a significant role for 

mitochondrial dysfunction, and related abnormalities, in cardiac contractile 

dysfunction (4-7). The foremost role of mitochondria in the heart is to produce ATP 

for contraction. Due to the role of mitochondrial dysfunction in CVD 

pathophysiology, mitochondrial targeted therapeutics are attractive for the 

amelioration of cardiac contractile dysfunction in diabetes mellitus, but their 

efficacy is not well established. The projects discussed in this dissertation focus 

extensively on the amelioration of mitochondrial dysfunction as a method to 

improve contractile ability of the diabetic heart. The aims of this research were to 

assess the efficacy of two mitochondrial-centric therapeutic approaches for the 

treatment of diabetic cardiac contractile dysfunction. Contributing studies are 

provided in chapter 2, “Manipulation of the MiR-378a/mt-ATP6 Regulatory Axis 

Rescues ATP Synthase in the Diabetic Heart and Offers a Novel Role for LncRNA 

Kcnq1ot1”, chapter 3, “Evaluation of Myocardial Mitochondrial Transplantation for 

Application in the Diabetic Heart”, and chapter 4, “Machine Learning for Spatial 

Stratification of Progressive Cardiovascular Dysfunction in a Murine Model of Type 

2 Diabetes Mellitus”. A summary and future directions are provided in chapter 5, 

“General Discussion”.  
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1.1 Diabetes Mellitus 

 

1.1a Significance 

 

The frequency of diabetes mellitus has continued to increase worldwide, 

with current prevention strategies failing to quell the surge. Previous reports from 

the World Health Organization and others documented 422 million cases 

worldwide in 2014, and estimate a rise to 642 million by 2040 (1, 2). More recent 

reports cite worsening statistics, and document 451 million diagnoses in 2017, with 

a projected increase to 693 million by 2045 (3). Diabetes mellitus results from a 

complex array of metabolic and physiological changes, and is often associated 

with multiple comorbidities, or health conditions that are associated with, but not a 

symptom of, the primary disease. In conjunction with the typical presentation of 

diabetes mellitus, patients may develop other conditions including but not limited 

to ocular myopathy, kidney failure, cardiovascular disease (CVD), stroke, and 

lower limb amputation (4, 5). Together, this systemic insult results in notably 

reduced health-span, reduced life-span, and higher mortality rates in the diabetic 

population (2, 5).  

 

Diabetes mellitus was listed as the seventh leading cause of death in the 

United States in 2016 (2), but the number of people who pass from diabetes 

mellitus is likely higher than reported due to a lack of emphasis on the primary 

disease when reporting on death certificates (6, 7). As a result, people who pass 

from diabetes mellitus associated comorbidities, such as CVD or stroke, may not 

be documented as dying from diabetes mellitus, making the real death toll difficult 

to identify (8). Moreover, nearly 80,000 death certificates list type 2 diabetes 

mellitus (T2DM) as the primary cause of death, but over 250,000 death certificates 

list diabetes mellitus as underlying or contributing to cause of death (9). Hence, 

reporting differences in the primary versus secondary or underlying cause of death 

influences mortality statistics by separating deaths from diabetes mellitus and 

those attributed to comorbidities, resulting in diabetes mellitus appearing less 
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deadly than it would otherwise. When viewed as a whole, the inclusion of all 

diabetes mellitus related deaths places it as the 3rd leading cause of death in the 

United States, only behind heart disease (647,457 deaths) and cancer (599,108 

deaths) (10). In reality, diabetes mellitus has the second greatest contribution to 

reduced global life expectancy, even when adjusted for comorbidities and other 

confounding factors (3, 11). There are three foremost types of diabetes mellitus; 

type 1 diabetes mellitus (T1DM), T2DM, and gestational diabetes. Of note, 

Alzheimer’s Disease has recently garnered the description of “type 3 diabetes 

mellitus,” due to the interrelationship of key features shared by the two pathologies, 

but this connection is currently under evaluation and is only mentioned as a note 

for the reader (12). For the scope of this dissertation, T2DM is the primary target 

of potential research advances, and will be discussed. 

 

1.1b Type 2 Diabetes Mellitus 

 

The prevalence of T2DM is far higher than T1DM, accounting for over 90% 

of diagnoses (1, 13). T2DM is often described as adult-onset or non-insulin-

dependent diabetes mellitus because of its primary manifestation in adulthood, and 

high base-line levels of insulin. In fact, non-insulin dependent refers to the body’s 

inability to effectively use insulin for blood glucose regulation, rather than an 

inability to produce it (2, 14). As the epidemic of obesity continues, the use of 

“adult-onset” as a descriptor of T2DM is lessening due to an increased prevalence 

of T2DM in children and adolescents. The pathophysiology of T2DM is 

characterized by hyperinsulinemia and hyperglycemia, or excessive insulin and 

glucose in the blood, and insulin resistance (14, 15). The dysregulation of insulin 

and blood glucose levels, whether due to poor management of the condition or 

because the condition went undiagnosed, can lead to a decline in pancreatic beta 

cell function and result in the need for glucose management through exogenous 

insulin supplementation (14, 15). Though this type of diabetes mellitus is often 

thought to be the result of obesity and physical inactivity, current literature 

suggests that an underlying cornucopia of physiological changes sets the stage 
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for T2DM development (2). Symptoms accompanying T2DM may go undetected 

for long periods of time prior to a diagnosis, and underlying comorbidities, such as 

CVD, may have already developed (2). As a result, patients with T2DM may be 

living with unmanaged hyperglycemia and hyperinsulinemia for extended periods 

of time prior to intervention, leading to worsened comorbidities, reduced health-

span, and increased risk of mortality.  

 

1.1c Classifying Metabolic Alterations 

 

To better understand the pathophysiology of diabetes mellitus, it is pertinent 

to understand the metabolic alterations associated with disease development. 

Diabetes mellitus is classified and characterized by metabolic changes in insulin 

production and glucose management. Therefore, it becomes necessary to 

understand the basics of metabolism and how the body regulates the release of 

glucose and insulin in response to food intake or fasting conditions. In a healthy 

individual, food intake, and particularly carbohydrates, stimulates the pancreas to 

release the hormone insulin in a phase one response to the conversion of 

carbohydrates to glucose, and its presence in the blood (16, 17). The release of 

insulin stimulates cellular uptake and storage of glucose as fuel, as well as 

stimulates the muscles and the liver to store glucose as glycogen for later use (16, 

17). Excess nutrients that are not utilized and cannot be stored as glycogen will be 

transformed into free fatty acids and stored in fat deposits (18). During this storage 

phase, blood glucose levels begin to fall and the pancreas moves into phase two 

insulin production, where it produces new insulin in preparation for the next meal. 

Conversely, during fasting conditions, low blood glucose levels stimulate the 

release of the hormone glucagon. Glucagon stimulates the conversion of glycogen 

stores in the liver into glucose through the process of gluconeogenesis, or the 

creation of new glucose, and releases steady levels of glucose into the blood 

stream to be used for fuel (16, 17).   
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T1DM and T2DM are characterized by distinct paradigms of metabolic 

changes that are ultimately based in disrupted insulin production or sensitivity, and 

glucose dysregulation. For the purposes of this dissertation, the metabolic changes 

associated with T2DM will be discussed. There is much debate about the role of 

hyperinsulinemia and insulin resistance in T2DM and metabolic syndrome, with 

some suggesting that insulin resistance is a root cause, or initiator, of disease 

development and metabolic unrest. Others, myself included, believe that 

hyperinsulinemia and insulin resistance begin as adaptive responses aimed at 

protecting the body from metabolic damage during situations of chronic nutrient 

overload (19-24). A metabolically flexible individual will shift between glucose and 

free fatty acids as primary sources of fuel during daily feeding and fasting windows 

(20). In situations of chronic nutrient overload, chronically high glucose and free 

fatty acid levels may be observable in the blood (20, 25, 26). This arguably 

dangerous dual availability of substrates caused by nutrient overload can cause 

cellular injury and tissue damage, also referred to as glucolipotoxicity (20, 23, 24).  

 

While this adaptive process continues, blood glucose levels may 

temporarily remain steady even though the body is in a state of nutrient overload 

because they are being regulated by increased insulin secretion alone (15, 19). As 

the body continues to regulate blood glucose through the overproduction of insulin, 

it continues to require more and more to achieve proper glucose modulation (19). 

Tissues that are normally responsive to insulin stimulated glucose uptake, such as 

the heart and skeletal muscle, may become insulin resistant to protect themselves 

from metabolic damage and glucolipotoxicity (20, 23, 24). This cycle leads to a 

dependency on the phase 2 insulin response that if not properly managed may 

lead to beta cell dysfunction (16, 25, 26). Finally, when insulin hypersecretion alone 

cannot regulate blood glucose levels, the patient will present with clinically 

detectable hyperglycemia (14). At the time of diagnosis, the metabolic profile of a 

T2DM patient is centered around insulin resistance, hyperinsulinemia, and 

hyperglycemia, and often requires pharmacological intervention (15, 16). This 

substantial shift in substrate utilization and nutrient overload can be described as 
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a disruption of metabolic flexibility, resulting in hyperglycemia and excess free fatty 

acids that are not effectively utilized at the cellular level, and are consequently 

stored as fat deposits, within adipose tissue, muscle tissue, and organs (15, 16, 

19).  

 

1.1d Metabolic Inflexibility in the Type 2 Diabetic Heart 

 

 Metabolic flexibility describes to the ability to maintain homeostasis by 

responding and adapting to changes in metabolic demand. It is based on energy 

requirements, energy demand, caloric intake, and the availability of substrates (27-

29). While the metabolic abnormalities observed in the T1DM phenotype may be 

normalized by proper management via insulin supplementation, the T2DM 

phenotype, regardless of management technique or intervention, is ultimately 

considered to be metabolically inflexible (30, 31).  

 

In the T2DM condition a large percentage of energy is produced using fatty 

acids, or by fatty acid oxidation (31, 32). At the molecular level, metabolic 

inflexibility manifests as hyperlipidemia, or an increase in circulating free fatty 

acids, an increased dependency on fatty acids for energy production, and a 

decreased ability to use glucose as an energy substrate (18, 19, 31). This change 

in glucose and fatty acid utilization has been described extensively since its 

discovery in 1963 (31, 33). As an example, the heart is typically one of the most 

metabolically flexible organs in the body, but in T2DM, a reduced ability to fluctuate 

between glucose and fatty acids substrates for energy production occurs, and 

though there is plenty of glucose available it cannot be utilized effectively as a 

primary source of fuel (31, 34). This phenomenon has been described as “starved 

in the midst of plenty”, and may be the most descriptive statement of the T2DM 

condition (31, 35). Further, metabolic inflexibility is currently thought to develop 

concomitantly with insulin resistance, but prior to the onset of hyperglycemia, 

indicating that metabolic rigidity may actually be an underlying cause of T2DM, 

rather than a consequence (31, 34, 36). 
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1.2 CVD 

 

1.2a Mortality Risk in Diabetes Mellitus 

 

CVD in the diabetic population, also known as diabetic cardiomyopathy 

(DCM), is the leading cause of death in the diabetic population (37, 38). Generally 

speaking, adults with diabetes mellitus are between 2 and 4 times more likely to 

die from CVD than their healthy counterparts, and at least 68% of people aged 65 

and older with diabetes mellitus will succumb to CVD related complications (5, 9). 

The overwhelming prevalence of the T2DM condition means that CVD risk factors 

are well characterized. In persons with T2DM, CVD is the leading cause of 

mortality with death rates of 15.4% in those with no prior myocardial infarction (MI), 

and 42.0% in those having a history MI (1). Further, T2DM patients face a 2 to 4 

times higher risk of experiencing a CVD related event (5, 39). Current CVD risk 

management in T2DM focuses on glycemic control in addition to exercise, blood 

pressure management, and other lifestyle factors (1, 40). Notably, CVD risk 

management may be de-emphasized in T2DM patients, as CVD may already be 

present at the time of diagnosis (1, 14). Because routine CVD screening is not 

currently recommended for diabetes mellitus, managing CVD risk in T2DM patients 

is comparable to management in the non-diabetic population (41). 

 

1.2b Diabetic Cardiomyopathy 

 

The term “diabetic cardiomyopathy” was coined by Rubler in 1972 and 

defined CVD in diabetes mellitus, which was thought to develop outside of the 

traditional factors responsible for CVD in the general population (i.e. hypertension, 

obesity, and coronary artery disease) (38, 42). This terminology is heavily debated 

as some suggest there is not enough evidence to determine whether there is a 

cardiomyopathy specifically tied to the diabetic condition, as many of the traditional 

factors, including hypertension and obesity, are relatively common among diabetic 

patients. Of the current reports addressing DCM, the majority appear to support a 
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distinct increase in the occurrence of CVD in the diabetic population (40, 43). Large 

population-based studies suggest that increased risk of atherosclerosis and other 

traditional risk factors inherent to diabetes mellitus cannot account for the 

prevalence of heart failure in the diabetic population, indicating the involvement of 

other factors (44). Even following adjustment for confounding factors, patients with 

diabetes mellitus are still subject to a 2 to 5 fold increase in risk for heart failure 

(44). Currently, the terminology is still used to describe CVD in the diabetic 

population, though it appears we may know less about its development than 

previously thought. At the time of writing, DCM is classified as a subtype of dilated 

cardiomyopathy within the non-ischemic heart failure phenotype, and describes 

the atypical development of CVD in the diabetic heart (37, 45, 46). 

 

DCM is characterized by both structural and metabolic changes, requiring 

a multitude of tools to monitor its development and progression. While metabolic 

changes will be discussed at a later time, structural changes are a critical piece of 

the identification, diagnosis, and management scheme. Advancements in non-

invasive imaging techniques continue to aid in the structural characterization of the 

diabetic heart (47, 48). Of note, changes in left ventricular structure, including both 

concentric and eccentric hypertrophy, lead to pathological increases in left 

ventricular mass (37). Increased left ventricular mass is not only a known predictor 

of cardiovascular morbidity and mortality, but has been shown to increase in the 

diabetic population independent of other risk factors (37, 47, 49). Additional 

assessments of left ventricular structural changes have shown that concentric 

remodeling has a higher association than eccentric remodeling with cardiovascular 

mortality based on echocardiographic and cardiac magnetic resonance studies 

(37, 50). Additionally, the observation of cardiac remodeling is an important 

characteristic of CVD in diabetic heart, and may provide increased certainty for 

diagnosis and future evaluations.  

 

Many challenges surround the diagnosis and management of CVD in 

diabetes mellitus. It is not uncommon for diabetic patients to experience 
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asymptomatic development of CVD. Diastolic dysfunction is commonly cited as the 

first sign of disease in these patients, and may be the first sign of heart failure (37). 

Strong associations with systolic dysfunction in T2DM have not been identified, 

with exception in the “Strong Heart Study,” where a correlation between ejection 

fraction (EF) and HbA1c levels was observed (37, 47). Because of these 

developmental patterns, traditional imaging modalities like M-mode 

echocardiography, which focus on major changes in systolic function as measures 

of diagnosing CVD, are often inadequate to assess subtle changes in functionality 

prior to diabetic patients becoming symptomatic (37). These challenges are 

emphasized by the current classification system of DCM. In the general population, 

classification begins as asymptomatic or at risk with no limitations, but stage 1 of 

DCM is considered by the New York Heart Association to already include the 

presence of diastolic dysfunction, but have normal EF (44).  

 

Speckle tracking strain-based echocardiography (STE) is a more nuanced 

method of assessing cardiac function that focuses on cardiac deformation and 

motion, and is able to detect subtle changes in both diastolic and systolic function 

(51). STE allows for the observation of cardiac motion as global, regional, and 

segmental patterns of deformation, making it a useful tool in the diagnosis of 

clinical and sub-clinical CVD, and is currently utilized in humans and murine 

models (50-54). Global longitudinal strain is a widely accepted clinical marker of 

left ventricular dysfunction (52, 55). Numerous studies have demonstrated its use 

as a prognostic value, even in patients with no history of CVD, and it has been 

shown to be correlated with diabetic duration in T2DM patients (52, 55, 56). STE 

has seen applications in murine models of diabetes mellitus to identify cardiac 

strain abnormalities and regional affliction that may have otherwise been elusive 

(57, 58). Changes seen in global longitudinal strain as early as nine weeks post 

onset of streptozotocin-induced T1DM were associated with lessened myocardial 

contraction in the anterior and posterior regions (59). Li et al. demonstrated that 

STE could be used to evaluate early cardiac dysfunction in Db/Db mice, with 

significant reductions in radial and circumferential strains identified at 16 weeks 
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(58). The broad diagnostic capability of STE provides an opportunity to enhance 

current imaging modalities, and improve detection of CVD in the subclinical realm. 

 

The pathophysiology of CVD is heavily related to the changes in metabolism 

discussed above, including altered glucose and fatty acid metabolism. To fully 

understand its development, the organelle primarily responsible for energy 

production and contractile ability, the mitochondrion, must be explored. 

Specifically, mitochondrial bioenergetic dysfunction is considered to be a central 

component of CVD development in diabetes mellitus (60-62). 

 

1.3 Mitochondrial Dysfunction 

 

1.3a Overview 

 

The heart requires more energy than any other organ in the body due to 

maintain non-stop contractile activity. In situations of stress and high energy 

demand, such as physical activity, the heart can increase cardiac output by seven 

times (63). Increases in energy demand are met by enormous oxidative reserves, 

and can be maintained for long periods of time without activating anaerobic 

metabolism (63). The molecule responsible for this tremendous feat is ATP. ATP 

is primarily produced in the mitochondrion through oxidative phosphorylation and 

the electron transport chain (ETC). The ETC is comprised of five complexes; I, II, 

III, IV, and V (also referred to as ATP synthase), and functions by generating a 

proton gradient through the oxidation of NADH/NADPH (64, 65). Through a 

progressive cycle involving proton transfer, the release of intermediates that initiate 

the next step of the system, and eventually the production of ATP molecules, the 

ETC generates the energy needed for all aerobic functions, including cardiac 

contractility (65). The mitochondrion is responsible for upwards of 95% of the ATP 

production in the heart, and accounts for about one-third of the total volume of 

each cardiomyocyte (63, 66). Due to the heart’s need for efficient ATP production, 

mitochondria are critical in both development and maintenance of cardiac function. 
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The importance of the mitochondrion is highlighted further in cardiac disease, 

where a commonly recurring feature is the dysfunction of mitochondrial 

bioenergetic and metabolic pathways (60, 61).  

 

1.3b Mitochondrial Contribution to Cardiovascular Dysfunction in T2DM 

 

Mitochondrial bioenergetic dysfunction is a critical entity in the development 

and the progression of DCM to heart failure, and is linked to pronounced left 

ventricular hypertrophy, overt systolic dysfunction, and cell death and fibrosis (30, 

46). A healthy mitochondria is tremendously flexible, metabolically speaking, and 

can generate ATP using a variety of fuel substrates: triglycerides, non-esterified 

fatty acids, carbohydrates, ketone bodies, and amino acids (30, 67, 68). In T2DM, 

the inability to utilize glucose effectively leads to increased reliance on free fatty 

acids and mitochondrial strain. While the mitochondria are typically able to process 

free fatty acids, their fatty acid oxidative capacity is limited. Excess free fatty acids 

lead to accumulation of fatty acids, fatty acid intermediates, and eventually 

lipotoxicity (30). Lipotoxicity, or the accumulation of lipids in non-adipose tissues, 

is just one potential consequence of free fatty acid overload, and leads to a number 

of downstream consequences including increased cellular oxidative stress, 

impaired calcium homeostasis, and mitochondrial bioenergetic dysfunction (30, 

34, 69). 

 

Though lipotoxicity presents a major issue in the T2DM metabolism, the 

metabolic shift observed in the diabetic heart cannot be explained by lipotoxicity 

alone. Impaired oxidative phosphorylation by the ETC, the redox pathway located 

in the inner mitochondrial membrane that is fed through glycolysis and the citric 

acid cycle, is marked by numerous detriments (70, 71). Specifically, T2DM leads 

to increased proton leakage, oxidative stress and damage, decreased expression 

of mitochondrial genome encoded ETC components, and reduced ATP generating 

capacity (72-74). The uncoupling of oxidative phosphorylation, the induction of 

energy-wasting triglyceride fatty acids, and calcium cycling may also contribute to 
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elevated myocardial oxygen consumption and decreases in ATP generating 

efficiency (30). These changes manifest as an impaired cardiac energy reserve in 

patients with T2DM, and those with obesity and/or insulin resistance, as indicated 

by a lower phosphocreatine/ATP ratio (30, 50). Overall, reduced functionality of 

the ETC and oxidative phosphorylation process holds a critical role in DCM and 

the development of mitochondrial bioenergetic dysfunction (70, 73, 75). 

 

Mitochondrial dysfunction is implicated in the development and progression 

of CVD. As we continue to study the pathophysiology of diabetes mellites and 

CVD, we continue to raise more questions about the role of the mitochondrion in 

cardiac contractile dysfunction and heart failure. It is still unknown if mitochondrial 

dysfunction is a cause or an effect of DCM, though current literature suggests that 

in T2DM mitochondrial dysfunction begins prior to even insulin resistance and 

hyperglycemia, contributing to the actual development of the pathology and not 

just its comorbidities (76, 77). It should be noted that mitochondrial dysfunction 

may appear concomitantly with metabolic inflexibility or insulin-deficiency, but it is 

also characterized by an array of unique genomic changes that were touched on 

briefly above. Altered transcriptional regulation of the proteins involved in cardiac 

energy metabolism pathways, and the regulatory network of the mitochondrial 

genome has been evaluated in diabetes mellitus (30, 66, 78, 79). Non-coding 

RNAs (ncRNA) are of particular interest to diabetes mellitus, because of their 

ability to regulate a wide array of transcriptional targets (79, 80). 

 

1.4 NcRNA Regulation of the Mitochondria 

 

1.4a MicroRNAs 

 

Mitochondrial dysfunction is associated with a number of disturbances at 

the genome level, including altered DNA transcription, protein synthesis and 

import, and RNA regulation (66, 67, 73, 78, 81). MicroRNAs (miRs), a subtype of 

ncRNA, have gathered interest as a therapeutic target in diabetes mellitus due to 
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their diverse range of action, their localized distribution profiles, and evidence of 

their role in CVD and heart failure (80, 82). Mitochondrial dysfunction in the diabetic 

heart is well characterized, but to fully understand how mitochondrial dysfunction 

impacts cardiac function we need to delve into ncRNA regulation of the 

mitochondrial genome. 

 

MiRs have been shown to have great implications in the regulation of 

mitochondrial function and the mitochondrial genome during diabetes mellitus. 

Mature miRs are roughly 18 – 22 nucleotides in length, and have the ability to bind 

and regulate target mRNA transcripts (83). Through complete or partial 

complementary of seed sequences on the 3’ prime end of both transcripts, miRs 

can either completely or partially block the transcription of their mRNA targets into 

protein (83). MiRs are typically located in intronic regions or the untranslated region 

of a protein-coding gene in DNA, or those that were previously thought to be “junk” 

DNA (83, 84). The canonical pathway of miR transcription and processing is that 

miR genes are transcribed as large primary transcripts inside the nucleus, referred 

to as pri-microRNA, which are then processed in the nucleus by Drosha, an RNase 

III enzyme (83). The now ~70 nucleotide length precursor miR is then transported 

to the cytoplasm through an exportin system, and processed by a second RNase 

III enzyme, Dicer (83). After this double processing, the mature miR is 

approximately 22 nucleotides in length, and ready to be incorporated into the RNA-

induced silencing complex (RISC), which mediates the silencing of target mRNAs 

(83). Argonaute 2, an endonuclease housed within the RISC, binds directly to the 

mature miR and assists in identifying target mRNAs that have complementarity to 

the miR’s seed sequence. The “seed” region of miRs includes 2-7 nucleotides of 

the that assist in target association. If complementarity exists in the 9-11 nucleotide 

central region of the miR, then binding of the miR to the mRNA occurs, and the 

mRNA can be cleaved via argonaute 2 endonuclease activity (83). MiRs have a 

primary role in the regulation of gene expression and the transition from nucleotide 

to amino acid, making them critical regulators of all physiologic processes (66, 85).  
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1.3b Mitochondrial MiRs 

 

MiRs have been implicated in numerous pathologies and diseases. Cardiac 

miRs are key regulators of gene expression in the heart and contribute to 

transcriptional and post-transcriptional regulation in DCM and the progression to 

heart failure (82, 85). Cardiac miRs target mitochondrial function through a number 

of pathways, including reactive oxygen species production, calcium handling 

perturbation, and initiation of apoptosis (43, 66). MiRs can further contribute to 

structural remodeling in the heart by influencing fibrosis or stiffening (86). In DCM, 

miRs travel throughout the body via the circulation to other cells, tissues, or organs, 

resulting in a redistribution of miRs in disease (80, 82). This redistribution of miRs 

can lead to a host of negative changes in gene regulation, which trickle down into 

every aspect of the biological system. 

 

MiRs are involved in widespread transcriptional regulation, including 

nuclear and mitochondrial encoded genes. MiRs found inside the mitochondria 

have been termed mitomiRs, and can influence bioenergetic function of the 

mitochondrion through the regulation of mitochondrial genome encoded proteins 

(87, 88). MitomiRs influence all metabolic processes that take place in the 

mitochondrion, including the tri-carboxylic acid cycle, ETC and oxidative 

phosphorylation processes, and lipid and amino acid metabolism (78, 87). Further, 

previous reports have shown that the miR profile of the mitochondria is altered in 

diabetes mellitus (78). For the scope of this review, the impact of miRs on the ETC 

and oxidative phosphorylation will be covered.  

 

MitomiRs are indirectly responsible for the breakdown of glucose, and the 

oxidation of substrates like carbohydrates, fats, and proteins (66, 88). While miR 

activity has been suggested to impact each of the five complexes of the ETC, those 

that impact complex V, ATP synthase, are the most intriguing. ATP synthase is 

required to produce ATP, and any disturbances to either the F0 or F1 complexes 

can severely reduce ATP production and lead to multiple mitochondrial diseases 
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(89-95). MiR-101-3p, miR-127-5p, miR-338-5p, and miR-378a have all been 

suggested to target specific components of the ATP synthase complex and 

regulate its expression (78, 87). MiR-378a, a miR identified by our laboratory to be 

increased within diabetic cardiac mitochondria, is able to bind and down-regulate 

mitochondrially encoded ATP synthase membrane subunit 6 (mt-ATP6), and is 

predicted to bind and regulate mt-ATP8 (78, 87). These two proteins, involved in 

the ATP synthase complex F0 subunit, are the only two ATP synthase proteins that 

are encoded within the mitochondrial genome, indicating that miR-378a is acting 

as a regulator inside the mitochondria, and may contribute to decreases in ATP 

synthase activity and ATP generating capacity (78, 87). 

 

1.4c MiR-378a  

 

MiR-378a is the most highly expressed of the miR-378 sequences, and 

contains both leading and lagging strands (96). The miR-378a-3p, leading, and 

miR-378a-5p, lagging, strands are highly conserved between human and mice, 

with the miR-378a-5p mature strand matching exactly between species and the 

miR-378a-3p mature strand varying by only one nucleotide (96). This homology 

suggests that miR-378a focused research may be experimentally translatable 

between species.  

 

MiR-378a is encoded on the first intron of the peroxisome proliferator-

activated receptor gamma, coactivator 1 beta (ppargc1b) gene, who’s exons 

encode peroxisome proliferator-activated receptor gamma (PPARγ) coactivator-1 

(PGC-1) transcriptional coactivators, PGC-1α and PGC-1β (96). Together, PGC-

1α and PGC-1β serve critical roles in regulating mitochondrial function and cellular 

energy metabolism, as were discussed above. Together, they stimulate 

transcription factors and nuclear receptor activity, and are enriched in highly 

oxidative tissues such as the heart (96). PGC-1β regulates mitochondrial energy 

metabolism, as well as glucose and fatty acid oxidation, making it a key player in 

diabetes mellitus (97, 98). Because miR-378a is co-expressed with PGC-1β, it is 
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suggested to have a critical regulatory role in fatty acid oxidation and mitochondrial 

energy homeostasis (96, 97, 99). 

 

In 2012, miR-378a was shown to repress both carnitine O-

acetyltransferase, a mitochondrial enzyme involved in fatty acid metabolism, and 

MED13, a component of the mediator complex that controls nuclear hormone 

receptor activity (97). It was identified as a regulatory unit that maintains energy 

homeostasis under metabolic stress, and the oxidative capacity of insulin-target 

tissues (97). MiR-378a knockout mice exhibited resistance to high-fat-diet-induced 

obesity, enhanced mitochondrial fatty acid metabolism, and increased oxidative 

capacity of insulin-target tissues (97). This data, gathered in the liver, provided the 

ground-work for the role of miR-378a in homeostasis of energy metabolism.  

 

The role of miR-378a in the mitochondria has been further explored by our 

laboratory (78, 100, 101). In 2015, miR profiles were characterized in 

streptozotocin-induced T1DM cardiac mitochondrial subpopulations using 

microarray analysis (78). Results identified miR-378a as being overexpressed in 

interfibrillar mitochondria, which are most negatively impacted during T1DM (78, 

102, 103). MiR-378a was identified as a miR of interest and predicted 

bioinformatically to bind and regulate both mt-ATP6 and mt-ATP8, the only 

proteins of the ATP synthase complex that are encoded by the mitochondrial 

genome (78). Luciferase assay confirmed the ability of miR-378a to bind mt-ATP6, 

and miR-378a overexpression in HL-1 cells was matched by significantly reduced 

levels of mt-ATP6 protein content and decreased ATP synthase activity (78). In 

vivo experimentation using LNA-linked antagomir delivery targeting miR-378a in 

streptozotocin-treated T1DM mice resulted in preservation of mt-ATP6 protein 

content and ATP synthase activity in interfibrillar mitochondria (78). Because of the 

relationship between mitochondrial dysfunction and cardiac contractile function, 

echocardiography was performed to assess ejection fraction (EF) and fractional 

shortening (FS) prior to and following treatment with the LNA-linked antagomir 

(78). Results demonstrated significantly higher EF and FS values in the treated 
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group when compared to controls (78). In summary, miR-378 overexpression led 

to reduced mt-ATP6 protein content and ATP synthase activity, ultimately reducing 

ATP generating capacity, while inhibition of miR-378 activity restored cardiac 

function in a murine model of T1DM (66, 78, 87). 

 

1.4d Regulation of MiRs by Long Non-coding RNAs 

 

Long non-coding RNAs (lncRNA) are a second class of ncRNA primarily 

transcribed in the nucleus which are much larger than miRs, ranging from 200 

nucleotides into the thousands (104, 105). As relatively new players in the field, 

lncRNAs receive a lot of attention due to their ability to bind and regulate other 

ncRNAs, such as miRs (80). Mounting evidence suggests that the dysregulation 

of lncRNAs can result in aberrant expression of genetic targets that perpetuate the 

development of numerous diseases (66, 106). As recent as 2017, literature 

supported a potentially critical role for lncRNAs in diabetes mellitus, with miR-188-

3p, miR-539, and miR-489 having been shown to be regulated in the 

cardiovascular and circulatory system by lncRNAs (66, 107-109). While it was 

understood that lncRNAs were somehow connected to the diabetic heart, no 

studies had yet implicated lncRNAs in miR regulation, CVD, or the mitochondrion 

in diabetes mellitus (66). Since then, there has been an explosion of lncRNA 

centered research (80, 105). 

 

Differential expression analysis of lncRNAs in T2DM blood samples 

exposed 441 differentially regulated lncRNAs (366 upregulated and 75 

downregulated), indicating aberrant dysregulation of the lncRNA network in T2DM 

(105). Less explored, analysis of the mitochondrial transcriptome shows lncRNAs 

residing within the mitochondrion, with speculation that RNA binding proteins, such 

as polynucleotide phosphorylase, may play a role in their transport into the 

mitochondria (106). LncRNAs are currently known to be important regulators of 

gene expression and therefore modulators of cellular function and disease (104, 
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106), but the biological significance of many lncRNAs, and particularly their 

influence on disease, have yet to be identified.  

 

 LncRNAs have been identified to inhibit miR function through a process 

described as sponging, where they act as endogenous competing RNAs and bind 

to complimentary miR response elements (66, 105). This unique function 

emphasizes why lncRNAs have been of such interest for researchers. A single 

lncRNA can bind multiple miRs at the same time, reducing their ability to bind and 

inhibit translation of their target mRNAs. In the same way, lncRNAs are naturally 

occurring and may provide another efficacious route for mitochondrial targeted 

reduction of miR activity. The balance of action between miRs and lncRNAs is 

delicate and easily disrupted by pathological conditions. In a healthy individual, a 

lncRNA would endogenously compete for miR binding within a balanced system, 

influenced by many external factors. In a system such as diabetes mellitus, many 

miRs are already in disarray, and it may be in part due to disruption of other ncRNA 

networks. For the purposes of this dissertation, we return to miR-378a as a target 

for lncRNA interactions. The mitochondrial ncRNA network may be disrupted to a 

greater extent than simply the miR profile, and act as a pervasive agent in the 

development of mitochondrial dysfunction (80, 106).  

 

1.4e LncRNAs in Diabetes Mellitus and the Mitochondrion 

 

The exploration of ncRNAs in disease has become a pervasive front, with 

dysregulation of the ncRNA network in numerous pathologies, including diabetes 

mellitus and CVD. NcRNAs, including miRs and lncRNAs, have been shown to be 

dynamic in disease, often operating in conjunction with one another (80, 105). In 

many cases, dynamic lncRNA expression appears to impact miRs and their 

downstream targets (80, 110-117). This association of lncRNAs and miRs is well 

established, with the discovery of each lncRNA paralleling the discovery of one or 

more lncRNA/miR regulatory axes (104, 105, 118).  
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An increasing number of studies suggest that nuclear-encoded lncRNAs, 

including those residing in the nucleus or cytoplasm, and mitochondrial genome 

encoded lncRNAs, play a role in mitochondrial genome regulation. In 2020, a 

review by Gusic and Prokisch summarized 18 lncRNAs known to impact the 

mitochondrial genome, including AK055347, shown to influence ATP synthase, 

indicating a delicate balance maintained by the import of lncRNAs into the 

mitochondria, the transcription of lncRNAs from the mitochondrial genome, and 

the dysregulation incurred by disease (80, 106, 119, 120). Importantly, lncRNA 

activity has been demonstrated to influence the mitochondrial genome primarily 

through the regulation of miRs and their downstream targets (119, 121-123). 

Though these interactions require further evaluation in diabetes mellitus and CVD, 

recent data from our laboratory suggests that lncRNAs, including lncRNA 

potassium voltage-gated channel subfamily Q member 1 overlapping transcript 1 

(Kcnq1ot1), metastasis associated lung adenocarcinoma transcript 1 (Malat1), and 

Nuclear Enriched Abundant Transcript 1 (Neat1), are not only dysregulated in 

T2DM mitochondria, but have been predicted to interact with mitochondrially-

located miRs and influence mitochondrial genome-encoded protein expression. 

 

Of the many lncRNAs identified in diabetes mellitus, Kcnq1ot1 and Malat1 

are among the most highly studied (119). Evidence suggests that alterations in 

Kcnq1ot1 and Malat1 may contribute to the development of diabetes mellitus and 

CVD (119). Specifically, both have been linked to pyroptosis, inflammation, 

apoptosis, and aberrant gene regulation, as part of altered miR regulatory axes 

(116, 124-127). Kcnq1ot1 has been found in several metabolically active tissues; 

skeletal muscle, liver, pancreas, and adipose (104), and has since been shown to 

have important roles within the heart (125, 128). Few studies exist which explore 

Kcnq1ot1 in diabetes mellitus and DCM. Kcnq1ot1 has consistently been shown 

to be increased in diabetes mellitus tissues, including the left ventricular tissue of 

Db/Db mice and T2DM patients (125, 129). In two separate reports, Yang et al. 

utilized a streptozotocin-induced model of T1DM and proposed that Kcnq1ot1 acts 

as a competing endogenous RNA which regulates the expression of caspase-1 
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through sponging of miR-214-3p, and further demonstrated that Kcnq1ot1 

inhibition reduced pyroptosis and fibrosis (124). Shuo-Fang et al. reported that 

Kcnq1ot1 participates in the sponging of miR-181a-5p, leading to the 

overexpression of Programmed Cell Death 4 (PDCD4) protein (130). Further, 

Shuo-Fang found that Kcnq1ot1 knockdown reduced PDCD4 levels, myocardial 

inflammation, and cardiomyocyte apoptosis (130). Of note, these reports focused 

on Kcnq1ot1 at the tissue levels, rather than at the level of the mitochondrion. 

Kcnq1ot1 has yet to be identified in the mitochondrion, and its role in the 

development of mitochondrial dysfunction in T2DM remains elusive. Potential 

interactions with mitochondrial miRs are unexplored, but Kcnq1ot1 is predicted to 

bind and regulate miR-378a, containing 93 predicted binding sites specific to this 

miR. To this end, the focus of chapter 3 will be the exploration of this regulatory 

axis in a murine model of T2DM, and the cardioprotective effects of miR-378a 

genomic loss and inhibition. 

 

1.6 Mitochondrial Transplantation 

 

1.6a Overview 

 

Mitochondrial transplantation is currently not utilized for the treatment of 

CVD in diabetes mellitus, but has the potential to be used as a non-invasive 

method to deliver healthy mitochondria to the diabetic heart. As discussed above, 

therapeutic interventions are often pharmacologic in nature, requiring dietary 

supplementation or consistent use of medication to manage diabetes mellitus, and 

in turn mitochondrial dysfunction and cardiac health.  

 

Mitochondrial transplantation, a method that uses healthy mitochondria to 

replace or support dysfunctional mitochondria, has been extensively explored by 

Dr. James McCully, who dominates the field in relation to ischemia reperfusion 

injury, and its amelioration using mitochondrial transplantation techniques (131-

135). His technique has been exclusively applied in the field of ischemia 
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reperfusion injury and shown great success by reaching clinical trials in pediatric 

patients (136). Fortunately, mitochondrial transplantation is easily performed 

during induced states of ischemia reperfusion because of the nature of the 

procedure. In vivo experimentation allows for the unique opportunity to provide 

therapeutic intervention at precisely the right moment, after ischemia but prior to 

reperfusion.  

 

In 2009, McCully et al. performed mitochondrial transplantation in the 

ischemic heart during early reperfusion, and demonstrated protection of cardiac 

function and reduced damage following ischemia reperfusion (131). As with all 

therapeutic procedures, there is a chance of negative side effects. To determine if 

negative outcomes were associated with the mitochondrial transplantation 

procedure, an exhaustive list of outcomes were evaluated: the impact of 

mitochondrial transplantation on cardiac abnormalities, acute and chronic 

inflammation and apoptosis, variations between single or serial injection schemes, 

and the use of syngeneic or allogenic mitochondria, or mitochondria from self or a 

different individual of the same species (131, 134, 136, 137). Importantly, 

electrocardiographic recordings immediately following the transplantation of 

autologously derived, syngeneic, mitochondria showed no ventricular tachycardia, 

bradycardia, fibrillation, or conduction system defects or repolarization 

heterogeneity (137). In short, results determined that the procedure, regardless of 

injection scheme and source of donor mitochondria, does not incite any direct or 

indirect, acute or chronic side effects that indicated potential damage to the heart 

or lasting effects on cardiac function (134, 137). Not only did mitochondrial 

transplantation produce significant decreases in levels of cardiac energy markers 

myocardial creatine kinase and concentrative nucleoside transporter 1, following 

reperfusion, it also reduced apoptosis and apoptotic markers through decreases 

in tunnel staining, caspase 3 protein levels, infarct size, and area at risk (131).  

 

In concurrent reports, these findings were recapitulated and heartily support 

mitochondrial transplantation for cardioprotection (134, 136, 137). Masuzawa et al. 
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utilized proteomic analysis following mitochondrial transplantation to show 

increased translation of differentially expressed proteins, and pathway induction of 

beneficial cytokine and proteomic pathways, suggesting that functional benefits 

may be stimulated through mitochondrial interactions and function within the tissue 

(137). Enhanced ATP content and oxygen consumption rate, as well as the 

replacement of depleted mitochondrial DNA was further identified as contributors 

to the mechanism of cardioprotection, suggesting that bioenergetic stimulation and 

support by transplanted mitochondria may play a critical role during ischemia 

reperfusion injury (132).  

 

1.6b Mitochondrial Transplantation for Diabetic Cardiomyopathy 

 

Until now, an extensive amount of functional support for mitochondrial 

transplantation in the heart was produced using a model of ischemia reperfusion. 

Though this pathological model differs in critical ways from DCM, the 

cardioprotective effects of mitochondrial transplantation are attractive and 

potentially applicable in a multitude of other pathologies. Critically, functional 

outcomes including improved ATP content, improved oxygen consumption rates, 

and the propagation of beneficial proteomic pathways is homologous to the 

functional improvements that would likely be beneficial in the context of a 

therapeutic for the treatment of DCM.  

 

While traditional therapeutics for diabetes mellitus are centered heavily on 

medications for the management of cardiac contractile dysfunction, there are 

currently no reliable methods of management, and restoration of cardiac function 

is, at best, a far-off speculation. Mitochondrial transplantation is a terrific 

therapeutic opportunity for a number of reasons, one of which at its simplest is to 

provide support to an otherwise diseased mitochondrial population. In previous 

studies, the focus remained on the use, assessment, and perfection of the 

mitochondrial transplantation procedure for clinical translation (138). This focus left 

the mechanism of action arguably understudied, with limited insights available 
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regarding uptake and localization within tissues and cells (132, 133). To better 

understand the mechanism of action and the impact of mitochondria 

transplantation at the cellular level, more research is necessary. Overall, 

mitochondrial transplantation is not only readily available or a donor away, but if 

successfully applied in the diabetic population, could minimize the medical burden 

of diabetes mellitus and CVD dramatically. Further, emphasis on treatment of the 

mitochondrial network may reduce CVD related deaths, and improve quality of life 

in diabetes mellitus patients. 

 

1.6c Overcoming Barriers to Application in Diabetes Mellitus 

 

Adapting the procedure of mitochondrial transplantation to a diabetes 

mellitus model is no easy or quick feat. Critical changes in the methodology and 

experimental design will be necessary to overcome current barriers and test its 

efficacy as a prophylactic measure. Ultimately, the adaptation of mitochondrial 

transplantation as a prophylactic intervention opens a new range of possible 

applications for mitochondrial transplantation.  

 

As discussed above, DCM is strongly associated with mitochondrial 

dysfunction and cardiac contractile function, making it a good candidate for 

mitochondrial transplantation, a procedure that has been shown to improve ATP 

content and oxygen consumption, and incite the activation of essential 

bioenergetic pathways (139). Though mitochondrial transplantation has been 

heavily studied, and reached clinical trial levels in pediatric patients, its applicability 

in diabetes mellitus is, at best, understudied. Mitochondrial transplantation use in 

diabetes mellitus provides a unique and novel opportunity to use a well-evaluated 

therapeutic that directly targets the mitochondrial network, and therefore cardiac 

contractile potential. That being said, multiple barriers exist that must be 

addressed. 
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Likely the most problematic barrier, DCM related cardiac events cannot be 

modeled in the same manner as ischemia reperfusion. Unlike ischemia reperfusion 

models, where both events are controlled and predetermined processes, a 

planned injection scheme for a CVD event in a diabetes mellitus model is 

unfeasible and not clinically translational. Additionally, because diabetes mellitus 

patients experience a diverse range of cardiac events, a design focused solely on 

MI is unrealistic. This means that during experimental procedures, there is no 

obvious area at risk or pre-determined location for mitochondrial transplantation as 

displayed in ischemia reperfusion models. Further, access to the heart is limited 

because the goal of reducing cardiac risk means that we are aiming to prevent a 

cardiac event, and do not perform transplantations in an open-heart scenario. 

Because of these factors, an alternative injection methodology and protocol 

becomes necessary. In order to be feasible and realistic, mitochondrial 

transplantation must be performed in a prophylactic manner aimed at both 

improving cardiac contractile function and reducing patient risk of a future cardiac 

event. The development of a procedure that maintains the ability to deliver 

mitochondria within the cardiac wall in a minimally invasive manner provides the 

greatest opportunity for positive results. Likely, ultrasound-guided 

echocardiography will provide a suitable injection mechanism that is both minimally 

invasive, and allows for quick recovery with limited side effects.  

 

Further considerations are the internalization and localization of 

mitochondria within the left ventricular wall, and the mechanism of uptake into the 

cardiomyocytes. Evidence suggests that following injection, mitochondria remain 

in the tissue, are internalized by cardiomyocytes within two hours (137), and are 

viable for at least 28 days following transplantation (137). Current literature 

suggests that following transplantation, mitochondria are taken up by 

cardiomyocytes and localized within the intracellular space, and potentially within 

the host mitochondrial network (131-133), but further experimentation is necessary 

to determine if these behaviors will consistently be observed using alternative 
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injection schemes, in smaller animal models such as mice, and within normal non-

ischemic cardiac tissue. 

 

1.6d Improving Applicability in Diabetes Mellitus 

 

CVD is typically managed by global or left ventricle methods regardless of 

the stage of dysfunction, and the identification of differentially impacted locales 

may provide a modality for pinpointed clinical care. This broad diagnostic capability 

provides the unique opportunity to assess localized patterns of dysfunction within 

the diabetic heart. Regional and segmental evaluations are a logical next step in 

determining localized impact of CVD on cardiovascular contractility. Currently, 

STE is utilized in CVD evaluations, but has yet to be earnestly applied to assess 

progressive regional and segmental dysfunction in the diabetic heart. Filling this 

gap in our understanding of cardiovascular diabetology may provide an opportunity 

to recognize and classify CVD in diabetes mellitus patients earlier and with greater 

specificity. It is noteworthy that the diagnosis of subclinical and overt CVD in 

diabetes mellitus is largely dependent on echocardiography. The usefulness of 

STE for DCM diagnosis and the visualization of subtle, potentially subclinical 

changes was discussed above. To go one step further, STE could be used to 

identify spatial and temporal changes in contractile ability and deformation of the 

heart, and may allow for better directed mitochondrial transplantation. Chapter 4 

explores this possibility, and is focused on determining the most impacted regions 

and segments of the diabetic heart using a machine learning based approach. 
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Abstract 

 

Diabetes mellitus has been linked to an increase in mitochondrial 

microRNA-378a (miR-378a) content. Enhanced miR-378a content has been 

associated with a reduction in mitochondrial genome-encoded mt-ATP6 

abundance, supporting the hypothesis that miR-378a inhibition may be a 

therapeutic option for maintaining ATP synthase functionality during diabetes 

mellitus. Evidence also suggests that long noncoding RNAs (lncRNAs), including 

lncRNA potassium voltage-gated channel subfamily Q member 1 overlapping 

transcript 1 (Kcnq1ot1), participate in regulatory axes with microRNAs (miRs). 

Prediction analyses indicate that Kcnq1ot1 has the potential to bind miR-378a. 

This study aimed to determine if loss of miR-378a in a genetic mouse model could 

ameliorate cardiac dysfunction in type 2 diabetes mellitus (T2DM) and to ascertain 

whether Kcnq1ot1 interacts with miR-378a to impact ATP synthase functionality 

by preserving mt-ATP6 levels. MiR-378a was significantly higher in patients with 

T2DM and 25-week-old Db/Db mouse mitochondria, whereas mt-ATP6 and 

Kcnq1ot1 levels were significantly reduced when compared with controls. Twenty-

five-week-old miR-378a knockout Db/Db mice displayed preserved mt-ATP6 and 

ATP synthase protein content, ATP synthase activity, and preserved cardiac 

function, implicating miR-378a as a potential therapeutic target in T2DM. 

Assessments following overexpression of the 500-bp Kcnq1ot1 fragment in 

established mouse cardiomyocyte cell line (HL-1) cardiomyocytes overexpressing 

miR-378a revealed that Kcnq1ot1 may bind and significantly reduce miR-378a 

levels, and rescue mt-ATP6 and ATP synthase protein content. Together, these 

data suggest that Kcnq1ot1 and miR-378a may act as constituents in an axis that 

regulates mt-ATP6 content, and that manipulation of this axis may provide benefit 

to ATP synthase functionality in type 2 diabetic heart. 

 

Keywords: heart; lncRNA; microRNA; mitochondria; type 2 diabetes mellitus 
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Introduction 

 

The frequency of type 2 diabetes mellitus (T2DM) has increased 

dramatically, with the World Health Organization and others documenting 422 

million cases worldwide in 2014, and estimating a rise to 642 million by 2040 (1, 

2). As T2DM prevalence rises, our understanding of the progression and 

comorbidities underlying its pathophysiological mechanisms become critical. 

Cardiovascular disease (CVD) is the leading cause of mortality in the diabetic 

population, occurring in approximately 32% of patients and leading to death in 

approximately 10% of those afflicted (1). The mechanisms contributing to the 

development of CVD in T2DM have not been fully elucidated, but mitochondrial 

dysfunction has been suggested to play a role in a number of key disease features, 

including the development of insulin resistance, the initial onset of disease, and 

the development of cardiac contractile dysfunction (3-5).  

 

Non-coding RNAs (ncRNAs) have gained interest due to their ability to act 

both protectively and pathologically (6-8). MicroRNAs (miRs), a class of small 

ncRNAs that are approximately 22 nucleotides in length, can influence the 

development of CVD and T2DM due to their ability to regulate transcription both 

outside and inside the mitochondrion (6, 9, 10). Our laboratory and others have 

reported significant changes in the miR profile of diabetic cardiac mitochondria (6, 

11-13). Following miR profiling, microRNA-378a (miR-378a), containing two 

strands, miR-378a-3p and miR-378a-5p, was shown to be significantly increased 

in cardiac mitochondria of streptozotocin-treated mice (11). Jagannathan et al. 

demonstrated the potential for miR-378a to bind and downregulate the expression 

of mitochondrial genome-encoded mt-ATP6, a component of the electron transport 

chain complex V (ATP synthase) F0 complex (11). MiR-378a downregulation of mt-

ATP6 led to a decrease in ATP synthase functionality (11, 14), and treatment with 

miR-378a-antagomir resulted in improved cardiac systolic function in 

streptozotocin-treated mice (11). These were complemented by in vitro cellular 



 
 

49 
 

models of miR-378a overexpression (11, 14). At current, the role of miR-378a 

remains unexplored in T2DM, the most prevalent form of diabetes mellitus. 

 

Additional ncRNA species have been identified in the mitochondrion, 

including long non-coding RNAs (lncRNA) (15-17). Analysis of lncRNAs in T2DM 

blood samples revealed 441 differentially expressed lncRNAs, indicating that 

T2DM can influence the lncRNA network (17). Mitochondrial lncRNA presence has 

been observed, but data are limited (15). Undeniably, the role(s) played by 

lncRNAs in the mitochondrion are unclear. Evidence suggests that lncRNAs, 

including lncRNA potassium voltage-gated channel subfamily Q member 1 

overlapping transcript 1 (Kcnq1ot1), may play a role in the regulatory activity of 

miRs through a process known as sponging, where they act as endogenous 

competing RNAs by binding to complimentary miR response elements, and 

influencing mRNA transcription (6, 17, 18). Kcnq1ot1 has been evaluated in a 

number of diabetic tissues, but its ultimate function and effect remains unclear (19-

25). At current, the relationship between Kcnq1ot1 and miR-378a in the 

mitochondrion has not been elucidated. The objectives of this study were to 

determine if loss or inhibition of miR-378a could ameliorate cardiac dysfunction in 

T2DM, and to determine whether Kcnq1ot1 interacts with miR-378a in a sponging 

mechanism to influence mitochondrial genome-encoded mt-ATP6 and ATP 

synthase functionality. 

 

Materials and Methods 

 

Experimental animals 

 

Animal experiments used in this study conformed to the National Institutes of 

Health Guidelines for the Care and Use of Laboratory Animals and were approved 

by the West Virginia University (WVU) Animal Care and Use Committee. Whole 

body miR-378a knockout (KO) mice were a kind gift from Dr. Eric Olson at the 

University of Texas Southwestern Medical Center (26). Experimental animals 
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included male and female FVB/NJ wild-type (WT) mice 

(RRID:IMSR_JAX:001800), FVB/NJ Db/Db mice (The Jackson Laboratory stock 

Cat. No. 006654) (27, 28), FVB/NJ miR-378a KO mice, and FVB/NJ miR-378a 

KO/Db/Db mice generated by our laboratory (Supplemental Figure S2.1). Db/Db 

mice develop severe hyperglycemia at 5 weeks of age (29). Animals were housed 

in the WVU Health Sciences Center animal facility on a 12-hour light/dark cycle in 

a temperature-controlled room. Animals were maintained on a standard chow diet 

and had access to both food and water ad libitum. Animals were euthanized at 25 

weeks of age using cervical dislocation as a primary method, and critical organ 

removal as a secondary method of euthanasia. Cardiac ventricular tissues and 

serum were collected for biochemical analyses. Ideal samples sizes were 

determined using a 2-sided power analysis, with an alpha value of 0.05 and a 

desired power of 0.80, using previously collected echocardiography values (30). 

Initial evaluation of cardiac function in male and female animals presented no 

significant differences, therefore subsequent biochemical analyses utilized a 

combination of sexes. No animals were excluded from the study. 

 

KO/Db/Db Model Characterization 

 

Weight, fasting blood glucose, serum insulin, and miR-378a levels were 

evaluated at 25 weeks to verify diabetes mellitus progression in KO/Db/Db mice. 

Fasting blood glucose was measured using an Ascensia Contour blood glucose 

monitor (Bayer Healthcare LLC, Mishawaka IN) and corresponding blood glucose 

test strips (Ascensia, Cat. No. 7097C). Serum insulin levels were measured using 

a Mouse Insulin ELISA Kit (Thermo Fisher Scientific Cat. No. EMINS) according 

to manufacturer instructions. Briefly, mouse serum was collected from whole blood 

isolates after coagulation at room temperature for 30 minutes and centrifugation at 

2,500 rcf for 10 min. Serum was diluted twofold, and processed according to 

manufacturer instructions. Measurements were acquired at 450 nm and 550 nm 

wavelengths. Values acquired at 550 nm were subtracted from values acquired at 

450 nm to correct for optical imperfections in the microplate provided. MiR-378a-
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3p and miR-378a-5p levels were assessed to verify miR-378a loss in KO and 

KO/Db/Db animals using qPCR. MiR-378a genomic deletion was verified in a 

previous study (26).  

 

Study Approval and Patient Population 

 

The WVU Institutional Review Board and Institutional Biosafety Committee 

approved the studies and data generated from this work, including all right atrial 

tissue and patient information acquired. When required by the Institutional Review 

Board, written informed consent was received from every participant or legal 

guardian by the WVU Heart and Vascular Institute, J.W. Ruby Memorial Hospital. 

Right atrial appendages were removed during open-heart and/or valvular surgery 

by a single co-operating physician, and all tissue and data were stored in a double 

de-identified process. Atrial tissue from patients who were either nondiabetic (ND) 

or with T2DM were used in the analyses. Patients’ tissue was used irrespective of 

age, gender, and ethnicity/race. Patients with a history of smoking were excluded 

from the study. 

 

Mitochondrial Isolation 

 

Mitochondria were isolated from mouse and human cardiac tissues as 

previously described (31), with modifications by our laboratory (32-34). Briefly, 

mitochondria were isolated using a series of centrifugation steps to separate 

subsarcolemmal (SSM) and interfibrillar (IFM) subpopulations from nuclear and 

cytoplasmic portions. SSM and IFM subpopulations were combined to form a total 

mitochondrial population. Mitochondrial pellets were resuspended in 200 μl of KME 

buffer (100 mM KCl, 50 mM MOPS, and 0.5 mM EDTA; pH 7.4) to be assessed 

for mt-ATP6 protein and ATP synthase content, ATP synthase activity, and qPCR 

quantification. Nuclear portions remained once the cytoplasmic portion and 

mitochondria were removed and were saved for biochemical analysis. 
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Cross-linked Immunoprecipitation 

 

 Cross-linked immunoprecipitation (CLIP) was performed on mouse cardiac 

tissue as previously described (11), with modifications (35, 36). Briefly, tissues 

were finely minced in 1X PBS in a petri dish with a suspension depth of 

approximately 1 mm. Samples were irradiated 5 times with 400 mJ/cm2 on ice 

using a CL-1000 Ultraviolet Crosslinker (UVP, Upland, CA), and mixed between 

each irradiation. Two hundred and twenty-five micrograms of protein were diluted 

in NP-40 buffer (20mM Tris HCl; pH 8.0, 137mM NaCl, 10% Glycerol, 1% Triton 

X100, 2mM EDTA) up to 1 mL and the RNA digested by addition of 10 microliters 

of RNase I (Thermo Fisher Scientific Cat. No. EN0601, 1:500). Fifty microliters of 

Protein G magnetic beads (New England Biolabs Cat. No. S1430S) were washed 

3 times with NP-40 buffer and then resuspended in 100 microliters of NP-40 buffer 

and 5 microliters of Recombinant Anti-Argonaute-2 antibody rabbit monoclonal 

(Abcam Cat. No. ab186733, RRID:AB_2713978). The antibody was allowed to 

bind to the beads by rotating the tubes overnight. Beads were washed three times 

with NP-40 buffer, and cross-linked tissue lysates added followed by tube rotation 

for 2 hours at 4°C. Beads were washed three times with NP-40 buffer. Thirty 

microliters of NP-40 was added to the beads and heated for 10 minutes at 70°C 

with shaking (1000 rpm). Supernatant was used for RNA isolation and qPCR 

analyses. 

 

RT-qPCR 

 

 Total RNA was isolated from mouse and human mitochondria and cardiac 

tissue samples using the RNeasy Mini Kit (Qiagen Cat. No. 74104) according to 

manufacturer instructions. Total DNA was isolated from mouse cardiac tissue 

using the DNeasy Blood and Tissue Kit (Qiagen Cat. No. 69504) according to 

manufacturer instructions. Two step RT-qPCR analysis was performed, with miR 

amplification achieved using a high-capacity RNA to cDNA synthesis kit (Thermo 
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Fisher Scientific Cat. No. 4387406) and SYBR Green components in a total sample 

volume of 25 μl: 12.5 μl PowerUp SYBR Green Master Mix (Applied Biosystems 

Cat. No. A25742), 9.5 μl RNAse/Nuclease free water, 1 μl of primer pair for the 

control (U6/GAPDH) or experimental target, and 2 μl of sample cDNA. Samples 

were run in duplicate for target sequence and U6 or GAPDH control. Data 

represented as fold change are calculated as the 2^∆∆Ct of the target sequences, 

with all groups represented as change relative to control. MtDNA content was 

assessed as previously described (37), with modifications. To determine mtDNA 

content, delta threshold (Ct) values were acquired by subtracting nuclear DNA 

(nucDNA) from mtDNA. An Applied Biosystems 7500HT Fast Real-Time PCR 

System was used for analysis, with reaction conditions optimized to Origene’s 

qSTAR miRNA qPCR Detection System instructions. Primer pair sequences are 

listed in Supplemental Table S2.1; see http://doi.org/10.6084/ 

m9.figshare.18940262. 

 

Western Blotting 

 

Mouse and human cardiac tissues were homogenized using a Polytron 

PowerGen 500 S1 tissue homogenizer (Fisher Scientific, Hampton, NH) in 

radioimmunoprecipitation assay (RIPA) buffer (Thermo Fisher Scientific Cat. No. 

89901), then centrifuged at 10,000 rcf for 20 minutes to remove debris. The 

supernatant was kept for Western blot analysis, and the pellet was discarded. 

Samples were prepared as previously described (11, 38). Briefly, a Bradford assay 

was used to determine protein concentration (39), and 30-50 micrograms of protein 

were used per sample. NuPAGE™ LDS Sample Buffer (4x) (Thermo Fisher 

Scientific Cat. No. NP0007) was added to samples, and heated to 70 Celsius for 

10 minutes to denature proteins. Samples were allowed to cool to room 

temperature before loading into the gel. NuPAGE™ 12% Bis-Tris Protein Gels, 1.0 

mm, 15-well gels (Invitrogen Cat. No. NP0343BOX) and NuPAGE™ MES SDS 

Running Buffer (Thermo Fisher Scientific Cat. No. NP0002) were used as 

previously described (14, 32, 40, 41). Proteins were transferred to Nitrocellulose 
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Membrane (Thermo Fisher Scientific Cat. No. 88018), and blocked for 1 hour at 

room temperature in a 5% milk solution. Primary antibodies used in the study were: 

Anti-MT-ATP6 rabbit polyclonal (Thermo Fisher Scientific Cat. No. PA5-37129, 

RRID:AB_2553922, 1:1000), Anti-GAPDH mouse monoclonal (Abcam Cat. No. 

ab8245, RRID:AB_2107448, 1:1000), Anti-VDAC1 mouse monoclonal (Sigma-

Aldrich Cat. No. SAB5201374-100UG, 1:1000), which was verified for specificity 

by Sigma-Aldrich during quality control testing, and Anti-β Actin mouse monoclonal 

(Sigma-Aldrich Cat. No. A5316, RRID:AB_476743, 1:1000). Secondary antibodies 

used in the study were: Rabbit Anti-Mouse IgG H&L (HRP) (Abcam Cat. No. 

ab6728, RRID:AB_955440, 1:2500) and Goat Anti-Rabbit IgG H&L (HRP) (Abcam 

Cat. No. ab6721, RRID:AB_955447, 1:2500). Radiance Plus Western blotting 

substrate (Azure Biosystems Cat. No. AC2103) was used to detect signal per 

manufacturer instructions. The G:Box Bioimaging system (Syngene, Frederick, 

MD) was used to detect luminescence, and data was captured using 

GeneSnap/GeneTools software. Densitometry was analyzed using Image J 

Software (ImageJ, RRID:SCR_003070) and all values were expressed as optical 

density with arbitrary units. 

 

Blue Native-Page 

 

ATP synthase content was assessed using blue native polyacrylamide gel 

electrophoresis (BN-PAGE) as previously described (42). Briefly, mitochondria 

were solubilized with 5% digitonin on ice. After addition of Coomassie G-250, 

samples were run on 4–16% NativePAGE 15-well gels (Thermo Fisher Scientific 

Cat. No. BN1004BOX) at 150 volts for 30 minutes, when dark buffer was replaced 

with light buffer and run at 250 volts for 1 hour, or until samples traveled the length 

of the gel. Following BN-PAGE, gels were removed from the cassette, rinsed with 

deionized water, and fixed in a solution containing 50% methanol and 8% acetic 

acid for 15 min. Gels were stained using a colloidal blue staining kit (Invitrogen 

Cat. No. LC6025) according to manufacturer instructions. Optical densities were 

measured using Image J Software as described in “Western Blotting.”  
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Electron Transport Chain Complex Activities 

 

The activity of complexes I, III, IV, and ATP synthase were measured 

spectrophotometrically on isolated mitochondria as previously described (31, 32, 

43-45). Briefly, activities were measured for complexes I (reduction of 

decylubiquinone), III (reduction of cytochrome c), IV (oxidation of reduced 

cytochrome c), and ATP synthase (pyruvate kinase, phosphoenolpyruvate and 

ATP production). A Bradford assay was carried out on each sample to provide a 

basis for normalization to protein content. Values are expressed as nanomoles 

consumed per minute, per microgram of protein. For ATP synthase, this 

expression is equal to the nanomoles of NADH oxidized per minute, per microgram 

of protein. 

 

Echocardiography 

 

 A single trained individual in the WVU Animal Models and Imaging Facility 

acquired ultrasound images in a blinded fashion in conscious mice to maintain 

normal left ventricle (LV) function and heart rate (46-49). Images were acquired 

using a 32–55 MHz linear array transducer on the Vevo2100 Imaging System 

(Visual Sonics, Toronto, Canada) as previously described (30, 32, 34, 41). Briefly, 

measurements including ejection fraction (EF), fractional shortening (FS), cardiac 

output, and stroke volume were obtained from LV images. Mouse identifiers were 

randomized prior to echocardiographic analysis to mask group, and were analyzed 

by a single individual. M-mode measurements were calculated over at least three 

consecutive cardiac cycles and averaged values were considered a single 

replicate. This was repeated for as many M-mode videos as provided up to 6 

replicates. 
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Cell Culture 

 

The established mouse cardiomyocyte cell line (HL-1) (Millipore Cat. No. 

SCC065, RRID:CVCL_0303) (Registered with the International Depositary 

Authority, American Type Culture Collection (ATCC); CRL-12197), which 

maintains a cardiac-specific phenotype following repeated passages, and a HL-1 

miR-378a overexpressing cell line (HL-1-378a) generated by our laboratory, were 

used as previously described (11, 12, 14, 50). HL-1-378a cells demonstrate 

significant reductions in mt-ATP6 mRNA, mt-ATP6 protein content, and ATP 

synthase activity (11, 14). Cells were maintained at 5% CO2/95% air and 37 °C in 

Claycomb medium (Sigma Aldrich Cat. No. 51800C-500ML) and prepared 

according to manufacturer instructions. The “n” presented in related results is 

representative of biological replicates. It should be noted that the advantage of this 

model is that it affords the opportunity to explore the mechanistic interaction 

between lncRNA Kcnq1ot1 and the miR-378a/mt-ATP6 axis in an artificial system 

of enhanced miR-378a presence.   

 

Plasmid Construction 

 

IntaRNA, lncBase, and DIANA software programs were utilized to 

determine Kcnq1ot1 binding sites for miR-378a (51-57). Of the two strands, miR-

378a-5p was predicted to bind most strongly to Kcnq1ot1, and was utilized in 

plasmid production. Plasmids were generated using a pGL4.14_[luc2/Hygro] 

vector backbone containing a firefly luciferase reporter gene (Promega Cat. No. 

E6691). Three plasmids were designed and verified for sequence insertion 

between restriction enzymes BglII and HindIII prior to delivery; a Kcnq1ot1-miR-

378a-5p fragment containing the sequence for a single binding site, a 500-bp 

Kcnq1ot1 fragment containing three miR-378a-5p binding sites, and Kcnq1ot1 

scramble (Genscript, Piscataway, NJ). Plasmids were delivered at a 1mg/ml 

concentration in 1 mL of Tris-EDTA (TE) buffer. Kcnq1ot1 DNA sequences and 
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plasmid constructs can be found in Supplemental Table S2.2 and Supplemental 

Figure S2.2  

 

Luciferase Assay  

 

HL-1-378a cells were seeded in a 12 well plate and transfected at 60-70% 

confluency. Overexpression of Kcnq1ot1 fragments was established as previously 

described (14). Briefly, plasmid DNA was transfected at a concentration of 1.0 μg 

of DNA using Lipofectamine 3000 Transfection Reagent (Thermo Fisher Scientific 

Cat. No. L3000015) according to manufacturer instructions, and allowed to 

incubate for 48 h. The Dual-Luciferase Reporter Assay (Promega Cat. No. E1910) 

was used to measure firefly and renilla luciferase activity according to 

manufacturer instructions. Firefly luminescence indicating luciferase gene 

activation was normalized to renilla to account for background activity.  

 

Overexpression of Kcnq1ot1 Fragment 

 

HL-1-378a cells were seeded in a 150 mm plate and transfected at 60-70% 

confluency. Overexpression of Kcnq1ot1 fragments was established as described 

in “Luciferase Assay.” Cells were transfected at a concentration of 10.5 – 21 µg of 

DNA using Lipofectamine 3000 Transfection Reagent according to manufacturer 

instructions. Forty-eight hours post transfection, cells were harvested for 

biochemical analysis.  

 

Statistical Analysis 

 

Statistical analyses were performed using GraphPad Prism version 8.02 

(GraphPad Prism, RRID:SCR_002798). Mouse data were analyzed using a two-

way ANOVA designed to compare the four experimental groups and their 

respective controls. Data were organized into two factors; miR-378a KO and 

control. The miR-378a KO factor included the miR-378a KO control group and the 
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miR-378a KO/Db/Db group. The control factor included the WT control group and 

the Db/Db group. Within the two-way ANOVA, multiple comparisons analysis was 

performed using a Fisher’s least significance difference (LSD) test designed to 

allow for each comparison with standalone. A two-tailed Student’s T-test was used 

for statistical analysis between ND and T2DM patients, and between HL-1 cell 

groups. Data are presented as mean ± standard error of the mean (SEM). 

 

Results 

 

Mitochondrial miR-378a/mt-ATP6 Regulatory Axis in T2DM 

 

MiR-378a-3p and miR-378a-5p were significantly increased in mitochondria 

of patients with T2DM when compared with ND (Figure 2.1, A and B). Mt-ATP6 

mRNA levels were significantly higher in mitochondria of patients with T2DM 

(Figure 2.1C), while mt-ATP6 protein content was significantly decreased in 

mitochondria of patients with T2DM patient mitochondria when compared with ND 

(Figure 2.1D). ATP synthase content was decreased in T2DM, averaging 58.61% 

of levels in ND patients, and corresponded to significantly lower ATP synthase 

activity (Figure 2.1, E and F). 

 

Animal Model Characterization 

 

Weight, fasting blood glucose, serum insulin, miR-378a-3p, and miR-378a-

5p levels were measured at 25 weeks (Figure 2.2). Body weight was significantly 

increased in both Db/Db and KO/Db/Db groups when compared with control, 

indicating development of obesity (Figure 2.2A). Significant increases in fasting 

blood glucose in Db/Db and KO/Db/Db mice were observed when compared with 

control, confirming the development of hyperglycemia (Figure 2.2B). 

Concomitantly, significant increases in serum insulin levels were observed in 

Db/Db and KO/Db/Db mice when compared with controls, while KO/Db/Db mice 

also demonstrated insulin levels significantly higher than Db/Db mice, confirming 
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the presence of hyperinsulinemia (Figure 2.2C). MiR-378a-3p and miR-378a-5p 

levels were significantly lower in KO and KO/Db/Db animals when compared with 

controls, verifying significant loss of miR-378a (Figure 2.2D). 

 

Impact of miR-378a Loss on ATP Synthase 

 

 To assess the impact of miR-378a genomic loss on ATP synthase, mt-ATP6 

mRNA levels and protein content, ATP synthase content, and ATP synthase 

activity were assessed (Figure 2.3). MiR-378a-3p and miR-378a-5p were 

significantly increased in Db/Db mitochondria when compared with WT (Figure 2.3, 

A and B), whereas KO and KO/Db/Db mice contained negligible levels (Figure 

2.2D). Mt-ATP6 mRNA content was not significantly altered between WT and 

Db/Db mice (Figure 2.3C), but was significantly increased in KO and KO/Db/Db 

mice when compared with controls (Figure 2.3D). To determine whether increased 

translational repression of mt-ATP6 mRNA by the RNA-induced silencing complex 

(RISC) occurs in T2DM, we performed a CLIP experiment with a key RISC 

component, argonaute 2 (Ago2). The level of mt-ATP6 cross linked with the RICS 

component Ago2 was significantly higher in Db/Db mice when compared with WT, 

whereas KO/Db/Db mice demonstrated significantly less mt-ATP6 cross linked 

with RISC component Ago2, when compared with Db/Db mice (Figure 2.3E). Mt-

ATP6 protein content was significantly lower in Db/Db mice when compared with 

WT, but showed trending increases in KO/Db/Db animals when compared with 

Db/Db (P = 0.09) (Figure 2.3F). ATP synthase content was 62.0%, 89.6%, and 

124.6% in Db/Db, KO, and KO/Db/Db respectively, when compared with WT 

(Figure 2.3G), suggesting that modest preservation of mt-ATP6 content may allow 

for the preservation of total ATP synthase content in KO/Db/Db animals. ATP 

synthase activity in total mitochondria was significantly lower in Db/Db mice as 

compared with WT, but was preserved in KO/Db/Db mice, which demonstrated 

significantly higher ATP synthase activity when compared with Db/Db (Figure 

2.3H). To further assess the function of the mitochondrial electron transport chain, 

we assessed the activities of complexes I, III, and IV, as well as ATP content. No 
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significant differences were observed in the activity of complexes I (Supplemental 

Figure S2.3A) and IV (Supplemental Figure S2.3C). Complex III activity was 

significantly altered within the diabetic condition, showing modest reductions in 

Db/Db mice (P = 0.06), and significant reductions in KO/Db/Db mice when 

compared with WT (Supplemental Figure S2.3B). Finally, no significant differences 

were observed in mitochondrial ATP content (Supplemental Figure S2.3D).  

 

In addition to mitochondrial bioenergetic function, we assessed whether 

changes in mt-ATP6 protein content and ATP synthase functionality could be due 

to alterations in total mt-DNA content in KO or KO/Db/Db mice. Delta Ct values for 

mt-16S rRNA were found to be significantly increased in Db/Db mice, and showed 

trending increases in KO/Db/Db mice (P = 0.09) when compared with WT controls 

(Supplemental Figure S2.4A). Delta Ct values for mt-ATP6 were significantly 

increased in Db/Db and KO/Db/Db mice when compared to controls (Supplemental 

Figure S2.4B). Mt-DNA content appeared unchanged for both mt-16s rRNA and 

mt-ATP6 in KO animals when compared with control, suggesting that miR-378a 

loss does not lead to alterations in mtDNA content (Supplemental Figure S2.4). 

 

MiR-378a Loss Improves Cardiac Function in T2DM 

 

M-mode echocardiography was used to assess the impact of miR-378a loss 

on systolic cardiac function (Table 2.1). Db/Db mice showed significant 

pathological changes in M-mode parameters, with notably decreased EF and FS, 

increased LV mass, and increased LV volume, LV diameter, and wall thicknesses 

when compared with WT (Table 2.1). Alternatively, KO/Db/Db mice exhibited 

significantly higher EF and FS when compared with Db/Db counterparts, indicating 

preserved systolic contractile function (Table 2.1).  
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Kcnq1ot1 Alterations in T2DM and Interactions with miR-378a-5p 

 

 Mitochondrial Kcnq1ot1 levels were significantly reduced in Db/Db mice 

cardiac mitochondria when compared with WT (Figure 2.4A), but were significantly 

increased in both nuclear and cardiac tissue (Figure 2.4, B and C). These results 

were recapitulated in patients with T2DM, where Kcnq1ot1 levels were significantly 

lower in mitochondria of patients with T2DM when compared with ND (Figure 

2.4D), but were significantly higher in nuclear and cardiac tissue (Figure 2.4, E and 

F). Using the computational reference repository DIANA, we pictorially show 

Kcnq1ot1 sequence complementarity to miR-378a-5p, a match to the RNA utilized 

for assessment of luciferase activity (Figure 2.4G). Following transfection with both 

the Kcnq1ot1-miR-378a-5p fragment and the 500-bp Kcnq1ot1 fragment 

containing multiple miR-378a binding sites, luciferase activity was significantly 

reduced when compared with a scramble control (Figure 2.4H). These results 

indicate that Kcnq1ot1 has the potential to interact with miR-378a-5p. 

 

Overexpression of a 500-bp Kcnq1ot1 Fragment Leads to miR-378a-5p Inhibition 

 

 To determine the effects of Kcnq1ot1 manipulation on the miR-378a/mt-

ATP6 axis, a plasmid containing a 500-bp Kcnq1ot1 fragment containing three 

miR-378a-5p binding sites was used to overexpress Kcnq1ot1 in vitro in HL-1 and 

HL-1-378a cardiomyocytes (Supplemental Figure S2.5) (Figure 2.5). HL-1-378a 

cells demonstrated significantly higher levels of miR-378a when compared with 

HL-1 cells (Supplemental Figure S2.5A). Further, miR-378a cells exhibited 

significantly lower mt-ATP6 protein content (Supplemental Figure S2.5B). 

Significant increases in the 500-bp Kcnq1ot1 fragment, and significant decreases 

in miR-378a-5p levels, were confirmed following transfection when compared with 

HL-1 scramble cells (Supplemental Figure S2.5, C and D). No change was 

observed in mt-ATP6 mRNA levels in HL-1 cells overexpressing the 500-bp 

Kcnq1ot1 fragment when compared with HL-1 cells overexpressing a scrambled 

control (Supplemental Figure S2.5E). Overexpression of the 500-bp Kcnq1ot1 
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fragment was confirmed in HL-1-378a cells (Figure 2.5A). Significant decreases in 

miR-378a-5p levels were observed, indicating potential binding and a change in 

miR-378a-5p availability (Figure 2.5B). Overexpression of the 500-bp Kcnq1ot1 

fragment resulted in significant increases of mt-ATP6 mRNA and protein content 

(Figure 2.5, C and D). Finally, rescue of ATP synthase content was confirmed 

(Figure 2.5E). These results indicate that Kcnq1ot1 may actively limit miR-378a 

availability and preserve ATP synthase content. 

 

Discussion 

 

T2DM associated morbidity and mortality continues to increase in 

prevalence, yet therapeutic interventions to ameliorate cardiac dysfunction remain 

limited. The mitochondrion has received a great deal of focus due to its role in 

generating ATP necessary for cardiac contractile function. Thus, mitochondrially-

targeted therapeutics may present an opportunity for managing cardiac contractile 

dysfunction associated with diabetes mellitus (58, 59). The mitochondrial genome 

encodes 13 proteins which are constituents of the electron transport chain 

complexes, including complex V, which is part of the ATP generating complex, 

ATP synthase (60).  Because they are capable of regulating protein expression, 

miRs, such as miR-378a, may provide a therapeutic option for limiting cardiac 

contractile dysfunction associated with the diabetic heart (11, 14). In the current 

study we determined that inhibition of miR-378a in the T2DM heart could provide 

benefit to ATP synthase content by preserving mt-ATP6 protein levels. In addition, 

our data suggest that miRs may not be the sole ncRNA regulators of mitochondrial 

genome-encoded proteins. Rather, other ncRNAs, such as lncRNAs, may be 

acting in concert with miRs to regulate mitochondrial genome-encoded protein 

expression. In the current study, we linked Kcnq1ot1 and miR-378a as constituents 

of a regulatory axis that can influence the expression of mitochondrial genome-

encoded mt-ATP6, supporting the contention that the mitochondrial genome may 

be subject to a more complicated regulatory network. 
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The ncRNA network has been observed to be dysregulated in numerous 

pathologies, including diabetes mellitus and CVD (18, 61). NcRNAs, including 

miRs and lncRNAs, have been shown to be dynamic during disease states, often 

operating in conjunction with one another (17, 61, 62). In many cases, dynamic 

lncRNA expression appears to impact miRs and their downstream targets (19, 21, 

25, 62-67). The association between lncRNAs and miRs has been observed in 

diabetes mellitus, with the discovery of each lncRNA paralleling the discovery of 

one or more lncRNA/miR regulatory axes (16, 17, 68). Of the many lncRNAs 

identified in diabetes mellitus, Kcnq1ot1 and Metastasis Associated Lung 

Adenocarcinoma Transcript 1 (MALAT1) are among the most highly studied (69). 

Evidence suggests that Kcnq1ot1 and MALAT1 may contribute to the development 

of diabetes mellitus and associated comorbidities (69). Specifically, both have 

been linked to pyroptosis, inflammation, apoptosis, and aberrant gene regulation, 

as part of altered miR regulatory axes in diabetes mellitus (23, 24, 66, 70, 71). 

Less clear are the roles of Kcnq1ot1 and MALAT1 in the diabetic heart, which have 

been minimally explored. 

 

Though our data suggest a protective role for Kcnq1ot1 within the 

mitochondria, there is debate regarding the role of Kcnq1ot1 in the heart (23, 24, 

72). Some studies suggest that Kcnq1ot1 may have deliterious effects and 

perpetuate dysfunction in the heart of streptozotocin-treated mice through miR-

214-3p and caspase 1 repression (23, 24), while others have observed the 

opposite effects, and demonstrated that Kcnq1ot1 overexpression may be 

protective against sepsis-induced cardiac damage through sponging of miR-192-

5p and downregulation of X-linked inhibitor of apoptosis (XIAP) protein content 

(72). The outcomes from the current study were more aligned with the later, and 

indicated a protective role for Kcnq1ot1 in the diabetic heart. The differences in 

these findings may be a function of the miRs being targeted by Kcnq1ot1 and their 

downstream effects on cardiac function (23, 24). In addition, lncRNAs may exhibit 

variable intracellular presence. Indeed, our data demonstrates significant 

increases in Kcnq1ot1 at the nuclear and tissue level, but demonstrates significant 
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reductions specific to the mitochondria. These findings suggest that subcellular 

location may be an important determinant for the mechanistic action of a given 

lncRNA. Taken together, these data suggest that altered expression of RNAs may 

not be ubiquitous across tissues type and organelles. 

 

With mitochondrial dysfunction regarded as a crucial contributor to diabetes 

mellitus and CVD, we focused the current study on the ncRNA network of the 

mitochondrion. Our data and others suggest that the non-coding regulatory 

network of the mitochondrion is complex and includes numerous ncRNA species. 

An increasing number of studies suggest that nuclear genome-encoded lncRNAs, 

including those residing in the nucleus or cytoplasm, as well as mitochondrial 

genome-encoded lncRNAs, play a role in mitochondrial genome regulation. A 

review by Gusic and Prokisch summarized 18 lncRNAs known to impact the 

mitochondrial genome, including AK055347, which has been suggested to 

influence ATP synthase (69). Thus, a delicate balance needs to be maintained 

between the import of lncRNAs into the mitochondrion, the transcription of 

lncRNAs from the mitochondrial genome, and dysregulation of this balance may 

be incurred by disease (15, 62, 69, 73). Importantly, lncRNA activity has been 

demonstrated to influence the mitochondrial genome through the regulation of 

miRs and their downstream targets (69, 74-76). Though these interactions require 

further evaluation, we have also begun to explore additional lncRNAs, including 

MALAT1, and Nuclear Paraspeckle Assembly Transcript 1 (NEAT1), which may 

be impacted in T2DM mitochondria and are predicted to interact with 

mitochondrially-localized miRs. 

 

Due to the role of the ncRNA network in the mitochondrion, we suggest that 

both miRs and lncRNAs may be efficacious targets for the amelioration of 

mitochondrial bioenergetic and cardiac dysfunction in T2DM (11, 14, 62). The use 

of human right atrial tissue presents a caveat to studying whole heart mechanisms 

of CVD. Previous studies from our laboratory evaluating mitochondrial function in 

right atrial tissue from T2DM patients reported alterations in mitochondrial 
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morphology and bioenergetics similar to that reported in ventricular tissue of Db/Db 

mice, suggesting comparable pathophysiology in the tissue types utilized (14, 44, 

77). Still, target identification can be problematic, often with high specificity 

required to achieve desired outcomes. The overlap of the miR-378a/mt-ATP6 axis 

in both T1DM and T2DM human and mouse cardiac tissues implicate miR-378a 

as a potential therapeutic target. Though each condition manifests differently, 

diabetes mellitus types can impact similar key mitochondrial processes (11, 14, 

78). The overlap of key processes, including those relating to the production of 

ATP, suggest that targeting miR-378a for therapeutic intervention could be 

beneficial for the treatment of both diabetic phenotypes (78). As of now, 

generalized miR inhibition in experimental settings can be achieved through 

silencing mechanisms or lncRNA alteration and sponging (11, 14, 23, 24, 66, 67, 

79-81). Similarly, other reports show positive results using miR silencing for the 

amelioration of diabetes mellitus related ailments (14, 79, 82).  

 

The current study demonstrates that miR-378a KO improves mt-ATP6 

protein content, ATP synthase activity, and contractile function in T2DM. Other 

bioenergetic assessments, including that of complex III, indicate reduced complex 

III activity with the diabetic condition. Still, trending decreases in Db/Db mice may 

be a reflection of an increased need for cytochrome C production to fuel complex 

IV activity and the electron gradient, and/or notability higher variability in Db/Db 

samples, but no significant differences were observed between diabetic groups. 

An additional measure of mitochondrial bioenergetics, ATP content, was 

assessed. Total mitochondrial ATP control was found to be unchanged in all 

groups despite improved ATP synthase function and contractile ability, but 

changes in mitochondrial ATP content in the diabetic condition have been 

inconsistently reported, and may not be useful as a sole indicator of overall ATP 

generating ability (83-86). Additionally, while total mt-ATP6 mRNA levels were 

unchanged with the murine diabetic condition, miR-378a KO and miR-378a 

KO/Db/Db mice exhibited significant increases in mt-ATP6 mRNA compared to 

their respective controls, similar to the phenotype exhibited within T2DM patients. 
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Notably, we confirmed no significant differences in mt-DNA content in KO mice 

when compared to WT, or between diabetic groups, suggesting that changes in 

mt-ATP6 mRNA and protein content were not a result of miR-378a influencing total 

mt-DNA amount. To this point, apparent increases in mt-ATP6 mRNA, 

independent of changes in overall mt-DNA content, may be due to reduced 

interactions of mt-ATP6 mRNA with the RISC in KO/Db/Db mice. Concomitantly, 

Db/Db mice exhibit increased interaction of mt-ATP6 mRNA with the RISC, and 

reduced mt-ATP protein levels, despite unchanged levels of total mt-ATP6 mRNA. 

Together, these data suggest that miR-378a inhibition may provide benefit to ATP 

synthase through reduced interaction of mt-ATP6 mRNA with the RISC, and 

therefore reduced translational interference. The mechanism of translational 

interference, whether translational repression or mRNA degradation, is unclear. 

Current literature emphasizes the ambiguity in our understanding of miR mediated 

mRNA repression and degradation, with evidence to support the occurrence of 

both, but minimal evidence available to describe their mechanisms (87-91). Hence, 

further experimentation is necessary to fully elucidate the fate of mitochondrial 

mRNAs following RISC interaction. 

 

In addition to miRs, IncRNAs may be utilized to target mitochondrially-

located miRs and the mitochondrial genome (69). We suggest that downregulation 

of mitochondrial genome-encoded proteins may be rescued by reducing the 

availability of miRs known to target the mitochondrial genome (11, 14). This study 

is the first to identify mitochondrially-localized Kcnq1ot1, as well as identify 

reductions in Kcnq1ot1 levels in cardiac mitochondria. LncRNAs have been 

speculated to act in a sponging fashion by regulating and often inhibiting miR 

activity, but this is the first study to identify a role for Kcnq1ot1 as a potential 

regulator of mitochondrial genome-encoded proteins via the miR-378a-5p/mt-

ATP6 axis. Notably, though overexpression of the 500-bp Kcnq1ot1 fragment in 

HL-1 cardiomyocytes exhibiting baseline levels of miR-378a, decreased 

detectable miR-378a-5p content, it did not result in changes in mt-ATP6 mRNA 

content. These results were logical, as one would suspect that healthy cells are 
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able to transcribe mt-ATP6 mRNA freely when miR-378a levels are not 

pathologically elevated. As a result, miR-378a inhibition ultimately, had no effect 

on mt-ATP6 content. Additionally, though the mechanism we postulate influences 

the mitochondrial genome, both RNAs are of nuclear origin, thus, we cannot 

disregard the possibility that Kcnq1ot1 may interact with miR-378a cytosolically, 

resulting in reduced miR-378a within the mitochondrion (11, 14). Nevertheless, the 

efficacy of lncRNAs as therapeutic targets for mitochondrial genome-encoded 

proteins requires more elucidation. The fate of miRs following lncRNA binding is 

variable and currently unclear, with some suggesting that miRs are sequestered 

by the lncRNA and later released, and others suggesting that lncRNA binding can 

initiate degradation (92-94).  

 

Conclusions 

 

In summary, Kcnq1ot1 and miR-378a may act as constituents of a 

regulatory axis that can influence the expression of mitochondrial genome-

encoded mt-ATP6 in the T2DM heart. Further, overexpression of Kcnq1ot1 may 

reduce miR-378a levels and preserve mt-ATP6 protein content, suggesting that 

Kcnq1ot1 may participate in the regulation of the mitochondrial genome (Figure 

2.6). Our data suggest that dysregulation of the ncRNA network may impact 

regulation of the mitochondrial genome, with evidence to suggest that lncRNA 

Kcnq1ot1 may act as a regulatory target in T2DM to rescue mitochondrially-

encoded mt-ATP6 protein expression. 
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Data Availability 

 

The data that supports this study are available upon request from the 

corresponding author 

 

Supplemental Data 

 

Supplemental Tables S1 and S2 and Supplemental Figures S1-S5. 

http://doi.org/10.6084/m9.figshare.18940262. 
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Supplemental Data Methods 

 

MiR-378a KO/Db/Db Murine Model 

 

MiR-378a KO mice were bred into a Db/Db background via breeding with 

heterozygous Db/Db mice through three consecutive breeding cycles that 

produced experimental KO/Db/Db (-/-) / (-/-) and KO (-/-) / (+/+) littermates 

(Supplemental Figure S2.1A). Agarose gel electrophoresis was used to genotype 

experimental animals, and verify miR-378a genomic loss in KO and KO/Db/Db 

animals (Supplemental Figure S2.1B). Experimental controls were housed under 

identical conditions and included WT and KO littermates from each consecutive 

breeding arrangement, heterozygous Db/Db breeding, and heterozygous miR-

378a KO breeding. 

 

ATP content  

 

Following mitochondrial isolation, ATP content was quantified using the 

ATP determination kit (Thermo Fisher Scientific Cat. No. A22066). ATP content for 

experimental samples was quantified according to manufacturer instructions, and 

were calculated using the standard curve generated from the ATP standard 

solution.  
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TABLES AND TABLE LEGENDS 

 

Table 2.1: M-mode echocardiography assessments at 25 weeks 

 

SAX M-mode WT Db/Db KO KO/Db/Db 

Heart Rate 684.0 ± 14.7 634.7 ± 17.4 711.2 ± 9.0 532.3 ± 22.6*^ 

LVED;s (mm) 0.67 ± 0.04 0.90 ± 0.05* 0.49 ± 0.05 0.81 ± 0.07 

LVED;d (mm) 2.1 ± 0.06 2.4 ± 0.1* 1.8 ± 0.05 2.3 ± 0.1 

LVEV;s (μl) 0.7 ± 0.1 1.6 ± 0.2* 0.4 ± 0.1 1.3 ± 0.2* 

LVEV;d (μl) 13.9 ± 0.9 19.5 ± 1.9* 10.6 ± 0.8 19.0 ± 1.6* 

SV (μl) 13.5 ± 1.0 19.0 ± 2.0* 10.3 ± 0.7 17.4 ± 1.4* 

EF (%) 95.0 ± 0.5 91.2 ± 0.7* 97.17 ± 0.5* 93.63 ± 0.8^ 

FS (%) 68.0 ± 1.4 60.0 ± 1.7* 74.8 ± 1.8* 65.8 ± 1.9^ 

CO (mL/min) 9.3 ± 0.8 11.1 ± 0.8 6.9 ± 0.2 9.0 ± 0.7^ 

LV Mass (mm) 100.1 ± 7.6 144.9 ± 6.3* 90.1 ± 4.8 139.2 ± 7.8* 

LVAW;s (mm) 1.9 ± 0.05 2.1 ± 0.06* 1.8 ± 0.06 2.0 ± 0.05 

LVAW;d (mm) 1.3 ± 0.04 1.5 ± 0.04* 1.3 ± 0.05 1.4 ± 0.04 

LVPW;s (mm) 2.1 ± 0.08 2.3 ± 0.06* 2.1 ± 0.05 2.4 ± 0.04* 

LVPW;d (mm) 1.6 ± 0.07 1.8 ± 0.07* 1.6 ± 0.05 2.0 ± 0.04* 
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Table 2.1: Averaged values for M-mode echocardiography. Cardiac contractile 

function was assessed at 25 weeks of age in WT (n = 13), Db/Db (n = 14), KO (n 

= 10), and KO/Db/Db (n = 18) mice. “n” is defined as biological replicates. Data 

were analyzed using a two-way ANOVA. WT (7 male, 6 female), Db/Db (5 male, 9 

female), KO (4 male, 6 female), KO/Db/Db (8 male, 10 female) “ * ” Denotes P ≤ 

0.05 vs. WT, “ ^ ” Denotes P ≤ 0.05 vs. Db/Db. Values are shown as mean ± SEM. 

WT; wild-type, KO; knockout, LV; left ventricle, LVED;s; LV end-systolic diameter, 

LVED;d; LV end-diastolic diameter, LVEV;s; LV end-systolic volume, LVEV;d; LV 

end-diastolic volume, LVAW;s; LV systolic anterior wall thickness, LVAW;d; LV 

diastolic anterior wall thickness, LVPW;s; LV systolic posterior wall thickness, 

LVPW;d; LV diastolic posterior wall thickness, SEM; standard error of the mean. 
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FIGURES AND FIGURE LEGENDS 

 

Figure 2.1: Impact of T2DM on mitochondrial ATP synthase. 
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Figure 2.1: 

 

 

  



 
 

88 
 

Figure 2.1: Impact of T2DM on mitochondrial ATP synthase. (A) MiR-378a-3p 

levels were assessed in cardiac tissue of ND (n = 5) and T2DM (n = 5) patients 

using qPCR. (B) MiR-378a-5p levels were assessed in cardiac tissue of ND (n = 

5) and T2DM (n = 6) patients using qPCR. (C) Quantification of mt-ATP6 mRNA 

in ND (n = 7) and T2DM (n = 7) total cardiac mitochondria. (D) Representative 

Western blot of mt-ATP6 protein content and quantification in ND (n = 9) and T2DM 

(n = 8) total cardiac mitochondria. Two blots were required to achieve a suitable 

“n” for all groups; therefore, a representative sample was used for normalization 

between gels. The representative image was constructed by taking two samples 

for each group from a single Western blot. (E) Quantification of ATP synthase 

content in ND (n = 7) and T2DM (n = 4) total cardiac mitochondria. ATP synthase 

band is marked by “ATP Synthase”. (F) Assessment of ATP synthase activity in 

ND (n = 12) and T2DM (n = 7) total cardiac mitochondria. “n” is defined as 

biological replicates. All experiments were performed with a minimum of two 

technical replicates. Figure panel D is based in 2 independent experiments. All 

other figure panels are based in 1 independent experiment. Data were analyzed 

using a Student’s T-test. “ * ” Denotes P ≤ 0.05 vs. ND. Values are shown as mean 

± SEM. ND; non-diabetic, T2DM; type 2 diabetes mellitus, SEM; standard error of 

the mean. See Supplemental data. 
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Figure 2.2: Characterization of miR-378a KO/Db/Db animal model. 
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Figure 2.2: Characterization of miR-378a KO/Db/Db animal model. MiR-378a 

KO/Db/Db mice were characterized by (A) weight changes in WT (n = 13), Db/Db 

(n = 14), KO (n = 10), and KO/Db/Db (n = 17) mice, (B) fasting glucose in WT (n = 

4), Db/Db (n = 7), KO (n = 8), and KO/Db/Db (n = 12) mice, (C) serum insulin levels 

in WT (n = 10), Db/Db (n = 9), KO (n = 10), and KO/Db/Db (n = 9) mice, and (D) 

mitochondrial miR-378a-3p and miR-378-5p quantification (n = 7 all groups). All 

experiments were performed with a minimum of two technical replicates. “n” is 

defined as biological replicates. Figure panels are based in 1 independent 

experiment. Data were analyzed using a two-way ANOVA. “ * ” Denotes P ≤ 0.05 

vs. WT, “ ^ ” Denotes P ≤ 0.05 vs. Db/Db. Values are shown as mean ± SEM. WT; 

wild-type, KO; knockout, SEM; standard error of the mean. See Supplemental data 

  



 
 

91 
 

Figure 2.3: Mitochondrial impacts of miR-378a loss on ATP synthase ATP 

generating capacity. 
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Figure 2.3: 
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Figure 2.3: Mitochondrial impacts of miR-378a loss on ATP synthase ATP 

generating capacity. (A) Quantification of miR-378a-3p WT (n = 6) and Db/Db (n = 

6) total cardiac mitochondria. (B) Quantification of miR-378a-5p WT (n = 7) and 

Db/Db (n = 7) total cardiac mitochondria.  (C) Quantification of mt-ATP6 mRNA in 

WT (n = 9) and Db/Db (n = 10) total cardiac mitochondria. (D) Quantification of mt-

ATP6 mRNA in WT (n = 6), Db/Db (n = 6), KO (n = 6), and KO/Db/Db (n = 5) mice.  

(E) Quantification of mt-ATP6 mRNA in mouse cardiac tissue following crosslinked 

immunoprecipitation of Ago2 in WT, Db/Db, KO, and KO/Db/Db mice (n = 5 all 

groups). (F) Representative Western blot of mt-ATP6 protein content and 

quantification in cardiac tissue of WT (n = 5), Db/Db (n = 6), KO (n = 6), and 

KO/Db/Db (n = 7) mice. Two blots were required to achieve a suitable “n” for all 

groups; therefore, a representative sample was used for normalization between 

gels. The representative image was constructed by taking two samples for each 

group from a single Western blot. (G) Quantification of ATP synthase content in 

WT (n = 3), Db/Db (n = 4), KO (n = 2), and KO/Db/Db (n = 4) mice. ATP synthase 

band is marked by “ATP Synthase”.  (H) Quantification of ATP synthase activity in 

WT (n = 8), Db/Db (n = 7), KO (n = 9), and KO/Db/Db (n = 9) mice. “n” is defined 

as biological replicates. All experiments were performed with a minimum of two 

technical replicates. Figure panel F is based in 2 independent experiments. All 

other figure panels are based in 1 independent experiment. Data were analyzed 

using a two-way ANOVA. “ * ” Denotes P ≤ 0.05 vs. WT, “ ^ ” Denotes P ≤ 0.05 vs. 

Db/Db. Values are shown as means ± SEM WT; wild-type, KO; knockout, SEM; 

standard error of the mean. See Supplemental data. 

  



 
 

94 
 

Figure 2.4: Assessment of Kcnq1ot1 levels and binding of miR-378a-5p in vitro. 
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Figure 2.4 
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Figure 2.4 
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Figure 2.4: Assessment of Kcnq1ot1 levels and binding of miR-378a-5p in vitro. 

(A-C) Quantification of Kcnq1ot1 in WT (n = 5) and Db/Db (n = 4) cardiac 

mitochondria, WT (n = 7) and Db/Db (n = 8) nuclear, and WT (n = 5) and Db/Db (n 

= 5) cardiac tissue, respectively. (D-F) Quantification of Kcnq1ot1 in ND (n = 7) 

and T2DM (n = 7) mitochondria, ND (n = 7) and T2DM (n = 7) nuclear (n = 6), ND 

(n = 5) and T2DM (n = 5) cardiac tissue, respectively. (G) Representative binding 

complementarity of Kcnq1ot1 to miR-378a-5p. (H) Kcnq1ot1 binding to miR-378a-

5p was assessed using an in vitro luciferase assay system (n = 6 all groups). “n” 

is defined as biological replicates. All experiments were performed with a minimum 

of two technical replicates. Figure panels are based in 1 independent experiment. 

WT and Db/Db data were analyzed using a Student’s T-test. Luciferase data were 

analyzed using a one-way ANOVA. “ * ” Denotes P ≤ 0.05 vs. WT. Values are 

shown as means ± SEM. WT; wild-type, T2DM; type 2 diabetes mellitus. See 

Supplemental data.  
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Figure 2.5: Overexpression of 500-bp Kcnq1ot1 fragment in HL-1-378a 

cardiomyocytes. 
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Figure 2.5: Overexpression of 500-bp Kcnq1ot1 fragment in HL-1-378a 

cardiomyocytes. (A) Verification of 500-bp Kcnq1ot1 fragment overexpression in 

HL-1-378a scramble (n = 4) and HL-1-378a Kcnq1ot1 (n = 6) groups. (B) MiR-

378a-5p levels were assessed following 500-bp Kcnq1ot1 fragment 

overexpression in HL-1-378a scramble (n = 4) and HL-1-378a Kcnq1ot1 (n = 5) 

groups. (C) Quantification of mt-ATP6 mRNA in HL-1-378a scramble (n = 4) and 

HL-1-378a Kcnq1ot1 (n = 5) groups. (D) Quantification of mt-ATP6 protein content 

in HL-1-378a scramble (n = 6) and HL-1-378a Kcnq1ot1 (n = 6) groups, with 

representative Western blot. The representative image was constructed by taking 

three samples for each group from the same Western blot.  (E) Quantification of 

ATP synthase content in HL-1-378a scramble (n = 4) and HL-1-378a Kcnq1ot1 (n 

= 4) groups as marked by “ATP synthase” with representative gel image. “n” is 

defined as biological replicates. All experiments were performed with a minimum 

of two technical replicates. Figure panels are based in 1 independent experiment.  

Data were analyzed using a Student’s T-test. “ * ” Denotes P ≤ 0.05 vs. WT. Values 

are shown as means ± SEM. See Supplemental data. 
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Figure 2.6: Summary overview of ncRNA network disruption in T2DM and rescue 

by miR-378a KO and inhibition.  
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Figure 2.6: Summary overview of ncRNA network disruption in T2DM and rescue 

by miR-378a KO and inhibition. T2DM is characterized by increased mitochondrial 

miR-378a levels, decreased mt-ATP6 protein content, and decreased ATP 

synthase content and activity. MiR-378a KO/Db/Db mice lack miR-378a 

expression, and demonstrate significant improvements in mt-ATP6 protein 

content, ATP synthase content, and ATP synthase activity. These results are 

recapitulated in a cellular model when Kcnq1ot1, a lncRNA significantly reduced 

in T2DM mitochondria, is overexpressed, indicating the efficacy of Kcnq1ot1 as a 

therapeutic to benefit ATP synthase functionality. See Supplemental data. 
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SUPPLEMENTAL TABLES AND TABLE LEGENDS 

 

Supplemental Table 2.1: Primer sequences for qPCR quantification 

 

 Gene 
Name 

Sequence Orientation 

Mouse mt-ATP6 GCAGTCCGGCTTACAGCTAA Forward 
 mt-ATP6 AAGGAGGGCTGAAAAGGCTC Reverse 
 miR-

378a-3p 
CTGGACTTGGAGTCAGAA Forward 

 miR-
378a-5p 

CTGACTCCAGGTCCTGTG Forward 

 Standard 
Reverse 

GAACATGTCTGCGTATCTC Reverse 
 Kcnq1ot1 GGCAGGCAGGATTAACCAGAT Forward 
 Kcnq1ot1 

AGAACTATAATCAAGCAATCCAATC
CTT 

Reverse 

 
Kcnq1ot1

-miR-
378a-5p 

site 

AGAGTTGGACTTGGAATGCTCA Forward 

 
Kcnq1ot1

-miR-
378a-5p 

site 

CCAACAGTACCGGAATGCCA Reverse 

 mt-16S 
rRNA 

TGTAAAACGACGGCCAGTACCGTGC
AAAG 
GTAGCATAAT 

Forward 

 mt-16S 
rRNA 

CAGGAAACAGCTATGACCTCCGGTC
TGAA 
CTCAGATCAC 

Reverse 

*Genotyping miR-378a GGCCAACTTGGGAAATGTA Forward 
*Genotyping miR-378a AGCTCACATGCAAACACAGG Reverse 

Human mt-ATP6 TCCTAGAAATCGCTGTCGCC Forward 
 mt-ATP6 CTGTTAGGGGTCATGGGCTG Reverse 
 miR-

378a-3p 
CTGGACTTGGAGTCAGAA Forward 

 miR-
378a-5p 

CTGACTCCAGGTCCTGTG Forward 

 Standard 
Reverse 

GAACATGTCTGCGTATCTC Reverse 
 Kcnq1ot1 GGAGTCTGGAACCTGACATCTG Forward 
 Kcnq1ot1 GTGTCAGGTGATGGAAGGACTC Reverse 
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Cell 
miR-

378a-5p 
CTGACTCCAGGTCCTGTG Forward 

 Standard 
Reverse 

GAACATGTCTGCGTATCTC Reverse 

 
Kcnq1ot1 

500 bp 
plasmid 

AGAGTTGGACTTGGAATGCTCA Forward 

 
Kcnq1ot1 

500 bp 
plasmid 

CCAACAGTACCGGAATGCCA Reverse 

 
Kcnq1ot1 
Scramble 
plasmid 

GATGCGCAATGTAGTAGAGGTCGTT
AAGT 

Forward 

 
Kcnq1ot1 
Scramble 
plasmid 

CTACGCGTTACATCATCTCCAGCAA
TTCA 

Reverse 

Control 
Primers 

U6 CTCGCTTCGGCAGCACAT Forward 
 U6 TTTGCGTGTCATCCTTGCG Reverse 
 GAPDH CATCACTGCCACCCAGAAGACTG Forward 
 GAPDH ATGCCAGTGAGCTTCCCGTTCAG Reverse 
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Supplemental Table 2.1: Primer sequences for qPCR quantification. Mouse and 

human mt-ATP6 primers were designed using Primer-BLAST through NCBI. MiR-

378a-3p and miR-378a-5p were matched to current sequences available in 

miRbase and designed according to Origene sequences. Kcnq1ot1 human 

primers were homogenous to Origene sequences, and Kcnq1ot1 mouse primers 

were acquired from Green et al, 2007. *Denotes sequences utilized for genotyping 
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Supplemental Table 2.2: DNA sequences for plasmid generation 

 

Plasmid Sequence 

Kcnq1ot1-miR-378a-5p 
TGGTTAGCTATTGAGGACTAAGTCA

GGAG 

Kcnq1ot1 miR-378a 500 bp 

CAGGTGATAGAATTGAACAAAACCAT
CCAAGACCTAAAAACGGAAGTAGAA
ACAATAAAGAAAACCCAAAGTGGGA
CGACTCTGGAGGTAGAAACCCTAGG
AAAGAAATCAGGAACCAAACATGTG
AGCATCAGCAACAGAATACAAGAGA
TGGAAGAGAGAATCTCAGGTGCAGA
AGATTCCATAGAGAACATGGGCACA
ACAATCAAAGAAAATGCGAAAAGATT
CTAACTCAAAACATCCAGGAATTCCA
GGATACAATGAGTAGACAAAACCTA
GGGATAATAGGAGTAGAGGAGAATG
AAGATTTTCAACTTAAAGGGTCAGCA
AATATCTTCAACAAAATTATAGAAGA
AAACTTCCCAAACCTAAAGTAAGAGA
TGCCCATGAACATACAAGAACCCTA
CAAAACTCCAAATAGACTGGACCAG
AAAAGAAATTCCTCCCAACACATAAT
AATCAGAACAACAAATGCACTAAATA
TAGAATATTAAAAGTAGTAAGGGAAA

AAGGTCAAGTGACATATAAAGG 

Kcnq1ot1 Scramble 
GATGCGCAATGTAGTAGAGGTCGTT

AAGT 
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Supplemental Table 2.2: DNA sequences for plasmid generation. DNA 

sequences for plasmid generation. All plasmids were generated using a pGL4.14 

(luc2/hygro) backbone with sequence insertion between BglII and HindIII 

restriction enzymes. 
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SUPPLEMENTAL FIGURES AND FIGURE LEGENDS 

 

Supplemental Figure S2.1: Generation of miR-378a KO/Db/Db animal model. 
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Supplemental Figure S2.1: 
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Supplemental Figure S2.1: Generation of miR-378a KO/Db/Db animal model. (A) 

KO/Db/Db animals were produced through a progressive breeding strategy, and 

(B) miR-378a KO was verified in KO/Db/Db mice using gel electrophoresis. Groups 

are designated (-/-) = KO, (+/-) = Het, (+/+) = WT. Agarose band of 470 bp = miR-

378a KO, 400 bp = WT, 470 bp and 400 bp = heterozygous. KO; knockout, Het; 

heterozygous, WT; wild-type. See Supplemental data. 
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Supplemental Figure S2.2: Representative images of plasmids generated and 

certified by Genscript. 
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Supplemental Figure S2.2: 
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Supplemental Figure S2.2: 
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Supplemental Figure S2.2: Representative images of plasmids generated and 

certified by Genscript. Plasmids were generated using a pGL4.14[luc2/Hygro] 

plasmid construct, with sequences inserted between HindIII and BGlII restriction 

enzyme sites. See Supplemental data. 
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Supplemental Figure S2.3: Evaluation of mitochondrial electron transport chain 

complex activities and ATP content. 
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Supplemental Figure S2.3: Evaluation of mitochondrial electron transport chain 

complex activities and ATP content. (A) Complex I activity was assessed in WT (n 

= 6), Db/Db (n = 6), KO (n = 6), and KO/Db/Db (n = 6) mice. (B) Complex III activity 

was assessed in WT (n = 6), Db/Db (n = 6), KO (n = 6), and KO/Db/Db (n = 6) 

mice. (C) Complex IV activity was assessed in WT (n = 7), Db/Db (n = 7), KO (n = 

6), and KO/Db/Db (n = 6) mice. (D) ATP content was assessed in WT (n = 10), 

Db/Db (n = 9), KO (n = 10), and KO/Db/Db (n = 10) mice.  “n” is defined as 

biological replicates. Figure panels are based in 1 independent experiment. Data 

were analyzed using a two-way ANOVA. “ * ” Denotes P ≤ 0.05 vs. WT, “ ^ ” 

Denotes P ≤ 0.05 vs. Db/Db. Values are shown as means ± SEM WT; wild-type, 

KO; knockout, SEM; standard error of the mean. See Supplemental data. 
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Supplemental Figure S2.4: Evaluation of mtDNA content. 
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Supplemental Figure S2.4: Evaluation of mtDNA content. (A) MtDNA content was 

assessed using mt-16S rRNA in WT (n = 6), Db/Db (n = 6), KO (n = 6), and 

KO/Db/Db (n = 6) mice. (B) MtDNA content was assessed using mt-ATP6 in WT 

(n = 6), Db/Db (n = 6), KO (n = 6), and KO/Db/Db (n = 6) mice.  “n” is defined as 

biological replicates. Figure panels are based in 1 independent experiment. Data 

were analyzed using a two-way ANOVA. “ * ” Denotes P ≤ 0.05 vs. WT, “ ^ ” 

Denotes P ≤ 0.05 vs. Db/Db. Values are shown as means ± SEM WT; wild-type, 

KO; knockout, SEM; standard error of the mean. See Supplemental data. 
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Supplemental Figure S2.5: Verification of HL-1-378a model, and the impact of 

500-bp Kcnq1ot1 fragment overexpression in HL-1 cardiomyocytes.  
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Supplemental Figure S2.5: Verification of HL-1-378a model, and the impact of 

500-bp Kcnq1ot1 fragment overexpression in HL-1 cardiomyocytes. (A) MiR-378a-

5p levels were assessed in HL-1 scramble (n = 4) and HL-1-378a scramble (n = 3) 

cardiomyocytes. (B) Quantification of mt-ATP6 protein content in HL-1 scramble 

(n = 3) and HL-1-378a (n = 4) cardiomyocytes, with representative Western blot. 

(C) Verification of 500-bp Kcnq1ot1 fragment overexpression in HL-1 scramble (n 

= 3) and HL-1 Kcnq1ot1 (n = 6) groups.  (D) MiR-378a-5p levels were assessed in 

HL-1 scramble (n = 3) and HL-1 Kcnq1ot1 (n = 3) cardiomyocytes. (E) Assessment 

of mt-ATP6 mRNA levels in HL-1 scramble (n = 6) and HL-1 Kcnq1ot1 (n = 6) 

cardiomyocytes. “n” is defined as biological replicates. All experiments were 

performed with a minimum of two technical replicates. Figure panels are based in 

1 independent experiment. Data were analyzed using a Student’s T-test. “ * ” 

Denotes P ≤ 0.05 vs. WT. Values are shown as means ± SEM. See Supplemental 

data. 
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Abstract 

 

As the prevalence of diabetes mellitus and cardiovascular comorbidities 

continue to rise, it is of critical importance to continue the exploration of novel 

therapeutic opportunities to improve patient morbidity and mortality outcomes. A 

wide range of cardiac pathologies are regularly characterized by bioenergetic 

dysfunction of the mitochondrion, which can perpetuate immediate or delayed 

harm to cardiac contractile function. Spontaneous cardiac events such as ischemia 

reperfusion, or MI, often occur without warning, and lead to tissue damage or 

death, and reduced mitochondrial bioenergetic capacity. Mitochondrial 

transplantation, a unique therapeutic approach involving the delivery of healthy 

mitochondria to the myocardium, has demonstrated positive impacts on tissue 

health following ischemia reperfusion events through the preservation of 

mitochondrial bioenergetic function. We surmised that mitochondrial 

transplantation may provide benefit to the ailing heart during diabetes mellitus, as 

dysfunctional mitochondria are a central component in the development and 

progression of cardiovascular disease (CVD). The efficacy of mitochondrial 

transplantation for CVD in diabetes mellitus is unexplored, and presents a number 

of challenges. Therefore, the aim of this project was to assess the efficacy of 

mitochondrial transplantation as a therapeutic approach in diabetes mellitus for the 

treatment of CVD. We hypothesized that mitochondria collected from a healthy 

donor of the same species could be deposited within the left ventricular 

myocardium using ultrasound-guided echocardiography. Further, we hypothesized 

that mitochondrial distribution, uptake, and localization following injection would 

mirror results obtained from mitochondrial transplantation during open heart 

surgery in a murine model. A transgenic mouse model containing mKate2 

fluorescent mitochondria was used as a mitochondrial donor for all 

experimentation. Mitochondrial localization in HL-1 cardiomyocytes was assessed 

using a MIF Nikon A1R confocal microscope at 24- and 48-hours post 

transplantation. Of the estimated 7.1 x 108 mitochondria plated, 8.3 x 105 were 

attached to the cellular membrane (<1%) following media change at 24 hours. At 
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48 hours, mitochondrial host and mKate2 fluorescent signals overlapped, 

suggesting interaction of transplanted mitochondria with the host cell mitochondrial 

network. Mitochondrial transplantation was further assessed in a murine model 

using ultrasound-guided echocardiography. Following injection, mKate2 

fluorescent signal was immediately verified in the heart using the IVIS 

SpectrumCT, and was further identified at 24 hours using immunohistochemistry 

and MIF Nikon A1R/SIM microscopy. Immunohistochemical analyses 

demonstrated synonymous detection of host and donor mitochondrial populations 

within and around sarcomeric α-actin signal. Mitochondrial counts and IMARIS 3D 

reconstruction indicated 1.08 x 106 and 8.6 x 103 mitochondria were identifiable in 

the left ventricular myocardium at 24 hours, >1% of those injected. Additionally, 

mitochondria were distributed over a calculated 30% of the left ventricular 

myocardium, but located primarily in and around the injection sites. In summary, 

these results are consistent with those presented in current literature and suggest 

that ultrasound-guided echocardiography is an efficacious, minimally invasive, 

method of mitochondrial transplantation that could be applied in diabetes mellitus. 

 

Keywords: diabetes mellitus, mitochondrial transplantation, left ventricle, 

myocardium, ultrasound-guided echocardiography 
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Introduction 

 

According to the World Health Organization, the prevalence of diabetes 

mellitus has risen exponentially, more than tripling from 108 to 422 million people 

diagnosed between 1980 and 2014 (1). The relationship between diabetes mellitus 

and cardiovascular disease (CVD) is well characterized, as CVD is the leading 

cause of mortality in the diabetic population (2). Adults with diabetes mellitus are 

up to four times more likely to die from heart disease than their healthy 

counterparts (2). This likelihood further increases with type 1 diabetes mellitus 

(T1DM), as CVD events are not only more common, but occur in higher 

frequencies than in the non-diabetic population. Additionally, those with T1DM 

often suffer for longer periods of time than those with type 2 diabetes mellitus 

(T2DM), increasing the likelihood of a cardiac event (3-5). While many 

mechanisms contribute to the pathophysiological development and progression of 

CVD in the diabetic heart, mitochondrial dysfunction is a critical component due to 

the mitochondrion’s role as primary producer of ATP for contraction (6, 7). Altered 

bioenergetic function, alterations in mitochondrial structure and dynamics, and 

increased reactive oxygen species have been observed in diabetic mitochondria 

(8-10). Further, mitochondrial dysfunction has been suggested to play a role in a 

number of key disease features, including the development of insulin resistance, 

the initial onset of disease, and the development of cardiac contractile dysfunction 

(11-13). In totality, mitochondrial dysfunction has been determined as a major 

contributing factor for the progression of CVD to heart failure, making the 

mitochondria a widely studied and sought-after target for therapeutic intervention. 

 

Mitochondrial targeted therapies are of great interest for disease 

management and have been utilized to treat and mitigate disease related 

comorbidities. Strategies have been developed to reduce mitochondrial 

dysfunction and stress, improve metabolic regulation, and limit the generation of 

reactive oxygen species (14-18). A unique therapeutic approach, mitochondrial 

transplantation, has demonstrated significant benefits to the heart during ischemia 
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reperfusion. Mitochondrial transplantation involves the transplantation of healthy 

mitochondria, isolated from either the same individual or a separate individual of 

the same species, into the myocardial wall, and is utilized in ischemia reperfusion 

to reduce cardiac dysfunction, area at risk, and tissue death (19-22). Exogenous 

healthy mitochondria assist the dysfunctional or damaged mitochondria by 

providing bioenergetic support including increased respiration and increased ATP 

production, thereby improving cardiac contractility (19-21, 23, 24).  

 

Minimal data is available regarding the efficacy of mitochondrial 

transplantation to enhance post-ischemic myocardial functional recovery and 

reduce myocellular injury in the diabetic heart, and it has been unexplored as a 

prophylactic method. A number of barriers challenge the use of mitochondrial 

transplantation in diabetes mellitus. Specifically, a significant challenge is the 

delivery of mitochondria to the heart in a minimally invasive manner, in which 

mitochondria are adequately distributed within the myocardium and remain for a 

measurable period of time. Therefore, the purpose of this study was to assess the 

efficacy of mitochondrial transplantation as a therapeutic approach in diabetes 

mellitus for the treatment of CVD. We hypothesized that mitochondria collected 

from a healthy donor of the same species could be deposited within the left 

ventricular myocardium using ultrasound-guided echocardiography. Further, we 

aimed to determine the number of deposited mitochondria, and their range of 

distribution, to understand the efficiency of our procedure and identify further 

challenges to its application.  

 

Materials and Methods 

 

Experimental Animals 

 

Animal experiments performed in this study conformed to the National 

Institutes of Health Guidelines for the Care and Use of Laboratory Animals and 

were approved by the West Virginia University (WVU) Care and Use Committee. 
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Experimental animals included male and female C57BL/6J/Tg(CAG-

mKate2)1Poche/J mice (The Jackson Laboratory Cat. No. 032188) (25), FVB/NJ 

wild-type mice (RRID:IMSR_JAX:001800), and FVB/NJ Db/Db mice (The Jackson 

Laboratory stock Cat. No. 006654) (26, 27). Mice were housed in the WVU Health 

Sciences Center animal facility on a 12-hour light/dark cycle in a temperature-

controlled room. Animals were maintained on a standard chow diet and had access 

to both food and water ad libitum. Animals were sacrificed at 25 weeks of age using 

cervical dislocation as a primary method, and critical organ removal as a 

secondary method of euthanasia. Animals were genotyped using the IVIS 

SpectrumCT in vivo spectrum imaging system (PerkinElmer, Waltham, MA) on 

excitation and emission peaks of 588 nm and 635 nm, respectively. The presence 

of fluorescent signal was considered a positive the presence of the transgenic 

mKate2 protein. 

 

Estimating Total Mitochondrial Number in the Murine Heart 

 

Because mitochondria are not viable for extended periods of time outside 

of a biological system, we aimed to estimate the number of mitochondria isolated 

from a whole murine heart to avoid the timely process of counting mitochondria 

using flow cytometry prior to injection. The number of myocytes isolated from a 

single adult mouse heart was estimated by extrapolating the number of 

mitochondria in a human heart, by weight and cellular volume, to mouse 

equivalents (Table 3.1) (28). The number of cardiomyocytes in the human heart 

averages 2.5 billion, accounting for about 30 percent of the total volume of cells 

(29). In the murine heart, cardiomyocytes account for a considerably higher volume 

of cells, with some estimates as high as 56 percent (28, 30). Based on these 

estimates, a 12-week-old adult C57BL/6J mouse averages a body weight of 23.8 

grams, and contains 1.13 x 1010 mitochondria. Because this number is 

extrapolated from human sources, numbers vary based on individual weight. 

Additionally, estimates of mitochondrial number vary with sex due to differences in 
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body weight between male and  female donors, and were taken into account during 

each isolation (28, 31). 

 

Mitochondrial Isolation 

 

Mitochondria were isolated from mouse ventricular tissue as previously 

described (32), with modifications by our laboratory (33-35). Briefly, mitochondrial 

subsarcolemmal and interfibrillar subpopulations were isolated using a series of 

centrifugation steps, and were combined to form a total mitochondrial population. 

Mitochondria were resuspended in 100 μl of respiration buffer (250 mmol/l sucrose, 

2 mmol/l KH2PO4, 10 mmol/l MgCl2, 20 mmol/l K+-HEPES buffer, pH 7.2, 0.5 

mmol/l K+-EGTA, pH 8.0, 5 mmol/l glutamate, 5 mmol/l malate, 8 mmol/l succinate, 

and 1 mmol/l ADP) (21), and used immediately for mitochondrial transplantation or 

stored at -80 degrees for biochemical analysis.  

 

Cell Culture 

 

The established mouse cardiomyocyte cell line (HL-1) (Millipore Cat. No. 

SCC065, RRID:CVCL_0303) (Registered with the International Depositary 

Authority, American Type Culture Collection (ATCC); CRL-12197), which 

maintains a cardiac-specific phenotype following repeated passages, was used as 

previously described (10, 36, 37). Cells were maintained at 5% CO2/95% air and 

37 °C in Claycomb media (Sigma Aldrich Cat. No. 51800C-500ML) with 

supplementation according to manufacturer instruction (36). The “n” presented in 

related results is representative of biological replicates.   

 

In Vitro Mitochondrial Transplantation 

 

HL-1 cardiomyocytes were plated in two 35 mm glass bottom dishes 

(MatTek Cat # P35GCol-0-10-C). Once 80% confluence was reached, cells were 

either left untreated or were treated with MitoTracker Orange CMTMRos (Thermo 
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Fisher Scientific Cat # M7510) and CellTracker Green CMFDA (Thermo Fisher 

Scientific Cat. No. C7025) prior to mitochondrial transplantation to label host cell 

mitochondria and cellular membranes. For initial imaging of mitochondrial 

interactions, two groups were utilized; a control plate receiving an equal volume of 

cell culture media, without mKate2 mitochondria, and a second plate receiving 1.92 

x 108 mKate2 mitochondria (1 x 107 per 50,000 cells) as previously described (38). 

For the first set of experiments, HL-1 cardiomyocytes were left untreated so that 

only mKate2 signal was present. Following transplantation, cells were imaged at 

30-minute intervals for 24 hours to observe cellular behavior and interactions with 

mKate2 mitochondria. For a second set of experiments, HL-1 cardiomyocyte host 

mitochondria and cellular membranes were stained prior to mitochondrial 

transplantation, and were imaged at 24 and 48 hours to assess mitochondrial 

uptake and integration. 

 

In Vivo Mitochondrial Transplantation 

 

Animals were anesthetized using 2 to 3% isoflurane, and maintained under 

deep sedation to minimize discomfort and the potential for injury. All injections 

were performed using ultrasound-guided echocardiography and Clear Aquasonic 

Ultrasound Transmission Gel (Parker Laboratories Cat. No. BT-025-0037L) with 

28-gauge insulin syringes (ADW Diabetes Cat. No. 329461PK4). It should be 

noted that the use of blue or colored ultrasound gel interferes with IVIS imaging 

and produces false fluorescent signal. Once in position, 30 microliters were 

deposited at each injection site, keeping the syringe in place for 5 seconds post 

injection to allow buffer and mitochondrial dispersion before the needle was 

removed (Supplemental Video S3.1 

(https://figshare.com/s/48e1bcd943be9452c64c)). Removing the needle to soon 

following injection resulted in greater loss of mitochondrial volume, collection of 

mitochondria at the injection site, and reduced distribution. A minimum of two mice 

were used for mitochondrial transplantation trials; a mitochondrial transplant 

recipient and a respiration buffer control. MKate2 mitochondria recipients received 
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the equivalent of a single young (6-week-old) adult’s total cardiac volume (1.13 x 

1010) of mitochondria or respiration buffer in three 30 microliter injections. 

Injections were staggered in the left ventricle myocardium beginning at the mid 

anterolateral wall and moved toward the apex. Notably, injections were placed far 

enough below to atria to be confident of no interference. During initial training 

sessions, injections placed too close to the atria posed a higher risk of cardiac 

arrythmias, and mortality.  

 

Tissue Processing and Immunohistochemistry Preparation 

 

Left ventricular tissues were processed by the WVU Electron Microscopy 

Histopathology and Tissue Bank to determine mitochondrial distribution and 

localization. Three mice were utilized for immunohistochemical analyses; one 

mKate2 mitochondrial transplant recipient, one respiration buffer control, and one 

control transgenic mKate2 positive mouse receiving no injection. A control 

transgenic mKate2 mouse was used to aid in microscopy training, and the initial 

identification of appropriate settings for visualizing mKate2 mitochondria. 

Following euthanasia, the left ventricle was extracted and oriented in a 

histochemistry tissue embedding cassette (Grayline Medical Cat. No. M516-3) with 

the endocardial wall facing down onto the embedding cassette sponge (Capitol 

Scientific Cat. No. DYN-230264-0001) so that the epicardial wall was the first to 

be sliced. This orientation allowed for complete slices of the left ventricular wall to 

be obtained. Left ventricle tissue was fixed by immersion in formaldehyde and 

paraffin embedded for processing. Because we were unsure what to expect 

following mitochondrial transplantation, mKate2 mitochondria recipient tissue was 

sliced in 10 μm sections, with no tissue discarded to allow for full exploration of the 

myocardium. In total, 24 slides with 3 tissue slices per slide were prepared, 

covering a total range of 720 μm, or the outer half of the left ventricular 

myocardium. The respiration buffer recipient and transgenic control mice were 

processed as described above, with modifications. Six slides with 3 tissue slices 

per slide were obtained by keeping a 10 μm section, then discarding 30 μm. In 
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totality, half of the left ventricles, or 720 μm, were sectioned but three of every four 

slices were discarded.  

 

Immunohistochemistry Deparaffinization and Rehydration  

 

Slides were deparaffinized and rehydrated according to the Abcam 

Immunohistochemistry (IHC) application guide prior to antigen retrieval and 

immunohistochemical staining. Slides were first incubated in Xylene 3 x 3-minute 

intervals. Next, slides were placed in 100% ethanol for three 2-minute intervals. 

Finally, slides were placed in 95%, 80%, and 70% ethanol for one interval of 2 

minutes each in the order described. Lastly, slides were rinsed quickly in milliQ 

water and placed in 1x PBS until ready for heat-induced epitope retrieval, or 

antigen retrieval. Antigen retrieval was achieved by placing slides into a rice cooker 

containing citrate buffer tri-sodium citrate (dihydrate) 2.94 g, distilled water 1000 

mL, adjust pH to 6.0 with HCl, add 0.5 mL Tween 20), pre-heated to 98 degrees 

C, but not boiling. Slides were completely submerged and incubated for 25 

minutes. Slides were removed from the rice cooker and placed on ice for 20 

minutes then rinsed in 1x PBST for 20 minutes, followed by two consecutive 5 

minutes rinses in 1x PBST. Slides can be left in 1x PBST until ready for processing.  

 

Immunohistochemistry Staining 

 

Slides were placed in a blocking solution made with 5% normal goat serum 

(Vector Laboratories Cat. No. 2B0406) in 1x PBS for 1 hour. Primary antibodies 

solutions were diluted to 5 percent primary antibody in 1x PBS. Slides were 

incubated in 200 μl of antibody solution, enough to sufficiently cover each section, 

and contained using a hydrophobic pencil, for 1-2 hours at room temperature. 

Primary antibodies included: COX IV rabbit polyclonal (DyLight 550 conjugated) 

(Novus Biologicals Cat. No. NB110-39115R, 5% of total staining solution volume), 

verified for specificity by the manufacturer, and Alpha-Actinin-2 rabbit polyclonal 

(ALEXA FLUOR 488 conjugated) (Bioss Cat. No. bs-10367R-A488, 5% of total 
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staining solution volume), verified for specificity by the manufacturer. Following 

incubation, slides were rinsed in 1x PBST for 3 x 5-minute intervals. The secondary 

antibody used was Goat Anti-Rabbit IgG H&L goat polyclonal (HRP conjugated) 

(Abcam Cat. No. ab6721, RRID:AB_955447, 1:200 dilution in 1x PBST). Slides 

were incubated with secondary antibody for 1 hour in the dark, at room 

temperature. Slides were rinsed for 3 x 5-minute intervals in 1x PBST. 

Autofluorescence quenching was achieved using the Vector® TrueVIEW® 

Autofluorescence Quenching Kit with DAPI (Vector Laboratories Cat. No. SP-

8500-15) according to manufacturer instructions. Slides were quickly rinsed in 

milliQ water prior to mounting with mounting media (Prolong gold Cat. No. P36931) 

and cover slips. Notably, enough mounting media should be used to completely 

cover the section with the addition of a cover slip, and air bubbles should be 

avoided. Cover slip edges were sealed using clear nail polish and allowed to dry 

for 24 hours at room temperature before imaging.  

 

IVIS SpectrumCT 

 

MKate2 Mitochondrial fluorescent signal was verified immediately following 

injection using the IVIS SpectrumCT in vivo spectrum imaging system 

(PerkinElmer, Waltham, MA). The mKate2 protein is visible under a DeepRed 

fluorescence, and therefore wavelengths were chosen within 588 nm (excitation) 

and 633 nm (emission). CT scans performed in conjunction with IVIS imaging 

illuminated the heart in a 3D orientation and provided further confirmation of 

mitochondrial presence within the heart. 

   

Microscopy (Nikon A1R) 

 

HL-1 cardiomyocytes and immunohistochemistry slides were imaged using 

the Nikon A1R microscope by a single trained individual in the WVU microscopy 

core. The 100x objective was used to obtain images of mKate2 mitochondria at 

the highest possible enlargement. Images were acquired for DAPI, COX IV, alpha-
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actinin-2, and mKate2 protein using wavelengths 405 nm, 488 nm, 550 nm, and 

640 nm, respectively. HL-1 cardiomyocytes were imaged every 30 minutes for 24 

hours following mitochondrial transplantation, and once at 24 and 48 hours as 

described above. 

 
Results  

 

Mitochondrial Uptake and Localization 

 

Following transplantation of mKate2 positive mitochondria, HL-1 

cardiomyocytes were monitored for 24 hours. A time-lapse video following 

mitochondrial transplantation suggests that cells divide and move normally, 

without hinderance, while accumulating transplanted mitochondria along the outer 

edges of the cellular membrane (Supplemental Video S3.2 

(https://figshare.com/s/48e1bcd943be9452c64c)). A breakdown of Supplemental 

Video S3.2 demonstrates the ability of HL-1 cardiomyocytes to move and interact 

with mKate2 positive mitochondria, appearing to accumulate mKate2 protein 

signal along the outer edges of the cell (Figure 3.1). Images of cell behavior at 0, 

2, 4, and 6 hours demonstrate overall lower amounts of mKate2 protein signal, 

suggesting that transplanted mitochondria take 4 to 6 hours to completely settle 

out of solution onto the cell layer (Figure 3.1, A, B, C, and D). Beginning at 8 hours, 

mKate2 protein signal begins to accumulate along the edges of the cells, and 

appears to increase from 10 to 12 hours before remaining constant (Figure 3.1, E, 

F, and G). From 16 hours on, mKate2 protein signal remains consistent, and 

changes synonymously with cell movement (Figure 3.1, H and J).   

 

Mitochondrial localization was assessed at 24 hours (Figure 3.2). At 24 

hours, cell membranes (Figure 3.2A), host cell mitochondria (Figure 3.2B), and 

mKate2 positive mitochondria (Figure 3.2C) are visualized independently. Signal 

overlay demonstrates a clear separation between mKate2 (green) and host cell 

mitochondria (red) (Figure 3.2D). Further, while host cell mitochondria (red) are 
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visually identifiable as being within the bounds of the cellular membrane, mKate2 

positive mitochondria appear attached to the surface of the cell (Figure 3.2D). 

Using Z-stack imagery, mitochondrial localization within the cell was further 

visualized. Cell membranes (Figure 3.2E), host cell mitochondria (Figure 3.2F), 

and mKate2 positive mitochondria (Figure 3.2G) are visualized following Z-stack 

imaging and movement of the visual plane to slice through the cell and visualize 

the internal components. We confirm that MKate2 positive mitochondrial signal is 

detectable solely on the outside of the cell, on the membrane surface, and is not 

present within the host cell (Figure 3.2H). These data indicate that at 24 hours post 

transfection, mKate2 positive mitochondria may attach themselves to the host cell 

membrane surface, but do not appear to interact with host cell mitochondrial 

populations.  

 

At 48 hours, mitochondria were assessed a second time for localization and 

interactions with the host cell mitochondrial network (Figure 3.3). Cell membranes 

(Figure 3.3A), host cell mitochondria (Figure 3.3B), and mKate2 positive 

mitochondria (Figure 3.3C) are visualized independently. Signal overlay suggests 

that mKate2 positive mitochondria (green) overlap with the host cell mitochondrial 

signal (red) as determined by yellow/orange coloring, a combination of both 

MitoTracker orange (red) and mKate2 (green) fluorescent signals (Figure 3.3D). 

Using Z-stack imaging, cell membranes (Figure 3.3E), host cell mitochondria 

(Figure 3F), mKate2 positive mitochondria (Figure 3.3G) are visualized 

independently.  MKate2 fluorescent signal (green) was confirmed to be co-

localized with host mitochondrial MitoTracker orange signal (red) (Figure 3.3H). 

These data suggest that by 48 hours, transplanted mKate2 positive mitochondria 

are interacting with host cell mitochondria. 

 

Because it was uncertain if mKate2 positive mitochondria were localized 

within the cellular membrane, or simply interacting with host cell mitochondria at 

the membrane level, HL-1 cardiomyocytes were further visualized using IMARIS 

3D reconstruction (Figure 3.4). Mitochondrial signals were segregated into 4 
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categories, each marked by an independent color; host cell mitochondria outside 

of cell (red), host cell mitochondria inside of cell surface (purple), mKate2 positive 

mitochondria outside of cell (green), and mKate2 positive mitochondria inside of 

cell surface (blue). Visual assessments suggest that mKate2 positive mitochondria 

are primarily trapped within the cell membrane at both 24 (Figure 3.4A) and 48 

(Figure 3.4B) hours. These data indicate that mKate2 positive mitochondria may 

not be fully integrated into HL-1 cardiomyocytes but instead be capable of sharing 

information across the cell membrane.  

 

Ultrasound-guided Echocardiography 

 

To determine the efficacy of mitochondrial transplantation for diabetes 

mellitus, we evaluated ultrasound-guided echocardiography as a minimally 

invasive method. A representative photo of experimental setup for 

echocardiography equipment and intracardiac injection is provided for reference 

(Figure 3.5A). Following injection of mKate2 positive mitochondria, the IVIS 

SpectrumCT was used to detect the immediate presence of mKate2 fluorescent 

signal (Figure 3.5B). Further, CT imaging confirmed the presence of mKate2 

fluorescent signal within area of the heart (Figure 3.5C). Video footage of a single 

injection into the myocardial wall is provided in Supplemental Video S3.1 

(https://figshare.com/s/48e1bcd943be9452c64c) 

 

 Calculating Mitochondrial Coverage and Distribution 

 

Mitochondrial distribution and coverage area was calculated using two 

methods; IMARIS 3D image reconstruction and frame by frame calculations using 

individual fluorescent signals. The volume of a mitochondria was determined to be 

0.75 μm in diameter, 2.0 μm in length, by 0.75 μm in thickness, resulting in a 

volume of 4.71 μm3. To calculate the percentage of the left ventricle containing 

identifiable mitochondria, an ellipsoid model was used to calculate the total volume 

of the left ventricle myocardium (Figure 3.6A). Mitochondrial number was assessed 



 
 

135 
 

within a single injection site in a 1000 x 1000 um2 square using Z-stack imaging 

and IMARIS analyses, and multiplied by three to include the two remaining 

injection sites. The depth of left ventricle sections containing mitochondria was a 

total of 250 μm, therefore the volume of the left ventricle was calculated as a length 

of 6,000 μm, a height of 5,000 μm, and a depth of 10 μm per section, or 250 μm 

for the total volume sectioned (Figure 3.6B). The total volume of a single section 

was calculated to be 125,600,000 μm3, whereas the total volume of the left 

ventricle sectioned (ranging 250 μm in depth) was 31,400,000,000 μm3. Because 

34 frames were imaged at a 0.25 μm thickness and each section was only 10 μm 

thick, there was potential for frames to overlap images of the same mitochondrial 

signals. To accommodate this possibility, only frames 2, 5, 10, 15, 20, 25, 30, and 

34 were analyzed to avoid duplication of mitochondria detected, and ranged from 

the first detected fluorescent signal to the last. The number of fluorescent signals 

were counted for each frame and used in the “frame by frame” method of analysis. 

Following immunohistochemical analyses, nuclei stained for DAPI (Figure 3.6C), 

host mitochondria stained for COX IV (Figure 3.6D), and mKate2 positive 

mitochondria (Figure 3.6E) are visualized independently. Images were merged for 

a representative overlay of signal, and mKate2 positive mitochondria are marked 

by yellow arrows (Figure 3.6F). Z-stack images demonstrate mitochondrial 

distribution within a 1000 x 1000 μm square. Nuclei stained with DAPI (Figure 

3.6G), host mitochondria stained for COX IV (Figure 3.6H), and mKate2 positive 

mitochondria (Figure 3.6I) are visualized independently. Signal overlay confirm 

distribution of mKate2 positive mitochondria within a 1000 x 1000 μm volume, and 

are marked by yellow arrows (Figure 3.6J).  

 

IMARIS analysis estimated 8.3 x 105 mitochondria present, in total, for all 

three injection sites based on volumetric analysis of fluorescent signal for mKate2 

positive mitochondria. When normalized to mitochondrial volume, it was estimated 

that a total of 1.08 x 106 mitochondria were remained in the tissue at 24 hours. 

Based on the distribution of the 1000 x 1000 μm2 surrounding a single injection 

site, the surface area considered to be substantially covered was estimated at 
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8,000,000 μm3. If consistent for all three injection sites, the total volume covered 

may be up to 24,000,000 μm3. Based on the total volume of the left ventricle, and 

the total volume of the injection sites containing at least one mitochondria, it was 

estimated that at least one mKate2 positive mitochondria is detectable within 30 

percent of the left ventricle myocardium, but provides no indication of mitochondrial 

distribution or concentration within that 30 percent. Substantial coverage was 

translated to be only 0.076 percent, less than 1.0 percent, of the total volume of 

the left ventricle, but may reach as high as 47.75 percent coverage in high density 

areas, such as at or near injection sites. These data indicate that following 

transplantation, mKate2 positive mitochondria remain primarily near and within the 

sites of injection, though a minimal amount distribute farther into the myocardium. 

 

Mitochondrial Distribution and Localization in Vivo 

 

The left ventricular myocardium was assessed for localization of mKate2 

positive mitochondria within the tissue at 24 hours post-injection (Figure 3.7). 

Following immunohistochemical analysis, nuclei stained for DAPI (Figure 3.7A), 

alpha actinin stained with alpha-actinin-2 (Figure 3.7B), host mitochondria stained 

for COX IV (Figure 3.7C), and mKate2 positive mitochondria (Figure 3.7D) are 

visualized independently. Merged signal, without DAPI, demonstrates overlay of 

mitochondrial COX IV (red) and mKate2 positive mitochondria (blue) signals, 

resulting in purple fluorescent signals identified by yellow arrows (Figure 3.7E), 

indicating mitochondrial presence within the cardiac tissue, appearing in and 

around alpha actinin proteins. Further, merged COX IV (red) and mKate2 (blue) 

mitochondria signals suggest the overlap of mKate2 positive mitochondrial signal 

within recipient mitochondrial populations, distinguished by purple signal and 

marked by yellow arrows (Figure 3.7F). Images suggest that mKate2 positive 

mitochondria are co-localized with recipient mitochondria. These data further 

suggest that ultrasound-guided intracardiac injection is a feasible method of 

mitochondrial transplantation in which mitochondria remain in the tissue for at least 
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24 hours post-injection, and demonstrate detectable interactions with recipient 

mitochondria. 

 
Discussion 

 

As diabetes mellitus continues to increase in prevalence, the need for 

improved therapeutic treatments becomes ever more critical. While mitochondrial 

transplantation provides a unique macroscale opportunity to ameliorate 

mitochondrial dysfunction through the replacement of unhealthy mitochondria with 

undamaged, bioenergetically competent mitochondria, many barriers impede the 

application of mitochondrial transplantation in diabetes mellitus. The most notable 

differences between treatment of CVD in diabetes mellitus versus ischemia 

reperfusion and other spontaneous cardiac events is the lack of timing and 

location. Therefore, the primary objective of this study was to determine the 

efficacy of mitochondrial transplantation as a prophylactic technique for diabetes 

mellitus. Prophylactic application appears to be the ideal course of action, as it is 

not being performed in response to a cardiac event. Further, there is no 

predetermined location for injection, such as with ischemia reperfusion studies. In 

order to perform the procedure prophylactically, and make it worthwhile clinically, 

the procedure must be performed in a minimally invasive manner. While many 

ischemia reperfusion studies provide direct, uninhibited, access to the heart 

through open-heart surgery, some alternative methods of mitochondrial delivery 

are available. Coronary artery cannulation, which provide widespread distribution 

of mitochondria rather than accumulation at an injection site, is one such method. 

Unfortunately, coronary artery cannulation provides a wide distribution of 

mitochondria, and may not provide enough localized assistance to the left ventricle 

(20). Therefore, it may be of benefit to identify a region of interest, such as the area 

of greatest dysfunction. These challenges must be met in order to adapt 

mitochondrial transplantation as a therapeutic approach in the diabetic heart.  
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Though previous studies suggest that mitochondria are incorporated into 

host cells, available data are limited. One such report by Masuzawa et al. 

demonstrated localization and uptake of transplanted mitochondria in the rabbit 

heart using immunohistochemistry and microscopy methodologies (21). While it 

appears that mitochondria may be incorporated into the myocardium following 

transplantation, we believed it was necessary to further assess the behavior of 

mitochondria following transplantation and the extent of their uptake and 

localization. We began with in vitro assessments of mitochondrial transplantation, 

which suggest that transplanted mitochondria may bind to the membrane surface 

of HL-1 cardiomyocytes, and interact with the host cell mitochondrial network, but 

are not incorporated into the cell by 48 hours. Interestingly, at 24 hours 

mitochondria appear connected to the cell membrane, but do not definitively 

interact with the host cell mitochondrial population. At 48 hours, mitochondria can 

be identified interacting with host cell mitochondria, but they do not appear to 

penetrate the cellular membrane and become fully localized. Indeed, microscopy 

imaging and IMARIS 3D reconstruction of the cardiomyocytes following 

transplantation suggest that transplanted mitochondria may interact with 

cardiomyocyte mitochondrial populations without complete incorporation into the 

cell. These conclusions oppose previous literature suggesting mitochondrial 

internalization in vitro, as it is seemingly unclear if mitochondria are within the cell, 

or simply attached to the surface (21). Importantly, these mitochondrial interactions 

have been suggested to occur through an actin-dependent or micropinocytosis 

related mechanisms that were not explored in this study (38-40). 

 

In vivo transplantation of mitochondria using ultrasound-guided 

echocardiography appears effective for delivery of mitochondria to the left ventricle 

myocardium, and produced minimal side effects, suggesting it is feasible to use 

mitochondrial transplantation to deliver healthy mitochondria to the left ventricle 

myocardium using this method. Intracardiac injection in adult recipients (at least 8 

weeks of age) did not lead to immediate cardiac arrhythmias or desynchrony, with 

a low risk of mortality. Mouse behavior remained normal and no immediate side 
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effects were observed. It is recommended that mice be at least 25 g in weight prior 

to injection, as mice under body weight may have hearts that are too small to safely 

receive injections. Heart size must be comparable to that of an adult mouse to 

receive mitochondrial transplantation in the volume described without significantly 

increasing risk of death. To inject leaner or younger mice, the volume of both 

respiration buffer and mitochondria would need to be adjusted to body weight in 

order to reduce risk of death. Further, adaptation for models involving changes to 

the heart size, weight, or structure may alter the injection protocol. Determining the 

precise volume and mitochondrial number necessary for each recipient would 

ameliorate increased risk of mortality. Specifically, the volume of respiration buffer 

and mitochondrial content may need to be adjusted to account for body weight and 

age in animal models. While these specific limitations may not apply to human 

patients, more research is necessary to determine these adjustments are 

necessary. Further, studies to determine the “effective amount” of mitochondria, or 

the number of mitochondria necessary to observe a beneficial effect, is unknown 

and would require further elucidation and customization. It should be noted that a 

limitation to this study is mitochondrial distribution within the myocardium, where 

mitochondria were located primarily in and around the sites of injection.  

 

Subsequently, transplanted mitochondria were identified in the left ventricle 

myocardium 24 hours following injection, consistent with previously published 

literature (21). It should be noted that the accepted mitochondrial half-life is about 

14 days (41, 42), and previous studies have demonstrated that transplanted 

mitochondria maintain viability and function for at least 28 days, therefore the 

sharing of information with recipient mitochondrial networks may provide an 

explanation for how transplanted mitochondria are acquiring both MitoTracker 

orange and COX IV signals following cellular interactions (23, 43). Overall, 

numerous studies demonstrate the ability of mitochondria to influence the host 

mitochondrial network and increase bioenergetic function through donation of 

healthy mitochondrial DNA, increased ATP production, and increased respiratory 

capacity (21, 23, 38, 40). Confocal microscopy images suggest that transplanted 
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mitochondria may not only integrate into recipient mitochondrial networks, but may 

be integrated is such a way that they are positioned precisely within both 

subsarcolemmal and interfibullar mitochondrial networks, rather than non-

discriminately. These data coincide with a report by Cowan et al, in which they 

utilized microscopy to identify exogenous mitochondria within the myocardium 

following coronary artery cannulation, and suggested that transplanted 

mitochondria incorporate themselves within cardiac myocytes (20). To further 

elucidate the localization of transplanted mitochondria within the myocardium 

requires deeper exploration and perhaps more advanced methods of 

mitochondrial tracking and imaging. The microscopy techniques utilized in this 

paper allowed for mitochondrial tracking through fluorescent signals to identify 

overlap between host and donor mitochondria, but in turn reduced visual clarity. It 

should be noted that mitochondrial localization and integration require further 

elucidation, as overlap with mitochondrial host signal indicates overlap of signal, 

but does not confirm interactions. Further, while imaging suggests that 

mitochondria positioning align with mitochondrial networks, further studies 

segregating mitochondrial populations following injection may be beneficial in 

confirming the presence of donor mitochondria and these findings. In summary, 

this report suggests that mitochondrial transplantation can be performed using 

ultrasound-guided echocardiography efficiently enough to deposit mitochondrial 

within the LV wall, which can be identified, quantified, and visualized, suggesting 

that mitochondrial transplantation may be able to be utilized as a prophylactic 

measure in diabetes mellitus. To be beneficial for diabetes mellitus patients, 

mitochondrial transplantation must be applied in a minimally invasive prophylactic 

manner, with the intent of preventing future cardiac events and reducing overall 

risk of mortality. 
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TABLES AND TABLE LEGENDS 

 

Table 3.1: Number of Mitochondria Isolated from an Adult Mouse Heart 

 

Extrapolation Category Calculated Numerical Value 

Cardiomyocytes (%) 50 

Other cell types (%) 50 

Est. Number of cardiomyocytes 2,700,000 

Est. Number of other cell types 2,700,000 

Total number of Cells 5,400,000 

Mito per cardiomyocyte 5000 

Mito per all other cell types 1500 

Number of mitochondria from myocytes 13,500,000,000 

Number of mitochondria from other 4,000,000,000 

Est. heart weight – C57BL/6J female 0.113 g 

Est. heart weight - C57BL/6J male 0.15 g 

Total mitochondria isolated from heart 13,000,000,000 
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Table 3.1: Number of Mitochondria Isolated from an Adult Mouse Heart. The 

number of myocytes isolated from a single adult mouse heart was estimated by 

extrapolating the number of mitochondria in a human heart.  
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FIGURES AND FIGURE LEGENDS 

 

Figure 3.1: Accumulation of mKate2 positive mitochondria with HL-1 

cardiomyocytes. 
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Figure 3.1 
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Figure 3.1 
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Figure 3.1: Accumulation of mKate2 positive mitochondria with HL-1 

cardiomyocytes. Figure demonstrates representative co-localization of mKate2 

signal with cellular membranes. (A) 0 hours, (B) 2 hours, (C) 4 hours, (D) 6 hours, 

(E) 8 hours, (F) 10 hours, (G) 12 hours, (H) 16 hours, (I) 20 hours, and (J) 24 hours. 

Purple signal indicates mKate2 positive mitochondria. 
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Figure 3.2: Accumulation of mKate2 positive mitochondria on cell membrane 

surface at 24 hours. 
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Figure 3.2 
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Figure 3.2: Accumulation of mKate2 positive mitochondria on cell membrane 

surface at 24 hours. Following transplantation, HL-1 cardiomyocytes transplanted 

with mKate2 mitochondria were stained for (A) alpha actin (white; upper left), (B) 

host mitochondria were stained for COX IV (red; upper left middle), (C) and 

mKate2 mitochondria (purple; upper right middle) were acquired. (D) Images were 

merged for a representative overlay of signal (upper right). Z-stack imaging of HL-

1 cardiomyocytes stained for (E) alpha actin (white; lower left), show distinct 

separation between (F) host mitochondria stained for COX IV (red; lower left 

middle), and (G) mKate2 mitochondria (purple; lower right middle) were acquired 

distribution in and on the cell. (H) Images were merged for a representative overlay 

of signal (lower right). 
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Figure 3.3: Accumulation of mKate2 positive mitochondria on cell membrane 

surface at 48 hours. 
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Figure 3.3 
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Figure 3.3: Accumulation of mKate2 positive mitochondria on cell membrane 

surface at 48 hours. Following transplantation, HL-1 cardiomyocytes transplanted 

with mKate2 mitochondria were stained for (A) alpha actin (white; upper left), (B) 

host mitochondria were stained for COX IV (red; upper left middle), (C) and 

mKate2 mitochondria (purple; upper right middle) were acquired. (D) Images were 

merged for a representative overlay of signal (upper right). Z-stack imaging of HL-

1 cardiomyocytes stained for (E) alpha actin (white; lower left), show distinct 

separation between (F) host mitochondria stained for COX IV (red; lower left 

middle), and (G) mKate2 mitochondria (purple; lower right middle) were acquired 

distribution in and on the cell. (H) Exogenous mitochondria overlayed with host 

mitochondrial signal appear yellow/orange (lower right). 
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Figure 3.4: Visual representation of host and mKate2 mitochondrial integration in 

HL-1 cardiomyocytes. 
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Figure 3.4 
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Figure 3.4: Visual representation of host and mKate2 mitochondrial integration in 

HL-1 cardiomyocytes. (A) 24 hours, and (B) 48 hours. Red; host mitochondria 

outside, Green; mKate2 mitochondria outside, Purple; host mitochondria inside the 

cell surface, Blue; mKate2 mitochondria inside the cell surface 
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Figure 3.5: Experimental outline and mitochondrial detection. 
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Figure 3.5: Experimental outline and mitochondrial detection. (A) A representative 

image of equipment setup and orientation is provided for reference. (B-C) 

Verification of mitochondrial presence using IVIS SpectumCT imaging shows 

detection of fluorescent signal in both 2D and 3D imaging planes immediately 

following injection.  
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Figure 3.6: Distribution of mKate2 positive mitochondria following transplantation 

in vitro. 
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Figure 3.6 
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Figure 3.6 
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Figure 3.6: Distribution of mKate2 positive mitochondria following transplantation 

in vitro. Representative images of (A) ellipsoid model and (B) left ventricle 

mitochondrial distribution calculations. Images of mouse left ventricular tissue 

stained for (C) nuclei are stained for DAPI (blue; upper left), (D) host mitochondria 

stained for COX IV (red; upper left middle), (E) and mKate mitochondria (white; 

upper right middle) were acquired. (F) Images were merged for a representative 

overlay of signal (upper right). Z-stack images show mitochondrial distribution 

within a 1000 x 1000 μm square (G) nuclei are stained with DAPI (blue; lower left), 

(H) host mitochondria are stained for COX IV (red; lower left middle), and (I) mKate 

mitochondria (white; lower right middle) were acquired distribution in and on the 

cell. (J) Signal overlay show distribution of mKate mitochondria in a 1000 x 1000 

μm volume (lower right). Transplanted mKate2 positive mitochondria are indicated 

by yellow arrows. 
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Figure 3.7: Localization of mKate2 positive mitochondria following transplantation. 
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Figure 3.7: Localization of mKate2 positive mitochondria following transplantation. 

Images of mouse left ventricular tissue including, (A) nuclei stained for DAPI (blue), 

(B) alpha-actinin-2 (white), (C) host mitochondria stained for COX IV (red), and (D) 

mKate mitochondria (blue) were acquired. (E) Merged signal, without DAPI, for a 

representative overlay of signal to show mitochondrial localization in cardiac tissue 

with alpha-actinin-2 and COX IV. (F) Merged mitochondria signals to show co-

localization of mKate2 mitochondria with COX IV signal. Purple signals indicating 

shared COX IV and mKate2 fluorescent signal are indicated by yellow arrows. 
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Abstract 

 

Speckle tracking echocardiography (STE) has been utilized to evaluate 

spatial and progressive alterations in the diabetic heart independently, but the 

spatial and temporal manifestation of cardiac dysfunction remains elusive. The 

objectives of this study were to elucidate if cardiac dysfunction associated with 

type 2 diabetes mellitus (T2DM) occurs spatially, and if patterns of regional or 

segmental dysfunction manifest in a temporal fashion. Non-invasive 

echocardiography (i.e., conventional M-mode and pulse-wave Doppler) and STE 

datasets were utilized to segregate mice into two pre-determined groups, wild-type 

and Db/Db, at 5, 12, 20, and 25 weeks. Support vector machine and ReliefF 

algorithms were used to identify and rank cardiac regions, segments, and features 

by their ability to identify cardiac dysfunction. STE features more accurately 

segregated animals as diabetic or non-diabetic when compared with conventional 

echocardiography, and the ReliefF algorithm efficiently ranked STE features by 

their ability to identify cardiac dysfunction. The Septal region, and the AntSeptum 

segment, best identified cardiac dysfunction at 5, 20, and 25 weeks, with the 

AntSeptum also containing the greatest number of features which differed between 

diabetic and non-diabetic mice. Cardiac dysfunction manifests in a spatial and 

temporal fashion, and is defined by patterns of regional and segmental dysfunction 

in the diabetic heart. The Septal region, and AntSeptum segment, may provide a 

locale of interest for therapeutic interventions aimed at ameliorating cardiac 

dysfunction in T2DM. Machine learning may provide a more thorough approach to 

managing contractile data with the intention of identifying experimental, clinical, 

and therapeutic targets.  

 

Keywords: echocardiography, machine learning, cardiovascular dysfunction, type 

2 diabetes mellitus, segment, regional 

 

  



 
 

174 
 

Introduction 

 

Cardiovascular dysfunction is the leading cause of mortality in the diabetic 

population, with the risk of developing cardiovascular disease at 2-to-4 times 

greater than that of the general population (1-3). As many as 65% of people with 

diabetes mellitus will die from cardiovascular complications or stroke (1, 4). The 

identification and diagnosis of cardiac contractile dysfunction, whether sub-clinical 

or overt, is largely dependent on cardiac imaging modalities such as 

echocardiography, myocardial perfusion imaging, magnetic resonance imaging, 

and computed tomography (5). Conventional echocardiography, including M-mode 

and pulse wave Doppler (PWD), is the first-line choice for non-invasive diagnosis 

of cardiac contractile dysfunction, but relies on the detection of overt systolic 

dysfunction (5-7).  

 

Speckle tracking echocardiography (STE) can detect sub-clinical changes 

in cardiac function (8, 9), and allows for the observation of cardiac motion as global, 

regional, or segmental patterns of deformation, making it a useful tool in the 

diagnosis of sub-clinical cardiac contractile dysfunction. Cardiac remodeling, 

defined as a change in size, shape, structure, and/or function, is a critical feature 

of cardiac contractile dysfunction in T2DM and often precedes contractile 

dysfunction (10-13). Moreover, left ventricular (LV) wall motion abnormalities, a 

common consequence of cardiac remodeling, have been linked to 2.4-to-3.4-fold 

higher risks of cardiovascular dysfunction related mortality (14-16). STE has the 

ability to detect these subtle shifts in cardiac function, and is currently utilized 

clinically in humans and murine models (8, 17-20). 

 

Numerous studies have demonstrated the prognostic value of STE, even in 

patients with no history of cardiac contractile dysfunction. Global longitudinal strain 

is a widely accepted clinical marker of LV dysfunction, and has been shown to be 

correlated with diabetic duration in T2DM patients (17, 21, 22). Further, STE has 

been utilized to identify cardiac strain abnormalities and regional afflictions in 
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murine models that may have otherwise been elusive (9, 23, 24). Li et al. 

demonstrated significant reductions in radial and circumferential strains at 16 

weeks in Db/Db mice, and suggested that strain metrics may be useful for the 

detection of early LV contractile dysfunction (23, 24). Subsequently, STE may be 

used to assess localized patterns of dysfunction within the diabetic heart. 

 

Cardiac contractile dysfunction is currently treated via global or LV focused 

methods regardless of the stage of dysfunction, and the identification of 

differentially impacted locales in the T2DM heart may provide a modality for 

pinpointed clinical care. At current, spatial (i.e., regional and segmental) and 

progressive alterations have been evaluated in T2DM independently (9, 23-26). 

but we have yet to elucidate if cardiac contractile dysfunction manifests spatially, 

and if spatial changes in function correlate to the temporal progression of the 

T2DM pathophysiology. Therefore, the objectives of this study were to elucidate if 

cardiac contractile dysfunction associated with T2DM occurs spatially, and if 

patterns of regional or segmental dysfunction manifest in a temporal fashion. We 

further aimed to utilize machine learning to identity cardiac regions, segments, and 

features that best describe cardiac contractile dysfunction at each timepoint. 

 

Materials and Methods 

 

All datasets used for machine learning analyses and related code have 

been made publicly available at github.com and can be accessed at 

https://doi.org/10.5281/zenodo.6391011.  We attest that one author had full access 

to all the data in the study and takes responsibility for its integrity and the data 

analysis. 

 

Experimental Animals 

 

Animal experiments used in this study conformed to the National Institutes 

of Health Guidelines for the Care and Use of Laboratory Animals and were 
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approved by the West Virginia University (WVU) Care and Use Committee. 

Experimental animals included male and female FVB/NJ wild-type (WT) mice 

(RRID:IMSR_JAX:001800) and FVB/NJ Db/Db mice (The Jackson Laboratory 

stock Cat. No. 006654) (27, 28). Db/Db mice develop severe hyperglycemia and 

obesity between 5 and 6 weeks of age (29). Mice were housed in the WVU Health 

Sciences Center animal facility on a 12-hour light/dark cycle in a temperature-

controlled room. Animals were maintained on a standard chow diet and had access 

to both food and water ad libitum. Animals were euthanized at 25 weeks of age 

following, and no animals were excluded from the study. Initial evaluation of 

cardiac function in male and female animals presented no significant differences, 

therefore both sexes were utilized for machine learning analyses.  

 

Echocardiography 

 

 Animals were imaged at 5, 12, 20, and 25 weeks of age. Twelve weeks was 

chosen to represent a central timepoint between 5 weeks, where initial onset of 

disease occurs, and 25 weeks, where the diabetic condition is at its most severe. 

Twenty weeks was chosen as a secondary endpoint due to the potential of animals 

perishing prior to 25 weeks of age due to the severity of untreated diabetes mellitus 

and the deterioration caused by the diabetic condition. Therefore, animals were 

imaged at both 20 and 25 weeks to ensure that all animals received an echo during 

the most severe stage of cardiovascular dysfunction. A single trained individual in 

the WVU Animal Models and Imaging Facility acquired ultrasound images in a 

blinded fashion in conscious mice to maintain normal left ventricle (LV) function 

and heart rate (30-33). Images were acquired using a 32–55 MHz linear array 

transducer on the Vevo2100 Imaging System (Visual Sonics, Toronto, Canada) as 

previously described (9, 34-36), and were acquired at the highest frame rate (233-

401 frames/second) as determined by image resolution.  M-mode images were 

acquired by placing a gate through the center of the short-axis B-mode images to 

obtain recordings of the internal features of the myocardium. Long-axis B-mode 

images and short-axis B-mode images were acquired for STE analysis.  
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M-mode Analysis and Pulse-wave Doppler 

 

Conventional echocardiography analysis was completed on grayscale M-

mode parasternal short-axis images acquired at the mid-papillary level of the LV 

as previously described (9, 34, 36). Data were analyzed by a single trained 

individual in a blinded fashion. M-mode measurements were calculated over at 

least three consecutive cardiac cycles and averaged values were considered a 

single replicate. This was repeated for as many M-mode videos as provided up to 

6 replicates. PWD measurements were acquired by taking at least 3 replicates of 

consistent cardiac cycles, and calculated in the same manner described above to 

acquire the best representative measurements. The reliability of conventional 

measurements was assessed previously (9). 

 

Speckle Tracking Strain-based Imaging Analysis  

 

 Velocity, displacement, strain, and strain rate were acquired for all 

dimensions using the Visual Sonics VevoStrain software (Toronto, Canada). B-

mode videos were selected based on the quality of the image and the ability to 

visualize the endocardial and epicardial wall borders. The borders of the 

endocardial wall were traced and checked through three consecutive cycles to 

ensure sufficient tracking. Tracing lines were considered sufficient if they moved 

faultlessly with both the endocardial and epicardial walls during the three cardiac 

cycles, ensuring proper measurements. Both the endocardial and epicardial 

borders were tracked through the image in a frame-by-frame manner. Parameters 

were calculated in the radial, circumferential, and longitudinal dimensions using 

the parasternal short and long-axis B-mode videos as previously described (9, 23, 

34, 36). Analysis was performed for both systolic and diastolic values. Velocity, 

displacement, and strain-based values were initially collected as either positive or 

negative depending on the direction of motion (i.e., shortening, lengthening, 

thickening, or thinning). Therefore, values were evaluated as absolute, with both 
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positive and negative values farther from zero indicating faster velocities, 

increased displacement, increased strain, and increased strain rate. Absolute 

values were normalized to LV mass. 

 

Data Cleaning and Feature Generation 

 

The experimental design and outline used for the data collection and the 

machine learning pipeline are provided in Figure 4.1. Echocardiography features 

including conventional echocardiography (i.e., M-mode and PWD), and STE were 

collected in WT (n = 14) and Db/Db (n = 13) mice (Figure 4.1A). Echocardiography 

features were documented for 5, 12, 20, and 25 weeks, which included 379 

features per timepoint (Figure 4.1B). Segmental LV features included the following: 

anterior free segment (AntFree); lateral segment (LatWall); posterior segment 

(PostWall); inferior free segment (InfFreeWall); posterior septal segment 

(PostSeptal); and anterior septal segment (AntSeptum). Additional features 

including the Anterior, Posterior, Septal, Free, Anterior Free, and Posterior Free 

regions were generated from segmental STE values and included the following: 

Anterior (AntSeptum, AntFree, and LatWall), Posterior (PostSeptal, InfFreeWall, 

and PostWall), Septal (AntSeptum and PostSeptal), Free (AntFree, LatWall, 

PostWall, and InfFreeWall), Anterior Free (AntFree and LatWall), and Posterior 

Free (InfFreeWall and PostWall). The regional features described above were 

represented by the calculated average of the included segments. 

 

Once all additional features were established, prior to input into MATLAB, 

the “Complete” datasets, including a total of 379 features per timepoint, were 

assessed for missing values and outliers. The “Complete” dataset is comprised of 

all cardiac features, including M-mode, PWD, and STE values. Missing values 

occurred when specific features were unattainable for a single animal. Outliers 

were determined as specified in the “Statistical Analysis” section of the methods. 

The number of outliers or missing values within a given feature at a given timepoint 

typically included two or less values, with rare instances of 3 or more per class 
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(i.e., WT or Db/Db). Prior to input for machine learning, outliers and missing values 

were replaced with the mean value of the feature to negate the loss of animals, 

maintain model accuracy, and determine features. Missing values and outliers 

were excluded from statistical analysis using GraphPad Prism version 8.02 

(GraphPad Prism, RRID:SCR_002798). Each “Complete” dataset was further 

partitioned into 16 subsets of data containing distinct feature groups: PWD (12 

features), M-mode (17 features), Global (36 features), Segmental (195 features), 

Anterior Free (67 features), Posterior Free (67 features), Anterior (99 features), 

Posterior (99 features), Septal (67 features), Free ( features), AntFree (35 

features), LatWall (35 features), PostWall (35 features), InfFreeWall (35 features), 

PostSeptal (35 features), and AntSeptum (35 features) (Figure 4.1B). Initial 

evaluation of normality indicated that data were not consistently normally 

distributed. Therefore, to account for variability within datasets, non-parametric 

assessments were performed. Data were normalized using the MATLAB function 

‘normalize’ to rescale the range of the data to between 0 and 1 to mimic a Gaussian 

distribution for machine learning applications (37). Statistical analyses were 

performed on raw data values without supplemented means for missing data or 

outliers. 

 

Feature Selection and Ranking 

 

In order to estimate feature importance and relevance to binary 

classification (i.e. WT or Db/Db), six feature selection algorithms were assessed 

for feature ranking capability including: maximum relevancy minimum redundancy, 

neighborhood component analysis, out-of-bag importance, predictor importance, 

ReliefF, and chi-square using the MATLAB built-in functions ‘fscmrmr’, 

‘fscnca/featureWeights’, ‘fitcencemble/oobPermutedPredictorImportance’, 

‘fitcencemble/predictorImportance’, ‘relieff’, and ‘fscchi2’, respectively. The ReliefF 

MATLAB algorithm, and subsequently the ‘relieff’ function, was chosen because it 

is a method of gaining mutual information about datapoints that is noise-tolerant 

and able to recognize feature interactions without removing redundant features, 
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thus providing an ideal method to rank features by their importance to binary 

classification at all timepoints (5, 12, 20, and 25 weeks) (38). The ReliefF algorithm 

ranks predictors based on the Euclidean distance, or the length of a distance 

between two points, for each class. A near-hit was defined as the samples that 

had a shorter distance from the same class, where a near-miss is represented as 

a closer sample from another class (38). The threshold values of near-hit and near-

miss were set as the mean values. Finally, the features selected by the ReliefF 

algorithm were used to assess the effect of feature reduction on testing accuracy 

in two conditions: 1) above zero score values (i.e., all “relevant” features) and 2) 

top 50 features most descriptive of cardiac contractile dysfunction. Importantly, the 

goal of feature selection was not to remove redundant features, but to rank 

features by their importance for classification in order to manually reduce feature 

dimensionality for future applications. 

 

Classification and Model Performance 

 

Supervised machine learning and data processing was conducted in 

MATLAB (MathWorks Inc., R2020a, LN: 556683) using the Statistics and Machine 

Learning Toolbox. Data was partitioned to training and testing datasets at a 65% 

training/35% testing ratio using the MATLAB function ‘cvpartition’. The 65% of data 

used for training included, at minimum, 9 WT and 8 Db/Db mice. For each of the 5 

testing iterations, animals were randomly selected and the model was trained 

using five-fold cross validation. Six classification models were initially assessed for 

training and testing accuracies: classification trees, discriminant analysis, naive 

bayes, nearest neighbors, support vector machine (SVM), and classification 

ensembles using MATLAB in-built functions: ‘fitctree’, ‘fitcdiscr’, ‘fitcnb’, ‘fitcknn’, 

‘fitcsvm’, and ‘fitcensemble’, respectively. Classification algorithms used 

echocardiography features to predict the class of the animals based on cardiac 

function data, placing them into 1 of 2 categories; WT or Db/Db. For each dataset, 

testing was performed for 5 iterations and the average accuracies were obtained 

for model comparison. 
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The SVM model, on average, scored the highest accuracy and F-score 

values between datasets and was chosen as the highest performing model. 

Training and testing using the SVM model was performed for 5 iterations before 

the results were averaged for reporting (Supplemental Table S4.1). Model 

performance was evaluated using testing accuracies before and after feature 

reduction. Due to the large size of the “Complete” dataset, we assessed two 

approaches of reducing dataset dimensionality. The first approach was to reduce 

feature number to a ReliefF score of greater than zero, where a higher positive 

score indicated the strength of the feature as an identifier of class, and determines 

features considered relevant to the classification model. This approach removes 

irrelevant and redundant features, making it a traditional method of dataset 

dimensionality reduction. Machine learning was used as the statistical tool to 

compare the ability of conventional and STE features to identify animals as being 

within the non-diabetic (WT) or diabetic (Db/Db) conditions. Related code is 

provided on GitHub (https://doi.org/10.5281/zenodo.6391011). 

 

Most Prevalent vs. Strongest Identifier 

 

Regional and segmental prevalence was determined using the most 

descriptive of cardiac contractile dysfunction features from each “Segmental” 

dataset. Each cardiac segment (i.e., AntSeptum, AntFree, LatWall, PostWall, 

InfFreeWall, and PostSeptal) is represented by a total of 16 features relating to 

cardiac orientation (i.e., short/systolic, short/diastolic, long/systolic, and 

long/diastolic) and STE deformation features (i.e., velocity, displacement, strain, 

and strain rate). Each cardiac region (i.e., Anterior, Posterior, Septal, Free, Anterior 

Free, Posterior Free) is represented by the number of included segments, 

multiplied by a factor of 16, to acquire the number of features per segment. “Most 

prevalent” is used to describe the segment or region with the greatest percentage 

of features within the top 50 features most descriptive of cardiac contractile 

dysfunction ranked by their importance for the identification of the diabetic 
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condition. For example, to calculate the prevalence of the anterior region, each 

instance of a feature belonging to the segments constructing the Anterior region 

(AntSeptum, AntFree, and LatWall) were summed and divided by the total number 

of features selected by the ReliefF algorithm (i.e., 50). Because the number of 

segments that makes up each region differs, each region was normalized to the 

number of total contributing segments. The same calculation was applied for 

segmental prevalence.  

 

“Strongest Identifier” refers to the regions and segments that produced the 

highest testing accuracies when tested with the machine learning SVM model. The 

SVM machine learning model was applied to the segmental (i.e., AntSeptum, 

AntFree, LatWall, PostWall, InfFreeWall, and PostSeptal) and regional (i.e., 

Anterior, Posterior, Free, Septal, Anterior Free, Posterior Free) datasets in order 

to the determine which segments and/or regions possessed the strongest ability 

to categorize an animal with cardiac contractile dysfunction as diabetic.  

 

Statistical Analysis 

 

Statistical analyses on raw data values were performed using GraphPad 

Prism version 8.02 (GraphPad Prism, RRID:SCR_002798). Data are presented as 

mean ± standard error of the mean (SEM). Data were analyzed using a two-tailed 

Students T-test. A p-value of p ≤ 0.05 was considered statistically significant. 

 

Results 

 

Conventional M-mode echocardiography was utilized to verify progressive 

cardiac contractile dysfunction in Db/Db mice when compared to WT controls. At 

5 weeks of age, no significant differences in contractile features or LV structural 

measures were observed in Db/Db mice when compared to WT controls (Table 

4.1). At 12 weeks of age, Db/Db mice began exhibiting structural changes, 

including significantly increased LV mass, systolic LV anterior wall thickness 
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(LVAW;s), systolic LV posterior wall thickness (LVPW;s), diastolic LV posterior wall 

thickness (LVPW;d), and LV end diastolic volume (LVEV;d) and diameter (LVED;d) 

(Table 4.1). Additionally, stroke volume (SV) was significantly increased in Db/Db 

mice when compared to WT (Table 4.1). Together, the 12-week data reveals the 

development of well-known structural alterations in the diabetic heart. At 20 weeks 

of age, Db/Db mice demonstrated sustained increases in SV, but were further 

characterized by overt contractile dysfunction marked by significant decreases in 

ejection fraction (EF) and fractional shortening (FS) when compared to WT 

controls (Table 4.1). A similar structural profile was maintained, with the addition 

of significant increases in diastolic LV anterior wall thickness (LVAW;d) and LV 

end-systolic volume (LVEV;s), though alterations in posterior wall thicknesses 

were no longer significant. Cardiac contractile dysfunction and structural changes 

were maintained at 25 weeks in Db/Db mice when compared to WT (Table 4.1).  

 

To confirm the ability of the ReliefF feature selection algorithm to identify 

and rank M-mode features by their ability to identify cardiac contractile dysfunction, 

each of the M-mode data subsets were ranked by their ability to identify cardiac 

contractile dysfunction at each timepoint (Supplemental Figure S4.1). The 5 

echocardiography features identified to be the strongest identifiers of cardiac 

contractile dysfunction at each timepoint, were tested for statistical significance, 

and compared against Table 4.1. Week 5 showed no changes in the 5 best 

identifiers; heart rate, LVPW;d, LVEV’s, EF, or FS (Supplemental Figure S4.1, A, 

B, C, D, and E). At Week 12, the 5 strongest identifiers paralleled significantly 

altered structural features in Table 4.1 (Supplemental Figure S4.1, F, G, H, I and 

J). Four of the 5 features including LV mass, LVPW;s, LVPW;d, and LVAW;s were 

significantly increased in Db/Db mice when compared to WT (Supplemental Figure 

S4.1, F, G, H, I, and J). A single parameter, LVAW;d, was unchanged at 12 weeks 

(Supplemental Figure S4.1J). At week 20, the 5 strongest identifiers included 

significantly higher LV mass, LVED;s, LVAW;d, and LVEV;s, with significantly 

lower EF, in Db/Db mice when compared to WT (Supplemental Figure S4.1, K, L, 

M, N, and O). At week 25, the 5 strongest identifiers included significantly higher 
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LV mass, LVAW;d, LVEV;s, and LVAW;s, with significantly lower EF, in Db/Db 

mice when compared to WT (Supplemental Figure S4.1, P, Q, R, S, and T). 

Together, the 5 strongest identifiers of cardiac contractile dysfunction paralleled 

the progressive structural changes and decreases in cardiac contractile function 

observed in Table 4.1. These data suggest that the ReliefF algorithm was able to 

adequately rank features based on their importance to the identification of cardiac 

contractile dysfunction associated with the diabetic condition. 

 

Next, we aimed to determine if conventional echocardiography or STE could 

more accurately segregate animals into their pre-determined category of diabetic 

or non-diabetic. An SVM machine learning model was used to compare 

conventional echocardiography and STE features as identifiers of cardiac 

contractile dysfunction associated with the diabetic condition. SVM model 

performance, including training accuracy, standard deviation, testing accuracy, 

and F-score, were reported for each timepoint in Supplemental Table S4.1. SVM 

model testing accuracies demonstrated that STE datasets were better able to 

segregate animals into the correct category of diabetic vs. non-diabetic when 

compared to conventional echocardiography subsets (M-mode and PWD), at all 

timepoints (Figure 4.2). At week 5, when no overt systolic dysfunction was 

detectable, STE datasets including the Septal, Anterior, and Segmental were the 

strongest identifiers of cardiac dysfunction, while M-mode features were a weak 

identifier of cardiac dysfunction, and segregated mice with the poorest accuracy 

(Figure 4.2). At week 12, the Complete, Segmental, and Anterior datasets were 

able to identify cardiac dysfunction with the greatest accuracy (Figure 4.2). By 

week 20, overt contractile dysfunction was detectable using conventional M-mode 

echocardiography and PWD, yet the Posterior and Anterior datasets were the 

strongest identifiers of cardiac dysfunction (Figure 4.2). At week 25, the STE Free 

and Global datasets were able to best identify cardiac contractile dysfunction 

associated with the diabetic condition despite significant decreases in nearly all M-

mode features (Figure 4.2) (Table 4.1), suggesting that STE echocardiography, 

which provides strain-based outcomes, may be more capable of distinguishing a 
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state of cardiac contractile dysfunction as compared to changes in systolic function 

parameters (i.e., EF and FS). 

 

We next aimed to use the ReliefF algorithm to rank features in the 

“Complete” datasets by their ability to identify a state of cardiac dysfunction. We 

began with the testing accuracies for the “Complete” dataset, containing 376 

features, at all timepoints, and reduced the number of features to only those that 

were considered to be important for the classification of the diabetic condition. At 

week 5, the “Complete”, unedited, dataset was able to correctly categorize mice 

as diabetic or non-diabetic 82% of the time (Figure 4.3A). Further, the 5 strongest 

identifiers of cardiac dysfunction were MPI, SD PostSeptalWall RD, SD Septal RD, 

SS AntFree RSR, and SD InfFreeWall, which were determined to be significantly 

different between WT and Db/Db mice (Figure 4.3B) (Supplemental Figure S4.2, 

A, B, C, D, and E). Reducing the number of features to those considered  

“relevant” to the identification of cardiac dysfunction, or having a score above zero, 

failed to sufficiently reduce dataset size, with the week 5 dataset retaining 158 

features (Supplemental Table S4.2). Rather, reducing the complete dataset to only 

the top 50 strongest identifiers of cardiac contractile dysfunction increased testing 

accuracy by 0.14 percent as designated by a red arrow (Figure 4.3C) 

(Supplemental Table S4.3).  

 

At week 12, the “Complete”, unedited, dataset was able to correctly 

categorize mice as diabetic or non-diabetic 96% of the time (Figure 4.3A). Further, 

the 5 strongest identifiers of cardiac dysfunction were LS AntSeptum RV, LS 

AntSeptum RSR, SS LatWall CV, LS Septal RSR, and LS Anterior RSR, which 

were determined to be significantly decreased in Db/Db mice when compared to 

WT (Figure 4.3B) (Supplemental Figure S4.2, F, G, H, I, and J). Reducing the 

number of features to those considered  

relevant failed to sufficiently reduce dataset size, with the dataset at 12 weeks 

retaining 319 features (Supplemental Table S4.2). Rather, reducing the complete 

dataset to only the top 50 strongest identifiers of cardiac contractile dysfunction 
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increased testing accuracy by 0.02 percent as designated by a red arrow (Figure 

4.3C) (Supplemental Table S4.3).  

 

At week 20, the “Complete”, unedited, dataset was able to correctly 

categorize mice as diabetic or non-diabetic 91% of the time (Figure 4.3A). Further, 

the 5 strongest identifiers of cardiac contractile dysfunction were LS 

PostSeptalWall RSR, LS Anterior RSR, LS Septal RSR, SS AntSeptum RSR, and 

LS Posterior RSR, which were determined to be significantly decreased in Db/Db 

mice when compared to WT (Figure 4.3B) (Supplemental Figure S4.2, K, L, M, N, 

and O).  Reducing the number of features to those considered relevant failed to 

sufficiently reduce dataset size, with the dataset at 20 weeks retaining 330 features 

(Supplemental Table S4.2). Rather, reducing the complete dataset to only the top 

50 features most descriptive of cardiac contractile dysfunction increased testing 

accuracy by 0.02 percent as designated by a red arrow (Figure 4.3C) 

(Supplemental Table S4.2). Reducing the complete dataset to only the top 

strongest identifiers of cardiac contractile dysfunction significantly reduced dataset 

size, and did not change testing accuracy as designated by a red arrow (Figure 

4.3C) (Supplemental Table S4.3).  

 

At week 25, the “Complete”, unedited, dataset was able to correctly 

categorize mice as diabetic or non-diabetic 89% of the time (Figure 4.3A). Further, 

the 5 strongest identifiers of cardiac dysfunction were SSG Radial Strain, SS 

Anterior RS, SS Free RS, SS Anterior RV, and SS AntFree RS, which were 

determined to be significantly decreased in Db/Db mice when compared to WT 

(Figure 4.3B) (Supplemental Figure S4.2, P, Q, R, S, and T).  Reducing the number 

of features to those considered relevant failed to sufficiently reduce dataset size, 

with the dataset at 20 weeks retaining 288 features (Supplemental Table S4.2). 

Rather, reducing the complete dataset to only the top 50 strongest identifiers of 

cardiac contractile dysfunction increased testing accuracy by 0.09 percent as 

designated by a red arrow (Figure 4.3C) (Supplemental Table S4.3).  
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Because STE features appeared to identify cardiac dysfunction with the 

greatest accuracy, the ability of regional and segmental features to identify cardiac 

contractile dysfunction were assessed using the Segmental, Anterior, Posterior, 

Septal, Free, Anterior Free, Posterior Free, AntFree, AntSeptum, InfFreeWall, 

LatWall, PostSeptal, and PostWall datasets. SVM model performance, including 

training accuracy, standard deviation, testing accuracy, and F-score, were 

reported for each dataset at each timepoint in Supplemental Table S4.4 and were 

visually represented in Supplemental Figure S4.3. These analyses suggest that 

changes in regional and segmental features are able to accurately segregate 

cardiac contractile function associated with the diabetic and non-diabetic 

conditions. 

 

We next assessed the ability of STE regional and segmental features to 

identify spatial cardiac dysfunction using two analytical methods. To determine the 

spatial impact of regional and segmental features on cardiac contractile function, 

we utilized the Segmental, Anterior, Posterior, Septal, Free, Anterior Free, 

Posterior Free, AntFree, AntSeptum, InfFreeWall, LatWall, PostSeptal, and 

PostWall datasets. First, the heart was segregated into regions, which represented 

locales of the heart that could be evaluated independently from the LV as a whole. 

Regions were ranked by their ability to identify cardiac contractile dysfunction, 

based on their ability to segregate animals into the diabetic and non-diabetic 

conditions at each timepoint (Table 4.2).  At week 5, the Septal region, containing 

both the AntSeptum and PostSeptal segments, was the strongest identifier of 

cardiac dysfunction when compared to other cardiac regions, and segregated 

animals as diabetic or non-diabetic with an 84% testing accuracy (Table 4.2). At 

week 12, the Anterior Free region, comprised of the AntFree and LatWall 

segments, rather than the Septal region (91% accuracy), was the strongest 

identifier of cardiac contractile dysfunction, with a 98% testing accuracy (Table 

4.2). At week 20, the Septal region returned as the strongest identifier of cardiac 

contractile dysfunction, with a 98% testing accuracy (Table 4.2). At week 25, the 

Septal region remained the strongest identifier of cardiac contractile dysfunction 
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when compared to other cardiac regions, with a 98% testing accuracy (Table 4.2). 

These data suggest that the Septal region is the strongest identifier of cardiac 

dysfunction, and may be identifiable as early as 5 weeks.  

 

Secondly, cardiac segments representing the smallest possible locales for 

evaluation of cardiac function, were ranked by their ability to identify cardiac 

contractile dysfunction at each timepoint (Table 4.3).  At week 5, the InfFreeWall 

segment was the strongest identifier of cardiac contractile dysfunction when 

compared to other cardiac segments, and segregated animals as diabetic or non-

diabetic with a 76% testing accuracy (Table 4.3). At week 12, the LatWall segment 

was the strongest identifier of cardiac contractile dysfunction, with a 98% testing 

accuracy (Table 4.3). At week 20, the AntSeptum segment was the strongest 

identifier of cardiac contractile dysfunction, with a 96% testing accuracy (Table 

4.3). At week 25, the AntFree segment was the strongest identifier of cardiac 

contractile dysfunction, with a 96% testing accuracy (Table 4.3).  

 

Finally, to determine if the regions and segments defined as being the 

strongest identifiers of cardiac contractile dysfunction contained the largest 

number of noteworthy and altered features, we assessed the prevalence of each 

region and segment. The calculations used to determine the “most prevalent” 

regions and segments is described in the methods section “Most Prevalent vs. 

Strongest Identifier”. At week 5, each region appeared to contribute a similar 

percentage of features, but the Anterior and Septal regions contributed the largest 

number of features most descriptive of cardiac contractile dysfunction, 

representing 19% and 18% of the features, respectively (Figure 4.4A). Inspection 

of the prevalence of the individual segments at week 5 revealed that the 

AntSeptum and InfFreeWall segments were of equal prevalence, with each 

accounting for 22% of features (Figure 4.4B). Moreover, the AntSeptum segment 

was the largest contributor to the prevalence of the Anterior and Septal regions, 

accounting for the largest percentage of features in both the Anterior and Septal 

regions at 39% and 61%, respectively (Figure 4.4C). Accordingly, the InfFreeWall 
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segment also drove the prevalence of the Posterior, Free, and Posterior Free 

regions (Figure 4.4C). Based on the number of features contributed by each region 

and segment, the AntSeptum segment, and the Anterior and Septal regions 

contained the largest number of noteworthy metrics, which may indicate locales 

containing the largest number of features contributing to cardiac contractile 

dysfunction at week 5 (Figure 4.4D). 

 

At week 12, the Septal region contributed the largest number of features 

most descriptive of cardiac contractile dysfunction, representing 24% of the 

features (Figure 4.5A). Inspection of the prevalence of the individual segments at 

week 12 further revealed that the AntSeptum segment was of the greatest 

prevalence, accounting for 28% of the features (Figure 4.5B). Additionally, the 

AntSeptum segment was the largest contributor to the prevalence of both the 

Septal and Anterior regions, accounting for the largest percentage of features at 

58% and 56%, respectively (Figure 4.5C). Based on the number of features 

contributed by each region and segment, the AntSeptum segment, and co-

concomitantly, the Septal region contained the largest number of noteworthy 

metrics, and represent the locales containing the largest number of features 

contributing to cardiac contractile dysfunction at week 12 (Figure 4.5D). 

 

At week 20, each region contributed a similar percentage of features, but 

the Anterior and Anterior Free regions contributed the largest number of features 

most descriptive of cardiac contractile dysfunction, representing 19.3% and 19% 

of the features, respectively (Figure 4.6A). Inspection of the prevalence of the 

individual segments at week 20 demonstrated that the AntFree segment was the 

most prevalent, accounting for 22% of features (Figure 4.6B). The AntFree 

segment was the largest contributor to the prevalence of the Anterior and Anterior 

Free regions, accounting for the largest percentage of features in both the Anterior 

and Anterior Free regions at 38% and 58%, respectively (Figure 4.6C). Based on 

the number of features contributed by each region and segment, the AntFree 

segment, and the Anterior and Anterior Free regions contained the largest number 
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of noteworthy metrics, which may indicate locales containing the largest number 

of features contributing to cardiac contractile dysfunction at week 20 (Figure 4.6D). 

 

At week 25, the Anterior and Anterior Free regions contributed the largest 

number of features most descriptive of cardiac contractile dysfunction, 

representing 22% and 20% of the features, respectively (Figure 4.7A). Inspection 

of the prevalence of the individual segments at week 25 demonstrated that the 

AntSeptum and AntFree segments were the most prevalent, accounting for 26% 

and 22% of features, respectively (Figure 4.7B). The AntSeptum segment was the 

largest contributor to the prevalence of the Anterior and Septal regions, accounting 

for the largest percentage of features in both the Anterior and Septal regions at 

39% and 76%, respectively (Figure 4.7C). Based on the number of features 

contributed by each region and segment, the AntSeptum and AntFree segments, 

and the Anterior and Anterior Free regions contained the largest number of 

noteworthy metrics, which may indicate locales containing the largest number of 

features contributing to cardiac contractile dysfunction at week 25 (Figure 4.7D). 

 

Discussion 

 

The etiology of cardiovascular contractile dysfunction in T2DM remains 

unknown, and as morbidity and mortality continue to rise, our understanding of its 

pathophysiology will be critical to produce new and improved diagnostic and 

treatment opportunities. STE is an invaluable tool for the evaluation of cardiac 

function, and has been utilized to evaluate changes in contractility and deformation 

in both murine models of T1DM (9, 24), T2DM (23), and human subjects (17, 18, 

22, 39). At current, STE has not been utilized to evaluate progressive changes in 

regional and segmental function as a method of identifying patterns of cardiac 

contractile dysfunction in the type 2 diabetic heart. Elucidating changes in cardiac 

function, to the fullest extent possible, may aid in filling this gap in our knowledge, 

and may provide an alternative method to identify cardiovascular dysfunction in 

diabetes mellitus patients earlier and with greater specificity than current methods. 
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In this study, we aimed to elucidate if cardiac contractile dysfunction associated 

with the T2DM condition occurs spatially, and if patterns of regional or segmental 

dysfunction manifest in a temporal fashion. We further aimed to utilize machine 

learning to identity the cardiac regions, segments, and features that best described 

a state of cardiac contractile dysfunction using solely non-invasive 

echocardiography features. A summary of study results and potential applications 

can be seen in Figure 4.8. 

 

The use of machine learning enhanced our ability to predict what regions 

and segments of the heart were most impacted during disease progression, and 

to further explore those that were best able to identify cardiac contractile 

dysfunction. Traditional data analyses use descriptive and exploratory methods to 

provide results and discover patterns in current or past data, but do not make 

predictions about the future. We aimed to compare traditional data analyses with 

machine learning methodologies to determine if the regions and segments that 

were best able to identify cardiac contractile dysfunction also contained the largest 

number of dysfunctional parameters. By determining the prevalence of a region or 

segment, we gained insight into the cardiac locales that were likely impacted by 

T2DM to the greatest extent, and exhibited the largest number of noteworthy 

changes.  

 

We were able to identify the regions and segments which best identified a 

state of cardiac contractile dysfunction, and the features which best defined it. The 

Septal region, and primarily the AntSeptum segment, were determined to be the 

strongest identifiers of cardiac dysfunction at 5, 20, and 25 weeks. Moreover, the 

Septal region was identified as a region of interest early in T2DM development, 

and was maintained into the late stages of disease. These data suggest that the 

Septal region, and the segments contained within, may provide a new metric for 

the identification of subclinical cardiac dysfunction. The importance of the Septal 

region may be explained, in part, by the role of the septum in conduction of the 

heart. The electrical sequence in the heart follows a pre-defined order in healthy 
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individuals, but may be disrupted in individuals with cardiovascular contractile 

dysfunction (40). For example, the healthy septum transfers energy between the 

ventricles, acting as a third pump. Diseases that increase septal elastance, such 

as diabetes mellitus, can resemble left ventricular diastolic dysfunction (41). 

Myocardial work, or the contribution by each region to contraction, has been found 

to be significantly affected by both hypertension and diabetes, with diabetic 

patients having lower strain values in the septal and lateral segments (42). Further, 

the observation of early Septal region dysfunction has been utilized as a method 

of identifying and monitoring diabetes mellitus (42-44). These reports suggest that 

alterations in the Septal region may be observable early in the pathophysiology of 

T2DM, prior to the onset of clinically recognizable symptoms of cardiac 

dysfunction. The data presented in this study suggest that the Septal region may 

benefit most from therapeutic interventions aimed at preventing the progression of 

cardiac contractile dysfunction in T2DM when initiated early in disease. 

 

Interestingly, the Septal region was the second-best classifier of the diabetic 

condition at week 12, where the Anterior Free region, and the LatWall segment, 

were able to identify cardiac contractile dysfunction with the greatest accuracy. 

This shift from the Septal wall to the AntFree region and LatWall segment at 12 

weeks, and back to the Septal region again at 20 weeks, may be the result of the 

cardiac structural and metabolic remodeling preceding, and ultimately leading to 

the development of overt contractile dysfunction (45-49). Metabolic inflexibility and 

substrate overload initiate several metabolic and structural changes that manifest 

during the subclinical stages of cardiac contractile dysfunction as an adaptive 

mechanism to protect the heart (12, 46, 50, 51). In healthy individuals, the LV 

primarily performs contractile or shortening work, but in patients with 

cardiomyopathies, the ability of the septum to provide energy for contraction may 

be decreased, with a greater amount energy being wasted (52). This means that 

even though the Septal region begins the contractile process, the Free and 

Anterior regions may overcompensate for the Septal regions lack of energy 

contribution by contributing additional energy for contraction (53). Metabolically, 
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segments contributing the greatest level of contractile energy also exhibit the 

highest levels of glucose metabolism, and show a disruption of glucose 

metabolism, and therefore an ability to produce energy for contraction, with 

disease (54). This metabolic shift suggests that regions displaying this pattern of 

energy waste may experience larger amounts of mitochondrial dysfunction, 

including impaired glucose metabolism, increased reliance on fatty acid oxidation, 

and changes in mitochondrial DNA (54-57). With this in mind, structural and 

metabolic alterations may manifest in the Anterior Free region, prior to the onset 

of overt contractile dysfunction that temporarily improve its ability to identify 

animals as diabetic or non-diabetic. As a result, we believe that future directions 

should include the biochemical analysis of regional and segmental metabolism.  

 

Analysis of our data using traditional methods produced results similar to 

those observed using machine learning. Subsequently, determining the most 

prevalent regions and segments, or those containing the largest number of 

noteworthy, and likely dysfunctional metrics were reflective of the most impacted 

cardiac locale at each timepoint. We observed that the prevalence of regions and 

segments overlapped, with the most prevalent region containing the most 

prevalent segment. Overall, these results suggest the AntSeptum segment may 

contain the greatest number of features contributing to cardiac contractile 

dysfunction, and may be a metric to identify and monitor throughout the T2DM 

pathology. Taken together, these data support assessments of regional and 

segmental function using feature ranking algorithms as a feasible alternative to 

traditional data analysis to determine regions or locales of interest for 

experimental, therapeutic, or clinical purposes. 

 

The healthcare community has largely benefited from the implementation 

of STE, which has provided a great deal of insight into cardiac contractile 

dysfunction, and the incorporation of machine learning in the evaluation of 

echocardiography represents a new and powerful tool for the study (58-60). 

Further, machine learning and features ranking methodologies with the intention 
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of identifying regions and segments of interest for experimental, clinical, and 

therapeutic purposes. Combining these techniques may provide a more 

descriptive and thorough approach to managing large amounts of contractile data, 

as well as improve the process of analyzing and interpreting cardiovascular 

contractile data (39, 61, 62). These applications in echocardiography are 

increasing exponentially, particularly for their ability to develop innovative models 

of diagnosis and care (39, 63-65). The initial collection and analysis of data can be 

difficult, leading to the interpretation of a small subset of data collected, rather than 

the data as a whole (62). In clinical settings, the ability to automate data acquisition, 

processing, and interpretation may help to improve methods of evaluating cardiac 

dysfunction in the T2DM heart (61, 66, 67). The data presented in this study 

support that machine learning can be used as a tool to identify cardiac contractile 

dysfunction by using solely non-invasive echocardiography features in a murine 

model of T2DM. We demonstrate that feature ranking algorithms can be used to 

identify regional and segmental patterns of cardiovascular contractile dysfunction 

in T2DM, suggesting that cardiovascular contractile dysfunction occurs not only in 

a temporal fashion, but progresses spatially.  

 

Interestingly, despite significant changes in M-mode parameters, STE 

outperformed conventional echocardiography at all timepoints, and was 

consistently better at identifying cardiac contractile dysfunction. Prior to the 

development of overt systolic dysfunction, as at 5 and 12 weeks, the ability of STE 

to outperform conventional M-mode echocardiography was expected due to its 

ability to detect subclinical changes in cardiac function. Alternatively, M-mode 

echocardiography demonstrated significant decreases in EF and FS features at 20 

and 25 weeks of age, but was not as strong of an identifier of cardiac contractile 

dysfunction as STE features. This discrepancy may be due, in part, to the 

methodology used by machine learning classification. Specifically, M-mode may 

contain a large number of significantly altered features, but if the STE regions and 

segments discussed above contain an overall larger number of altered features, it 

could indirectly increase the ability of STE features to identify cardiac contractile 
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dysfunction. In terms of clinical applicability, numerous altered STE features may 

be necessary to outperform the ability of EF to identify contractile dysfunction. 

Moreover, M-mode echocardiography parameters, including EF and FS, may be a 

stronger indicator of contractile dysfunction once overt dysfunction is present, but 

M-mode echocardiography remains unable to detect clinical and subclinical 

measures of dysfunction. Hence, the focus of STE should remain the assessment 

and diagnosis of subclinical cardiac dysfunction. As discussed above, the Septal 

region may provide a metric for clinicians to identify subclinical changes in cardiac 

deformation, aid in the diagnosis and staging of cardiac contractile dysfunction 

prior to the presence of overt systolic dysfunction, and monitor, in addition to EF, 

during late stages of disease. Further evaluation is necessary to determine if the 

spatial and temporal patterns of STE observed in Db/Db mice also occur in T2DM 

human subjects.  

 

In summary, cardiac contractile dysfunction associated with the T2DM 

condition manifests spatially, and patterns of regional and segmental dysfunction 

appear early in the T2DM pathology while progressing in a temporal fashion. 

Further, the Septal region may provide a metric for the identification of subclinical 

dysfunction, the diagnosis and staging of cardiac contractile dysfunction prior to 

the presence of overt systolic dysfunction, and a target for therapeutic 

interventions aimed at preventing the progression of cardiac contractile 

dysfunction in T2DM when initiated early in the disease. Additionally, these data 

support that assessments of regional and segmental function using machine 

learning and feature ranking algorithms may be a feasible alternative to traditional 

data analysis and may provide a more descriptive and thorough approach to 

managing large amounts of contractile data with the intention of identifying regions 

and segments of interest for experimental, clinical, and therapeutic purposes.  
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TABLES AND TABLE LEGENDS 

 

Table 4.1: Conventional M-Mode Echocardiography 

 

M-mode 5 weeks 12 weeks 20 weeks 25 weeks 
 WT Db/Db WT Db/Db WT Db/Db WT Db/Db 

HR 698.4 ± 
5 

665.3 ± 
9* 

696.4 ± 
11 

667.0 ± 
14 

701.8 ± 
6 

598.4 ± 
27* 

684.0 ± 
14 

634.7 ± 
17* 

EF 95.8 ± 
0.7 

94.0 ± 
0.9 

92.9 ± 
1.0 

92.6 ± 
1.0 

93.9 ± 
0.7 

88.2 ± 
1.5* 

95.0 ± 
0.5 

91.2 ± 
0.7* 

FS 71.2 ± 
1.7 

67.6 ± 
2.0 

65.2 ± 
2.1 

64.3 ± 
1.7 

66.8 ± 
1.4 

58.5 ± 
2.1* 

68.0 ± 
1.4 

60.0 ± 
1.7* 

CO 10.2 ± 
1.2 

10.1 ± 
1.0 

10.0 ± 
0.7 

11.3 ± 
1.1 

10.3 ± 
0.9 

12.2 ± 
0.8 

9.3 ± 
0.8 

11.1 ± 
0.8 

SV 14.9 ± 
1.7 

15.2 ± 
1.5 

14.3 ± 
1.0 

18.6 ± 
1.5* 

14.8 ± 
1.3 

21.1 ± 
1.5* 

13.5 ± 
1.0 

19.0 ± 
2.0* 

LV Mass 69.4 ± 
4.1 

73.7 ± 
3.1 

79.4 ± 
4.2 

117.7 ± 
4.1* 

92.0 ± 
5.4 

134.2 ± 
6.9* 

100.1 ± 
7.6 

144.9 ± 
6.3* 

LVAW;s 1.8 ± 
0.03 

1.8 ± 
0.04 

1.7 ± 
0.07 

2.0 ± 
0.05* 

1.9 ± 
0.05 

2.0 ± 
0.04* 

1.9 ± 
0.05 

2.1 ± 
0.06* 

LVAW;d 1.1 ± 
0.04 

1.1 ± 
0.04 

1.2 ± 
0.04 

1.3 ± 
0.04 

1.3 ± 
0.04 

1.5 ± 
0.04* 

1.3 ± 
0.04 

1.5 ± 
0.04* 

LVPW;s 1.8 ± 
0.07 

1.9 ± 
0.05 

1.9 ± 
0.05 

2.2 ± 
0.06* 

2.0 ± 
0.06 

2.1 ± 
0.09 

2.1 ± 
0.08 

2.3 ± 
0.06 

LVPW;d 1.3 ± 
0.05 

1.3 ± 
0.07 

1.3 ± 
0.09 

1.7 ± 
0.07* 

1.5 ± 
0.06 

1.6 ± 
0.09 

1.6 ± 
0.07 

1.8 ± 
0.07 

LVED;s 0.6 ± 
0.04 

0.7 ± 
0.06 

0.8 ± 
0.04 

0.9 ± 
0.06 

0.7 ± 
0.05 

1.1 ± 
0.08* 

0.7 ± 
0.04 

0.9 ± 
0.05* 

LVED;d 2.1 ± 
0.1 

2.2 ± 
0.09 

2.1 ± 
0.06 

2.4 ± 
0.08* 

2.1 ± 
0.08 

2.6 ± 
0.09* 

2.1 ± 
0.06 

2.4 ± 
0.1* 

LVEV;s 0.6 ± 
0.1 

1.1 ± 
0.3 

1.2 ± 
0.2 

1.6 ± 
0.3 

1.1 ± 
0.2 

3.3 ± 
0.6* 

0.7 ± 
0.09 

1.6 ± 
0.2* 

LVEV;d 15.7 ± 
1.9 

16.3 ± 
1.7 

15.6 ± 
1.2 

20.1 ± 
1.7* 

15.8 ± 
1.5 

24.4 ± 
2.0* 

13.9 ± 
0.9 

19.5 ± 
1.9* 
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Table 4.1: Conventional m-Mode echocardiography. Progressive cardiac 

dysfunction is observable in Db/Db mice at 12, 20, and 25 weeks of age. “*” 

denotes significantly different from WT. Data are presented as mean ± standard 

error of the mean (SEM). HR; heart rate, EF; ejection fraction, FS; fractional 

shortening, CO; cardiac output, SV; stroke volume, LV; left ventricle, LVAW;s; LV 

anterior wall systolic thickness, LVAW;d; LV anterior wall diastolic thickness, 

LVPW;s; LV posterior wall systolic thickness, LVPW;d; LV posterior wall diastolic 

thickness, LVED;s; LV end-systolic diameter, LVED; d; LV end-diastolic diameter, 

LVEV;s; LV end-systolic volume, LVEV;d; LV end-diastolic volume. 
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Table 4.2: Ranking of Regions most representative of overt cardiac contractile 

dysfunction at 5, 12, 20, and 25 weeks of age. 

 

Timepoint (weeks) Region Test Accuracy 
5 Septal 84 
 Anterior 82 
 Posterior Free 76 
 Posterior 71 
 Anterior Free 71 
 Free 67 
 Septal 84 
 Anterior 82 
 Posterior Free 76 

12 Anterior Free 98 
 Septal 91 
 Anterior 89 
 Posterior Free 84 
 Posterior 78 
 Free 78 
 Anterior Free 98 
 Septal 91 
 Anterior 89 

20 Septal 93 
 Anterior 93 
 Posterior 89 
 Anterior Free 87 
 Free 84 
 Posterior Free 78 
 Septal 93 
 Anterior 93 
 Posterior 89 

25 Septal 98 
 Anterior Free 95 
 Anterior 91 
 Posterior Free 91 
 Posterior 78 
 Free 76 
 Septal 98 
 Anterior Free 95 
 Anterior 0.91 
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Table 4.2: Ranking of Regions most representative of overt cardiac contractile 

dysfunction at 5, 12, 20, and 25 weeks of age. Testing accuracies of each region 

ranked by its ability to identify cardiac contractile dysfunction associated with 

diabetes mellitus. 
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Table 4.3: Ranking of segments most representative of overt cardiac contractile 

dysfunction at 5, 12, 20, and 25 weeks of age. 

 

Timepoint (weeks) Region Test Accuracy 
5 InfFreeWall 76 
 PostSeptal 73 
 AntFree 71 
 LatWall 71 
 AntSeptum 67 
 PostWall 49 
 InfFreeWall 76 
 PostSeptal 73 
 AntFree 71 

12 LatWall 98 
 AntSeptum 96 
 PostWall 93 
 AntFree 84 
 InfFreeWall 82 
 PostSeptal 76 
 LatWall 98 
 AntSeptum 96 
 PostWall 93 

20 AntSeptum 96 
 LatWall 93 
 PostSeptal 89 
 PostWall 89 
 AntFree 71 
 InfFreeWall 71 
 AntSeptum 96 
 LatWall 93 
 PostSeptal 89 

25 AntFree 96 
 AntSeptum 93 
 LatWall 93 
 InfFreeWall 78 
 PostSeptal 60 
 PostWall 60 
 AntFree 96 
 AntSeptum 93 
 LatWall 93 
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Table 4.3: Ranking of segments most representative of overt cardiac contractile 

dysfunction at 5, 12, 20, and 25 weeks of age. Testing accuracies of each segment 

ranked by its ability to identify cardiac contractile dysfunction associated with 

diabetes mellitus. 
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FIGURES AND FIGURE LEGENDS 

Figure 4.1: Schematic of experimental design and the machine learning pipeline. 
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Figure 4.1 
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Figure 4.1: Schematic of experimental design and the machine learning pipeline. 

(A) WT (n = 13) and Db/Db mice (n = 14) underwent conventional M-mode and 

speckle tracking strain-based echocardiography assessments at 5, 12, 20, and 25 

weeks of age. (B) Data was segregated into 5 raw data sets including both M-

mode and stress-strain assessments, as well as 12 datasets generated using 

stress-strain segmental values. Feature selection and machine learning using a 

ReliefF algorithm and SVM model were used to determine the reliability of 

conventional echocardiography as a predictor of T2DM, and further assess the 

spatial and temporal progression of cardiovascular dysfunction. WT; Wild-type, 

PWD; pulse-wave doppler, SVM; support vector machine, T2DM; type 2 diabetes 

mellitus. 
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Figure 4.2: SVM Model Testing Accuracies 
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Figure 4.2: SVM model testing accuracies were demonstrated for the complete, 

PWD, M-mode, Global, Segmental, Anterior, Posterior, Septal, and Free datasets 

at 5, 12, 20, and 25 weeks of age. SVM; support vector machine, PWD; pulse-

wave doppler. Values are shown as means ± SEM.  
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Figure 4.3: Machine Learning and Feature Reduction 
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Figure 4.3: 
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Figure 4.3: Machine learning and feature reduction. (A) Testing accuracies for the 

complete dataset at 5, 12, 20, and 25 weeks. (B) Feature selection using the 

ReliefF algorithm ranked all available features by importance to the classification 

model. (C) Testing accuracy for the top 50 features most descriptive of cardiac 

contractile dysfunction for the complete dataset, and resulting change in testing 

accuracy for the reduced dimensionality dataset (B). Values are shown as means 

± SEM.  
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Figure 4.4: Spatial and temporal progression of cardiovascular dysfunction at 5 

weeks.  
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Figure 4.4: Spatial and temporal progression of cardiovascular dysfunction at 5 

weeks. (A) Regional separation as calculated with segmental values demonstrates 

the percent each region is represented in the top 50 features most descriptive of 

cardiac contractile dysfunction, listed with the regions ranked in order of testing 

accuracy. (B) The 6 segments were represented as a percentage of all segmental 

values in the top 50 features most descriptive of cardiac contractile dysfunction, 

and were ranked in order of testing accuracy. (C) Each region was broken down 

into its contributing segments relative to the percent contributed by the region. (D) 

The locale of greatest impact. 
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Figure 4.5: Spatial and temporal progression of cardiovascular dysfunction at 12 

weeks.  
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Figure 4.5: Spatial and temporal progression of cardiovascular dysfunction at 12 

weeks. (A) Regional representation as calculated with segmental values 

demonstrates the percent each region is represented in the top 50 features most 

descriptive of cardiac contractile dysfunction, listed with the regions ranked in order 

of testing accuracy. (B) The 6 segments were represented as a percentage of all 

segmental values in the top 50 features most descriptive of cardiac contractile 

dysfunction, and were ranked in order of testing accuracy. (C) Each region was 

broken down into its contributing segments relative to the percent contributed by 

the region. (D) The locale of greatest impact. 
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Figure 4.6: Spatial and temporal progression of cardiovascular dysfunction at 20 

weeks. 
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Figure 4.6: Spatial and temporal progression of cardiovascular dysfunction at 20 

weeks. (A) Regional representation as calculated with segmental values 

demonstrates the percent each region was represented in the top 50 features most 

descriptive of cardiac contractile dysfunction, listed with the regions ranked in order 

of testing accuracy. (B) The 6 segments were represented as a percentage of all 

segmental values in the top 50 features most descriptive of cardiac contractile 

dysfunction, and were ranked in order of testing accuracy. (C) Each region was 

broken down into its contributing segments relative to the percent contributed by 

the region. (E) The locale of greatest impact. 
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Figure 4.7: Spatial and temporal progression of cardiovascular dysfunction at 25 

weeks. 
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Figure 4.7: Spatial and temporal progression of cardiovascular dysfunction at 25 

weeks. (A) Regional representation as calculated with segmental values 

demonstrates the percent each region was represented in the top 50 features most 

descriptive of cardiac contractile dysfunction, listed with the regions ranked in order 

of testing accuracy. (B) The 6 segments were represented as a percentage of all 

segmental values in the top 50 features most descriptive of cardiac contractile 

dysfunction, and were ranked in order of testing accuracy. (C) Each region was 

broken down into its contributing segments relative to the percent contributed by 

the region. (E) The locale of greatest impact. 
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Figure 4.8: Summary of contributions and future directions.  

 

 

  



 
 

229 
 

Figure 4.8: Summary of contributions and future directions. Conventional and 

strain-based echocardiography can be analyzed using machine learning and 

ReliefF-based feature selection algorithms. Supervised modeling allows for 

increased technical efficiency and unbiased ranking of features by importance to 

class prediction, and can be applied in multiple situations concerning large 

datasets. The ReliefF feature selection algorithm provides an unbiased approach 

to identify and rank features in order of how important they were for classification 

and provide insight into the temporal and spatial progression of T2DM, through 

segmental analysis. The identification of patterns of spatial and temporal features 

critical to disease progression and development could improve current diagnostic 

capabilities of cardiovascular contractile dysfunction in T2DM. 
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SUPPLEMENTAL TABLES AND TABLE LEGENDS 

 

Supplemental Table S4.1: Performance of supervised machine learning SVM 

models for all datasets at 5, 12, 20, and 25 weeks of age. 
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Timepoint 
(weeks) 

Data 
Subset 

Training 
Accuracy 

Std. 
Deviation 

Test 
Accuracy 

F-score 

5 Complete 0.93 0.02 0.82 0.76 
 PWD 0.84 0.06 0.78 0.78 
 M-mode 0.60 0.07 0.42 0.36 
 Global 0.77 0.07 0.69 0.72 
 Segmental 0.86 0.12 0.82 0.79 
 Anterior 0.69 0.09 0.82 0.79 
 Posterior 0.73 0.14 0.71 0.68 
 Septal 0.83 0.10 0.84 0.83 
 Free 0.68 0.09 0.67 0.64 

12 Complete 0.91 0.03 0.96 0.95 
 PWD 0.78 0.12 0.69 0.68 
 M-mode 0.96 0.05 0.89 0.86 
 Global 0.82 0.09 0.82 0.80 
 Segmental 0.94 0.04 0.96 0.93 
 Anterior 0.92 0.06 0.91 0.91 
 Posterior 0.84 0.02 0.78 0.73 
 Septal 0.93 0.05 0.89 0.87 
 Free 0.82 0.10 0.78 0.70 

20 Complete 0.91 0.06 0.91 0.91 
 PWD 0.59 0.07 0.49 0.37 
 M-mode 0.77 0.05 0.84 0.83 
 Global 0.86 0.05 0.87 0.85 
 Segmental 0.88 0.02 0.89 0.90 
 Anterior 0.91 0.05 0.84 0.81 
 Posterior 0.84 0.07 0.93 0.94 
 Septal 0.88 0.05 0.89 0.89 
 Free 0.81 0.05 0.93 0.93 

25 Complete 0.97 0.03 0.89 0.86 
 PWD 0.66 0.09 0.60 0.59 
 M-mode 0.82 0.09 0.78 0.75 
 Global 0.88 0.07 0.93 0.95 
 Segmental 0.93 0.05 0.84 .83 
 Anterior 0.98 0.03 0.98 0.97 
 Posterior 0.76 0.11 0.76 0.63 
 Septal 0.80 0.09 0.78 .77 
 Free 0.83 0.09 0.91 .87 
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Supplemental Table S4.1: Performance of supervised machine learning SVM 

models for all datasets at 5, 12, 20, and 25 weeks of age. Training accuracies and 

the associated standard deviations, test accuracies, and F-scores are reported. 

SVM; support vector machine, PWD; pulse-wave doppler. 
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Supplemental Table S4.2: SVM Model Performance “Relevant” Features. 

 

Timepoint 
(weeks) 

Data Subset 
Training 

Accuracy 
Testing 

Accuracy 

Number 
of 

Features 

Training 
Accuracy 

Std. 
Deviation 

Testing 
Accuracy 

F-
score 

5 Complete 0.93 0.82 158 0.96 0.02 1 1 

12 Complete 0.91 0.96 319 0.93 0.02 0.91 0.90 

20 Complete 0.91 0.91 330 0.87 0.06 0.93 0.93 

25 Complete 0.97 0.89 288 0.94 0 1 1 
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Supplemental Table S4.2: SVM Model Performance “Relevant” Features. A 

ReliefF score of above zero was used to select relevant features and reduce 

dataset dimensionality. Training and testing accuracies are reported for both the 

full and reduced datasets. 
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Supplemental Table S4.3: SVM Model Performance of Reduced Dimensional 

Dataset Containing Top 50 Features. 

 

Timepoint 
(weeks) 

Data Subset 
Training 
Accuracy 

Testing 
Accuracy 

Number 
of 

Features 

Training 
Accuracy 

Std. 
Deviation 

Testing 
Accuracy 

F-
score 

5 Complete 0.93 0.82 50 1 0 0.96 0.94 

12 Complete 0.91 0.96 50 0.92 0.05 0.98 0.97 

20 Complete 0.91 0.91 50 0.96 0.05 0.91 0.90 

25 Complete 0.97 0.89 50 0.97 0.03 0.98 0.97 
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Supplemental Table S4.3: SVM Model Performance of Reduced Dimensional 

Dataset Containing Top 50 Features. The top 50 features were taken and tested 

as an independent dataset for each timepoint. Training and testing accuracies are 

reported for both the full and reduced datasets. 
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Supplemental Table S4.4: Performance of supervised machine learning SVM 

models for segmental datasets at 5, 12, 20, and 25 weeks of age. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

238 
 

Timepoint 
(weeks) 

Data 
Subset 

Training 
Accuracy 

Std. 
Deviation 

Test 
Accuracy 

F-score 

5 AntFree 0.80 0.06 0.71 0.68 
 AntSeptum 0.64 0.16 0.67 0.69 
 InfFreeWall 0.69 0.08 0.76 0.60 
 LatWall 0.63 0.09 0.71 0.68 
 PostSeptal 0.68 0.12 0.73 0.71 
 PostWall 0.54 0.07 0.49 0.48 

 Anterior 
Free 

0.80 0.12 0.71 0.68 

 Posterior 
Free 

0.91 0.09 0.76 0.75 

12 AntFree 0.83 0.11 0.84 0.83 
 AntSeptum 0.92 0.03 0.96 0.96 
 InfFreeWall 0.70 0.05 0.82 0.80 
 LatWall 0.93 0.12 0.98 0.98 
 PostSeptal 0.87 0.09 0.76 0.71 
 PostWall 0.83 0.09 0.93 0.93 

 Anterior 
Free 

0.93 0.02 0.98 0.98 

 Posterior 
Free 

0.90 0.08 0.84 0.84 

20 AntFree 0.80 0.07 0.71 0.68 
 AntSeptum 0.80 0.08 0.96 0.96 
 InfFreeWall 0.87 0.03 0.71 0.64 
 LatWall 0.88 0.07 0.93 0.93 
 PostSeptal 0.90 0.06 0.89 0.90 
 PostWall 0.79 0.10 0.89 0.85 

 Anterior 
Free 

0.86 0.03 0.87 0.81 

 Posterior 
Free 

0.77 0.11 0.78 0.79 

25 AntFree 0.90 0.05 0.96 0.94 
 AntSeptum 0.83 0.04 0.93 0.91 
 InfFreeWall 0.76 0.10 0.78 0.68 
 LatWall 0.90 0.06 0.93 0.95 
 PostSeptal 0.82 0.06 0.60 0.59 
 PostWall 0.73 0.07 0.60 0.51 

 Anterior 
Free 

0.92 0.05 0.95 0.95 

 Posterior 
Free 

0.80 0.09 0.91 0.89 
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Supplemental Table S4.4: Performance of supervised machine learning SVM 

models for segmental datasets at 5, 12, 20, and 25 weeks of age. Training 

accuracies and the associated standard deviations, test accuracies, and F-scores 

are reported. SVM; support vector machine. 
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SUPPLEMENTAL FIGURES AND FIGURE LEGENDS 

 

Supplemental Figure S4.1: Top five M-mode features identified by the ReliefF 

algorithm for each timepoint confirm progression of disease as strong indicators of 

class.  
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Supplemental Figure S4.1 
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Supplemental Figure S4.1 
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Supplemental Figure S4.1 
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Supplemental Figure S4.1: Top five M-mode features identified by the ReliefF 

algorithm for each timepoint confirm progression of disease as strong indicators of 

class. The 5 echocardiography features identified to be most descriptive of cardiac 

contractile dysfunction selected for 5 weeks; HR, LVPW;d, LVEV;s, EF, FS (A-E), 

12 weeks; LV Mass, LVPW;s, LVPW;d, LVAW;s, LVAW;d (F-J), 20 weeks; LV 

Mass, LVED;s, EF, LVAW;d, LVEV;s (F-G), and 25 weeks; LV Mass, LVAW;d, EF, 

LVEV;s, LVAW; s (K-O). HR; heart rate, LV; left ventricle, LVPW;d; LV posterior 

wall diastolic thickness, LVEV;s; LV end-systolic volume, EF; ejection fraction, FS; 

fractional shortening, LVPW;s; LV posterior wall systolic thickness, LVED;s; LV 

end-systolic diameter, LVAW;d; LV anterior wall diastolic thickness. “n” is defined 

as biological replicates. Figure panels are based in 1 independent experiment. WT 

and Db/Db data were analyzed using a Student’s T-test. “ * ” Denotes P ≤ 0.05 vs. 

WT. Values are shown as means ± SEM.  
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Supplemental Figure S4.2: Analysis in Graphpad of the 5 echocardiography 

features identified to be most descriptive of cardiac contractile dysfunction for the 

complete dataset at each timepoint.  
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Supplemental Figure S4.2: 
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Supplemental Figure S4.2: 
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Supplemental Figure S4.2: 
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Supplemental Figure S4.2: Analysis in Graphpad of the 5 echocardiography 

features identified to be most descriptive of cardiac contractile dysfunction for the 

complete dataset at each timepoint. (A-E) The 5 echocardiography features 

identified to be most descriptive of cardiac contractile dysfunction for 5 weeks, (F-

J) 12 weeks, (K-O) 20 weeks, and (P-T) 25 weeks. “n” is defined as biological 

replicates. Figure panels are based in 1 independent experiment. WT and Db/Db 

data were analyzed using a Student’s T-test. “ * ” Denotes P ≤ 0.05 vs. WT. Values 

are shown as means ± SEM.  
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Supplemental Figure S4.3: SVM Model Testing Accuracies  
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Supplemental Figure S4.3: SVM model testing accuracies were demonstrated 

for AntFree, AntSeptum, InfFreeWall, LatWall, PostSeptal, PostWall, Anterior 

Free, and Posterior Free datasets at 5, 12, 20, and 25 weeks of age. SVM; support 

vector machine, PWD; pulse-wave doppler. Values are shown as means ± SEM. 
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Chapter 5: GENERAL DISCUSSION 

 

The primary objectives of this dissertation were to evaluate two therapeutic 

approaches to preserve and restore mitochondrial ATP synthase functionality and 

cardiac contractile dysfunction in diabetes mellitus. Chapter 2 aimed to determine: 

(1) if loss or inhibition of miRNA-378a could improve mitochondrial ATP synthase 

functionality and ameliorate cardiac contractile dysfunction in T2DM, and (2) if 

Kcnq1ot1 and miR-378a act as constituents of a regulatory axis that influences the 

translation of mitochondrial genome encoded ATP6. Chapter 3 aimed to: (1) 

evaluate the efficacy of mitochondrial transplantation as a prophylactic measure to 

ameliorate cardiac contractile dysfunction in the diabetic heart through the 

replacement of dysfunctional mitochondria with healthy mitochondria obtained 

from a different individual of the same species using minimally invasive ultrasound-

guided echocardiography. Chapter 4 aimed to: (1) identify if patterns of spatial and 

temporal dysfunction exist in the T2DM murine heart, which could be identified 

during the pathophysiological progression of cardiac contractile dysfunction, and 

(2) identify regions, segment, and locales of interest for more specific, pinpointed 

mitochondrial transplantation, (3) determine if machine learning may provide a 

more descriptive and thorough approach to managing large amounts of contractile 

data with the intention of identifying locales of interest for experimental, clinical, 

and therapeutic purposes. Our long-term goal was to advance our knowledge of 

mitochondrially-targeted therapeutics through the evaluation of ncRNA targets and 

mitochondrial transplantation for the amelioration of mitochondrial bioenergetic 

and cardiovascular contractile dysfunction in diabetes mellitus. The central 

hypothesis of this dissertation was that both the inhibition of miR-378a and 

mitochondrial transplantation may be two very different, yet conceivable methods 

of ameliorating mitochondrial bioenergetic dysfunction and cardiovascular 

contractile dysfunction in the diabetic heart. The rationale for the undertaken 

research was based upon the belief that the development and identification of 

therapeutic opportunities and targets may aid in the development of innovative and 

novel ways to alleviate mitochondrial and cardiovascular contractile dysfunction 
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during diabetes mellitus, and reduce overall morbidity and mortality of the diabetic 

population.  

 

As diabetes mellitus associated morbidity and mortality continues to rise, 

our understanding of the pathophysiology of cardiac contractile dysfunction will be 

essential to produce new and improved diagnostic and treatment opportunities 

aimed at the amelioration of mitochondrial and cardiac contractile dysfunction. 

Beginning at the microscale level, the mitochondrion has received a great deal of 

focus due to its critical role in ATP production, yet therapeutic interventions aimed 

at the rescue of ATP generating capacity, and the amelioration of cardiac 

dysfunction, remain limited. The mitochondrial genome provides an array of 

potential therapeutic targets. The mitochondrial genome encodes 13 protein 

constituents which make up the electron transport chain respiratory complexes, 

including ATP synthase (1). These 13 proteins provide mitochondrial specific 

targets, but they are not the only genes, RNAs, and proteins of interest. NcRNAs 

have gained interest from those studying mitochondrial function due to their ability 

to act protectively and pathologically (2-5), as they have been observed interacting 

with and regulating nuclear and mitochondrially genome encoded proteins (3, 4, 6-

8). Further, ncRNAs are capable of regulating protein expression, and miRs, such 

as miR-378a, may provide a therapeutic option for limiting cardiac contractile 

dysfunction associated with the diabetic heart (9, 10). In chapter 2, we determined 

that inhibition of miR-378a in the T2DM heart could provide benefit to ATP 

synthase functionality by preserving mt-ATP6 protein levels and ATP synthase 

content. We further linked Kcnq1ot1 and miR-378a as constituents of a regulatory 

axis that can influence the expression of mitochondrial genome-encoded mt-ATP6, 

supporting the contention that the mitochondrial genome may be subject to a more 

complicated regulatory network. Overall, our results suggest that miRs may not be 

the sole ncRNA regulators of mitochondrial genome-encoded proteins. Rather, 

lncRNAs may be acting in concert with miRs to regulate mitochondrial genome-

encoded protein expression.  
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The ncRNA network has been observed to be dysregulated in numerous 

pathologies, including diabetes mellitus and CVD (5, 11). NcRNAs, including miRs 

and lncRNAs, have been shown to be dynamic during disease states, often 

operating in conjunction with one another (5, 7, 12). In many cases, dynamic 

lncRNA expression appears to impact miRs and their downstream targets (7, 13-

20). The association between lncRNAs and miRs has been observed in diabetes 

mellitus, with the discovery of each lncRNA paralleling the discovery of one or 

more lncRNA/miR regulatory axes (12, 21, 22). Of the many lncRNAs identified in 

diabetes mellitus, Kcnq1ot1 and Metastasis Associated Lung Adenocarcinoma 

Transcript 1 (MALAT1) are among the most highly studied (23). Evidence suggests 

that Kcnq1ot1 and MALAT1 may contribute to the development of diabetes mellitus 

and associated comorbidities (23). Specifically, both have been linked to 

pyroptosis, inflammation, apoptosis, and aberrant gene regulation, as part of 

altered miR regulatory axes in diabetes mellitus (19, 24-27). Less clear are the 

roles of Kcnq1ot1 and MALAT1 in the diabetic heart, which have been minimally 

explored. 

 

The data presented in chapter 2 suggest a protective role for Kcnq1ot1 

within the mitochondria, but there is still debate regarding the role of Kcnq1ot1 in 

the heart (24, 25, 28). Studies focused at the tissue specific level suggest that 

Kcnq1ot1 may perpetuate dysfunction in the heart of streptozotocin-treated mice 

through miR-214-3p and caspase 1 repression (24, 25), while others have 

observed the opposite effects, and demonstrated that Kcnq1ot1 overexpression 

may be protective against sepsis-induced cardiac damage through sponging of 

miR-192-5p and downregulation of XIAP protein content (28). The outcomes from 

the current study were more aligned with the later, and indicated a protective role 

for Kcnq1ot1 in the diabetic heart. The differences in these findings may be a 

function of the miRs being targeted by Kcnq1ot1 and their downstream effects on 

cardiac function (24, 25). In addition, lncRNAs may exhibit variable intracellular 

presence. Indeed, our data demonstrates significant increases in Kcnq1ot1 at the 
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nuclear and tissue level, but demonstrates significant reductions specific to the 

mitochondria. These findings suggest that subcellular location may be an important 

determinant for the mechanistic action of a given lncRNA. Taken together, these 

data suggest that altered expression of RNAs may not be ubiquitous across tissues 

type and organelles.  

 

With mitochondrial dysfunction regarded as a crucial contributor to diabetes 

mellitus and CVD, we focused the current study on the ncRNA network of the 

mitochondrion. Our data and others suggest that the non-coding regulatory 

network of the mitochondrion is complex and includes numerous ncRNA species. 

An increasing number of studies suggest that nuclear genome-encoded lncRNAs, 

including those residing in the nucleus and/or cytoplasm, as well as mitochondrial 

genome-encoded lncRNAs, play a role in mitochondrial genome regulation. A 

review by Gusic and Prokisch summarized 18 lncRNAs known to impact the 

mitochondrial genome, including AK055347, which has been suggested to 

influence ATP synthase (23). Thus, a delicate balance needs to be maintained 

between the import of ncRNAs, including lncRNAs, into the mitochondrion and the 

transcription of lncRNAs from the mitochondrial genome (7, 23, 29, 30). 

Importantly, lncRNA activity has been demonstrated to influence the mitochondrial 

genome through the regulation of miRs and their downstream targets (23, 31-33). 

Though these interactions require further evaluation, we have also begun to 

explore additional lncRNAs, including MALAT1, and Nuclear Paraspeckle 

Assembly Transcript 1 (NEAT1), which may be impacted in T2DM mitochondria 

and are predicted to interact with mitochondrially-localized miRs. Indeed, a 

complex regulatory network may exist within the mitochondria, in which miRs are 

regulated by a host of lncRNAs, both of which are altered in diabetes mellitus. 

 

Due to the role of the ncRNA network in the mitochondrion, we suggest that 

both miRs and lncRNAs may be efficacious targets for the amelioration of 

mitochondrial bioenergetic and cardiac dysfunction in T2DM (7, 9, 10). The use of 

human right atrial tissue presents a caveat to studying whole heart mechanisms of 
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CVD. Previous studies from our laboratory evaluating mitochondrial function in 

right atrial tissue from T2DM patients reported alterations in mitochondrial 

morphology and bioenergetics similar to that reported in ventricular tissue of Db/Db 

mice, suggesting comparable pathophysiology in the tissue types utilized (9, 34, 

35). Still, target identification can be problematic, often with high specificity 

required to achieve desired outcomes. The overlap of the miR-378a/mt-ATP6 axis 

in both T1DM and T2DM human and mouse cardiac tissues implicate miR-378a 

as a potential therapeutic target. Though each condition manifests differently, 

diabetes mellitus types can impact similar key mitochondrial processes (9, 10, 36). 

The overlap of key processes, including those relating to the production of ATP, 

suggest that targeting miR-378a for therapeutic intervention could be beneficial for 

the treatment of both diabetic phenotypes (36). As of now, generalized miR 

inhibition in experimental settings can be achieved through silencing mechanisms 

or lncRNA alteration and sponging (9, 10, 19, 20, 24, 25, 37-39). Similarly, other 

reports show positive results using miR silencing for the amelioration of diabetes 

mellitus related ailments (9, 37, 40). Current methods of miR inhibition may prove 

problematic in the case of mitochondrially localized ncRNAs, particularly in the 

case of Kcnq1ot1, where subcellular changes in expression may exist.  

 

The current study demonstrates that miR-378a KO preserved mt-ATP6 

protein content, ATP synthase activity, and contractile function in T2DM. Other 

bioenergetic assessments, including that of complex III, indicate reduced complex 

III activity with the diabetic condition. Still, trending decreases in Db/Db mice may 

be a reflection of an increased need for cytochrome C production to fuel complex 

IV activity and the electron gradient, and/or notability higher variability in Db/Db 

samples, but no significant differences were observed between diabetic groups. 

An additional measure of mitochondrial bioenergetics, ATP content, was 

assessed. Total mitochondrial ATP content was found to be unchanged in all 

groups despite improved ATP synthase function and contractile ability, but 

changes in mitochondrial ATP content in the diabetic condition have been 

inconsistently reported, and may not be useful as a sole indicator of overall ATP 
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generating ability (41-44). It appears that miR-378a loss may not benefit the ETC 

as a whole, and may only provide benefit to the ATP synthase complex. Further, 

ETC complex activities serve as a surrogate for respiratory function, but do not 

provide the same insight as respiratory analyses such as the Seahorse assay and 

the Oxytherm Electrode System, which provide a more comprehensive view of 

mitochondrial respiration (45, 46).  

 

Additionally, while total mt-ATP6 mRNA levels were unchanged with the 

murine diabetic condition, miR-378a KO and miR-378a KO/Db/Db mice exhibited 

significant increases in mt-ATP6 mRNA compared to their respective controls, 

similar to the phenotype exhibited within T2DM patients. Notably, we confirmed no 

significant differences in mt-DNA content in KO mice when compared to WT, or 

between diabetic groups, suggesting that changes in mt-ATP6 mRNA and protein 

content were not a result of miR-378a influencing total mt-DNA amount. To this 

point, apparent increases in mt-ATP6 mRNA, independent of changes in overall 

mt-DNA content, may be due to reduced interactions of mt-ATP6 mRNA with the 

RISC in KO/Db/Db mice. Concomitantly, Db/Db mice exhibit increased interaction 

of mt-ATP6 mRNA with the RISC, and reduced mt-ATP protein levels, despite 

unchanged levels of total mt-ATP6 mRNA. Together, these data suggest that miR-

378a inhibition may provide benefit to ATP synthase through reduced interaction 

of mt-ATP6 mRNA with the RISC, and therefore reduced translational interference. 

The mechanism of translational interference, whether translational repression or 

mRNA degradation, is unclear. The question of translational repression versus 

mRNA degradation was not emphasized in the study, but indicates an area of 

interest for future experimentation. Current literature emphasizes the ambiguity in 

our understanding of miR mediated mRNA repression and degradation, with 

evidence to support the occurrence of both, but minimal evidence available to 

describe their mechanisms (47-51). Hence, further experimentation is necessary 

to fully elucidate the fate of mitochondrial mRNAs following RISC interaction.  
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In addition to miRs, IncRNAs may be utilized to target mitochondrially-

located miRs and the mitochondrial genome (23). We suggest that downregulation 

of mitochondrial genome-encoded proteins may be rescued by reducing the 

availability of miRs known to target the mitochondrial genome (9, 10). This study 

is the first to identify mitochondrially-localized Kcnq1ot1, as well as identify 

reductions in Kcnq1ot1 levels in cardiac mitochondria. LncRNAs have been 

speculated to act in a sponging fashion by regulating and often inhibiting miR 

activity, but this is the first study to identify a role for Kcnq1ot1 as a potential 

regulator of mitochondrial genome-encoded proteins via the miR-378a-5p/mt-

ATP6 axis. Notably, though overexpression of the 500-bp Kcnq1ot1 fragment in 

HL-1 cardiomyocytes exhibiting baseline levels of miR-378a, decreased 

detectable miR-378a-5p content, it did not result in changes in mt-ATP6 mRNA 

content. These results were logical, as one would suspect that healthy cells are 

able to transcribe mt-ATP6 mRNA freely when miR-378a levels are not 

pathologically elevated. As a result, miR-378a inhibition ultimately, had no effect 

on mt-ATP6 content. Additionally, though the mechanism we postulate influences 

the mitochondrial genome, both RNAs are of nuclear origin, thus, we cannot 

disregard the possibility that Kcnq1ot1 may interact with miR-378a cytosolically, 

resulting in reduced miR-378a within the mitochondrion (9, 10). More specifically, 

the experiments centered around Kcnq1ot1 fragment overexpression were 

performed in an in vitro model which did not allow for the evaluation of 

mitochondrial specific changes in miR-378a and Kcnq1ot1, which present a 

limitation to the study. The changes observed in the study were likely the result of 

cytosolic interactions, and further experimentation is necessary to evaluate 

mitochondrial specific changes. As a whole, the efficacy of lncRNAs as therapeutic 

targets for mitochondrial genome-encoded proteins requires more elucidation.  

 

While we understand the basic of lncRNA-miR interactions, the fate of miRs 

following lncRNA binding is variable and currently unclear, with some suggesting 

that miRs are sequestered by the lncRNA and later released, and others 

suggesting that lncRNA binding can initiate degradation (52-54). The mechanism 
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of action regarding sponging of miRs represents a momentous gap in our 

understanding of ncRNA interactions. To fully evaluate a lncRNA as a therapeutic 

target, the mechanisms of action must be better understood. Until this gap in 

knowledge can better be filled, the translational impact of the studies performed 

may be overlooked. In summary, Chapter 2 demonstrates that Kcnq1ot1 and miR-

378a may act as constituents of a regulatory axis that can influence the expression 

of mitochondrial genome-encoded mt-ATP6 in the T2DM heart. Further, 

overexpression of Kcnq1ot1 may reduce miR-378a levels and preserve mt-ATP6 

protein content, suggesting that Kcnq1ot1 may participate in the regulation of the 

mitochondrial genome. In totality, these data suggest that dysregulation of the 

ncRNA network may impact regulation of the mitochondrial genome, with evidence 

to suggest that miR-378a and lncRNA Kcnq1ot1 may act as regulatory targets in 

T2DM to rescue mitochondrially-encoded mt-ATP6 protein expression and ATP 

synthase functionality. 

 

For chapters 3 and 4, our focus shifted to a more macroscale approach; 

ameliorating mitochondrial dysfunction using mitochondrial transplantation. 

Mitochondrial transplantation provided a unique macroscale opportunity to 

ameliorate mitochondrial dysfunction through the replacement of unhealthy 

mitochondria with undamaged, bioenergetically competent mitochondria, but there 

are notable differences between treatment of CVD in diabetes mellitus versus 

ischemia reperfusion and other spontaneous cardiac events. Overall, many 

barriers impede the application of mitochondrial transplantation in diabetes 

mellitus, two of the most important being lack of timing and location for cardiac 

events. The most inhibitory challenges are that when applied in a prophylactic 

manner, it cannot be performed in response to a cardiac event. Further, there is 

no pre-determined area of risk to determine location for injections, such as with 

ischemia reperfusion studies. Therefore, the primary objective of chapter 3 was to 

determine the efficacy of mitochondrial transplantation as a prophylactic technique 

for diabetes mellitus. In order to perform the procedure prophylactically, and make 

it worthwhile clinically, the procedure needed to be performed in a minimally 
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invasive manner. While many ischemia reperfusion studies provide direct, 

uninhibited, access to the heart through open-heart surgery, some alternative 

methods of mitochondrial delivery are available. Coronary artery cannulation, 

which provides widespread distribution of mitochondria rather than accumulation 

at an injection site, is one such method. Unfortunately, coronary artery cannulation 

provides a wide distribution of mitochondria, and may not provide enough localized 

assistance to the left ventricle in the case of diabetes mellitus (55). These 

challenges must be met in order to adapt mitochondrial transplantation as a 

therapeutic approach in the diabetic heart. 

 

Though previous studies suggest that mitochondria are incorporated into 

host cells, available data are limited. One such report by Masuzawa et al. 

demonstrated localization and uptake of transplanted mitochondria in the rabbit 

heart using immunohistochemistry and microscopy methodologies (56). While it 

appears that mitochondria may be incorporated into the myocardium following 

transplantation, we believed it was necessary to further assess the behavior of 

mitochondria following transplantation and the extent of their uptake and 

localization. We began with in vitro assessments of mitochondrial transplantation, 

which suggest that transplanted mitochondria may bind to the membrane surface 

of HL-1 cardiomyocytes, and interact with the host cell mitochondrial network, but 

are not incorporated into the cell by 48 hours. Interestingly, at 24 hours 

mitochondrial appear connected to the cell membrane, but do not definitively 

interact with the host cell mitochondrial population. At 48 hours, mitochondria could 

be identified interacting with host cell mitochondria, but did not appear to penetrate 

the cellular membrane and become fully localized within the cell. Indeed, 

microscopy imaging and IMARIS 3D reconstruction of the cardiomyocytes 

following transplantation suggest that transplanted mitochondria may interact with 

cardiomyocyte mitochondrial populations without complete incorporation into the 

cell. These conclusions oppose previous literature suggesting mitochondrial 

internalization in vitro, as it is seemingly unclear if mitochondria are within the cell, 

or simply attached to the surface (56).  
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Some limitations of the in vitro studies performed include imaging restraints, 

in which the imaging technique was chosen due to its ability to capture fluorescent 

signal over its depth and image quality. Because of this, we were able to identify 

mitochondrial signals, but were not able to acquire close-up and clear images of 

mitochondrial positioning and integration. Importantly, previous studies suggest 

that mitochondrial interactions with the cell occur through actin-dependent or 

micropinocytosis related mechanisms that were not explored in this study (57-59). 

To more substantially investigate mitochondrial uptake and localization, in depth 

microscopy, including electron microscopy or alternative methods, would have to 

be utilized. Further, evaluating mitochondrial uptake in vitro presents additional 

limitations due to time constraints associated with microscopy imaging. HL-1 

cardiomyocytes, and the Claycomb media used for their growth, are light-sensitive 

and cannot be imaged at high frequencies for long periods of time. These 

limitations suggest that a more thorough evaluation of mitochondrial uptake and 

localization may be necessary to fully determine their positioning within cells, and 

their interactions with host mitochondria.   

 

In vivo transplantation of mitochondria using ultrasound-guided 

echocardiography appeared to be an effective method for the delivery of 

mitochondria to the left ventricle myocardium, and produced minimal side effects, 

suggesting it is feasible to use mitochondrial transplantation to deliver healthy 

mitochondria to the left ventricle myocardium using this method. Ultrasound-

guided intracardiac injections in adult recipients (at least 8 weeks of age) did not 

lead to immediate cardiac abnormalities, and maintained a low risk of mortality. 

Mouse behavior remained normal and no immediate side effects were observed. 

A limitation to this study was that mice under certain body weights may have hearts 

that are too small to safely receive injections, therefore we believe it is necessary 

for mice be at least 25 g in weight prior to injection. Heart size must be comparable 

to that of an adult mouse to receive mitochondrial transplantation in the volume 

described without significantly increasing risk of death. To inject leaner or younger 
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mice, the volume of both respiration buffer and mitochondria would need to be 

adjusted to body/heart weight in order to reduce risk of death. Further, adaptation 

for models involving changes to the heart size, weight, or structure may alter the 

injection protocol. Determining the precise volume and mitochondrial number 

necessary for each recipient would ameliorate increased risk of mortality. 

Specifically, the volume of respiration buffer and mitochondrial content may need 

to be adjusted to account for body weight and age in animal models. While these 

specific limitations may not apply to human patients, more research is necessary 

to determine these adjustments. Further, studies to determine the “effective 

amount” of mitochondria, or the number of mitochondria necessary to observe a 

beneficial effect, is unknown and would require further elucidation and 

customization. It should be noted that a limitation to this study is mitochondrial 

distribution within the myocardium, where mitochondria were located primarily in 

and around the sites of injection.  

 

Subsequently, transplanted mitochondria were identified in the left ventricle 

myocardium 24 hours following injection, consistent with previously published 

literature (56). It should be noted that the accepted mitochondrial half-life is about 

14 days (60, 61), and previous studies have demonstrated that transplanted 

mitochondria maintain viability and function for at least 28 days, therefore the 

sharing of information, including mtDNA, with recipient mitochondrial networks 

may provide an explanation for how transplanted mitochondria are acquiring both 

MitoTracker orange and COX IV signals following cellular interactions (62, 63). 

Overall, numerous studies demonstrate the ability of mitochondria to influence the 

host mitochondrial network and increase bioenergetic function through donation of 

healthy mitochondrial DNA, increased ATP production, and increased respiratory 

capacity (56, 57, 59, 62). Confocal microscopy images suggest that transplanted 

mitochondria may not only integrate into recipient mitochondrial networks, but may 

be integrated is such a way that they are positioned precisely within both 

subsarcolemmal and interfibullar mitochondrial networks, rather than non-

discriminately. These data coincide with a report by Cowan et al, in which they 
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utilized microscopy to identify exogenous mitochondria within the myocardium 

following coronary artery cannulation, and suggested that transplanted 

mitochondria incorporate themselves within cardiac myocytes (55). To further 

elucidate the localization of transplanted mitochondria within the myocardium 

requires deeper exploration and perhaps more advanced methods of 

mitochondrial tracking and imaging. As mentioned above, the microscopy 

techniques utilized in this paper allowed for mitochondrial tracking through 

fluorescent signals to identify overlap between host and donor mitochondria, but 

in turn reduced visual clarity. As a result, mitochondrial localization and integration 

require further elucidation, as overlap with mitochondrial host signal indicates 

overlap of signal, but does not confirm interactions. Further, while imaging 

suggests that mitochondria positioning align with mitochondrial networks, studies 

segregating mitochondrial populations following injection may be beneficial in 

confirming the presence of donor mitochondria and these findings. This report 

suggests that mitochondrial transplantation may be an efficacious method of 

reducing mitochondrial dysfunction in the diabetic heart when performed using 

ultrasound-guided echocardiography and intracardiac injections. The deposition of 

mitochondria within the left ventricular myocardium, which was identified, 

quantified, and visualized, suggests that mitochondrial transplantation may be able 

to be utilized as a prophylactic measure in diabetes mellitus.  

 

In summary, mitochondrial transplantation can be performed using 

ultrasound-guided echocardiography efficiently enough to deposit mitochondria 

within the left ventricle myocardium, which can be identified, quantified, and 

visualized, suggesting that mitochondrial transplantation may be able to be utilized 

as a prophylactic measure in diabetes mellitus. To be beneficial for diabetes 

mellitus patients, mitochondrial transplantation must be applied in a minimally 

invasive prophylactic manner, with the intent of preventing future cardiac events 

and reducing overall risk of mortality. To improve the specificity of mitochondrial 

transplantation, and improve its efficacy for future use, we determined it would be 
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of benefit to identify and pinpoint regions of interest, and to adapt mitochondrial 

transplantation to provide healthy mitochondria to a specific region of the heart. 

 

Regional and segmental analyses provided a logical next step of 

determining localized impact of CVD on cardiovascular contractile dysfunction, but 

evaluations are limited by large and complex datasets that require extensive time 

to assess. With the implementation of machine learning, these large datasets were 

able to be assessed quickly and efficiently, while simultaneously identifying the 

features most predictive of cardiac contractile dysfunction associated with the 

diabetic condition (Chapter 4). Herein, we described the presence of spatial and 

temporal patterns of cardiac dysfunction in the diabetic heart using machine 

learning as a tool to analyze large and complex cardiovascular imaging datasets.  

 

The etiology of cardiovascular contractile dysfunction in T2DM remains 

elusive, and as morbidity and mortality continue to rise, our understanding of its 

pathophysiology will be critical to produce new and improved diagnostic and 

treatment opportunities. STE is an invaluable tool for the evaluation of cardiac 

function, and has been utilized to evaluate changes in contractility and deformation 

in both murine models of T1DM (64, 65), T2DM (66), and human subjects (67-70). 

At current, STE has not been utilized to evaluate progressive changes in regional 

and segmental function as a method of identifying patterns of cardiac contractile 

dysfunction in the type 2 diabetic heart. Elucidating changes in cardiac function, to 

the fullest extent possible, may aid in filling this gap in our knowledge, and may 

provide an alternative method to identify cardiovascular dysfunction in diabetes 

mellitus patients earlier and with greater specificity than current methods. In this 

study, we aimed to elucidate if cardiac contractile dysfunction associated with the 

T2DM condition occurs spatially, and if patterns of regional or segmental 

dysfunction manifest in a temporal fashion. We further aimed to utilize machine 

learning to identify the cardiac regions, segments, and features that best described 

a state of cardiac contractile dysfunction using solely non-invasive 

echocardiography features. 
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The use of machine learning enhanced our ability to predict what regions 

and segments of the heart were most impacted during disease progression, and 

to further explore those that were best able to identify cardiac contractile 

dysfunction. Traditional data analyses use descriptive and exploratory methods to 

provide results and discover patterns in current or past data, but do not make 

predictions about the future. We aimed to compare traditional data analyses with 

machine learning methodologies to determine if the regions and segments that 

were best able to identify cardiac contractile dysfunction also contained the largest 

number of dysfunctional parameters. By determining the prevalence of a region or 

segment, we gained insight into the cardiac locales that were likely impacted by 

T2DM to the greatest extent, and exhibited the largest number of noteworthy 

changes.  

 

We were able to identify the regions and segments which best identified a 

state of cardiac contractile dysfunction, and the features which best defined it. The 

Septal region, and primarily the AntSeptum segment, were determined to be the 

strongest identifiers of cardiac dysfunction at 5, 20, and 25 weeks. Moreover, the 

Septal region was identified as a region of interest early in T2DM development, 

and was maintained into the late stages of disease. These data suggest that the 

Septal region, and the segments contained within, may provide a new metric for 

the identification of subclinical cardiac dysfunction. The importance of the Septal 

region may be explained, in part, by the role of the septum in conduction of the 

heart. The electrical sequence in the heart follows a pre-defined order in healthy 

individuals, but may be disrupted in individuals with cardiovascular contractile 

dysfunction (71). For example, the healthy septum transfers energy between the 

ventricles, acting as a third pump. Diseases that increase septal elastance, such 

as diabetes mellitus, can resemble left ventricular diastolic dysfunction (72). 

Myocardial work, or the contribution by each region to contraction, has been found 

to be significantly affected by both hypertension and diabetes, with diabetic 

patients having lower strain values in the septal and lateral segments (73). Further, 
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the observation of early Septal region dysfunction has been utilized as a method 

of identifying and monitoring diabetes mellitus (73-75). These reports suggest that 

alterations in the Septal region may be observable early in the pathophysiology of 

T2DM, prior to the onset of clinically recognizable symptoms of cardiac 

dysfunction. The data presented in this study suggest that the Septal region may 

benefit most from therapeutic interventions aimed at preventing the progression of 

cardiac contractile dysfunction in T2DM when initiated early in disease. 

 

Interestingly, the Septal region was the second-best classifier of the diabetic 

condition at week 12, where the Anterior Free region, and the LatWall segment, 

were able to identify cardiac contractile dysfunction with the greatest accuracy. 

This shift from the Septal wall to the AntFree region and LatWall segment at 12 

weeks, and back to the Septal region again at 20 weeks, may be the result of the 

cardiac structural and metabolic remodeling preceding, and ultimately leading to 

the development of overt contractile dysfunction (76-80). Metabolic inflexibility and 

substrate overload initiate several metabolic and structural changes that manifest 

during the subclinical stages of cardiac contractile dysfunction as an adaptive 

mechanism to protect the heart (77, 81-83). In healthy individuals, the LV primarily 

performs contractile or shortening work, but in patients with cardiomyopathies, the 

ability of the septum to provide energy for contraction may be decreased, with a 

greater amount energy being wasted (84). This means that even though the Septal 

region begins the contractile process, the Free and Anterior regions may 

overcompensate for the Septal regions lack of energy contribution by contributing 

additional energy for contraction (85). Metabolically, segments contributing the 

greatest level of contractile energy also exhibit the highest levels of glucose 

metabolism, and show a disruption of glucose metabolism, and therefore an ability 

to produce energy for contraction, with disease (86). This metabolic shift suggests 

that regions displaying this pattern of energy waste may experience larger 

amounts of mitochondrial dysfunction, including impaired glucose metabolism, 

increased reliance on fatty acid oxidation, and changes in mitochondrial DNA (86-

89). With this in mind, structural and metabolic alterations may manifest in the 
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Anterior Free region, prior to the onset of overt contractile dysfunction that 

temporarily improve its ability to identify animals as diabetic or non-diabetic. As a 

result, we believe that future directions should include the biochemical analysis of 

regional and segmental metabolism.  

 

Analysis of our data using traditional methods produced results similar to 

those observed using machine learning. Subsequently, determining the most 

prevalent regions and segments, or those containing the largest number of 

noteworthy, and likely dysfunctional metrics were reflective of the most impacted 

cardiac locale at each timepoint. We observed that the prevalence of regions and 

segments overlapped, with the most prevalent region containing the most 

prevalent segment. Overall, these results suggest the AntSeptum segment may 

contain the greatest number of features contributing to cardiac contractile 

dysfunction, and may be a metric to identify and monitor throughout the T2DM 

pathology. Taken together, these data support assessments of regional and 

segmental function using feature ranking algorithms as a feasible alternative to 

traditional data analysis to determine regions or locales of interest for 

experimental, therapeutic, or clinical purposes. 

 

The healthcare community has largely benefited from the implementation 

of STE, which has provided a great deal of insight into cardiac contractile 

dysfunction, and the incorporation of machine learning in the evaluation of 

echocardiography represents a new and powerful tool for the study (90-92). 

Further, machine learning and features ranking methodologies with the intention 

of identifying regions and segments of interest for experimental, clinical, and 

therapeutic purposes. Combining these techniques may provide a more 

descriptive and thorough approach to managing large amounts of contractile data, 

as well as improve the process of analyzing and interpreting cardiovascular 

contractile data (70, 93, 94). These applications in echocardiography are 

increasing exponentially, particularly for their ability to develop innovative models 

of diagnosis and care (34, 70, 95, 96). The initial collection and analysis of data 
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can be difficult, leading to the interpretation of a small subset of data collected, 

rather than the data as a whole (94). In clinical settings, the ability to automate 

data acquisition, processing, and interpretation may help to improve methods of 

evaluating cardiac dysfunction in the T2DM heart (93, 97, 98). The data presented 

in this study support that machine learning can be used as a tool to identify cardiac 

contractile dysfunction by using solely non-invasive echocardiography features in 

a murine model of T2DM. We demonstrate that feature ranking algorithms can be 

used to identify regional and segmental patterns of cardiovascular contractile 

dysfunction in T2DM, suggesting that cardiovascular contractile dysfunction 

occurs not only in a temporal fashion, but progresses spatially.  

 

Interestingly, despite significant changes in M-mode parameters, STE 

outperformed conventional echocardiography at all timepoints, and was 

consistently better at identifying cardiac contractile dysfunction. Prior to the 

development of overt systolic dysfunction, as at 5 and 12 weeks, the ability of STE 

to outperform conventional M-mode echocardiography was expected due to its 

ability to detect subclinical changes in cardiac function. Alternatively, M-mode 

echocardiography demonstrated significant decreases in EF and FS features at 20 

and 25 weeks of age, but was not as strong of an identifier of cardiac contractile 

dysfunction as STE features. This discrepancy may be due, in part, to the 

methodology used by machine learning classification. Specifically, M-mode may 

contain a large number of significantly altered features, but if the STE regions and 

segments discussed above contain an overall larger number of altered features, it 

could indirectly increase the ability of STE features to identify cardiac contractile 

dysfunction. In terms of clinical applicability, numerous altered STE features may 

be necessary to outperform the ability of EF to identify contractile dysfunction. 

Moreover, M-mode echocardiography parameters, including EF and FS, may be a 

stronger indicator of contractile dysfunction once overt dysfunction is present, but 

M-mode echocardiography remains unable to detect clinical and subclinical 

measures of dysfunction. Hence, the focus of STE should remain the assessment 

and diagnosis of subclinical cardiac dysfunction. As discussed above, the Septal 
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region may provide a metric for clinicians to identify subclinical changes in cardiac 

deformation, aid in the diagnosis and staging of cardiac contractile dysfunction 

prior to the presence of overt systolic dysfunction, and monitor, in addition to EF, 

during late stages of disease. A limitation to this study is the sole use of murine 

models of T2DM. To fully elucidate the translational value of these data, further 

evaluation is necessary to determine if the spatial and temporal patterns of STE 

observed in Db/Db mice also occur in T2DM human subjects. 

 

In summary, cardiac contractile dysfunction associated with the T2DM 

condition manifests spatially, and patterns of regional and segmental dysfunction 

appear early in the T2DM pathology while progressing in a temporal fashion. 

Further, the Septal region may provide a metric for the identification of subclinical 

dysfunction, the diagnosis and staging of cardiac contractile dysfunction prior to 

the presence of overt systolic dysfunction, and a target for therapeutic 

interventions aimed at preventing the progression of cardiac contractile 

dysfunction in T2DM when initiated early in the disease. Additionally, these data 

support that assessments of regional and segmental function using machine 

learning and feature ranking algorithms may be a feasible alternative to traditional 

data analysis and may provide a more descriptive and thorough approach to 

managing large amounts of contractile data with the intention of identifying regions 

and segments of interest for experimental, clinical, and therapeutic purposes.  
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FUTURE DIRECTIONS 

 

Future directions for chapter 2 would be the inclusion of an experimental 

component aimed at assessing the impact of miR-378a loss or inhibition on 

mitochondrial respiration. Because of the time and resources necessary to gain 

fresh murine mitochondrial from KO/Db/Db mice, efforts given to the evaluation of 

mitochondrial respiration will be given to future studies assessing lncRNA-miRNA 

interactions, and their impact of mitochondrial function. Next, the question of 

translational repression versus mRNA degradation of mt-ATP6 mRNA was not 

emphasized in the study, but indicates an area of interest for future 

experimentation. Current literature emphasizes the ambiguity in our understanding 

of miR mediated mRNA repression and degradation, with evidence to support the 

occurrence of both, but minimal evidence available to describe their mechanisms 

(47-51). Hence, further experimentation is necessary to fully elucidate the fate of 

mitochondrial mRNAs following RISC interaction. Finally, future experiments will 

require a deeper evaluation of ncRNA interactions, and a better understanding of 

the sponging mechanisms and outcomes. On par with the question of mRNA 

degradation, the mechanisms and outcomes of sponging are not well elucidated, 

therefore future experiments will focus on the evaluation of sponging mechanisms 

and ncRNA interactions. 

 

Future directions for chapter 3 would include the incorporation of both 

fluorescent microscopy as well as electron microscopy for a more thorough 

evaluation of mitochondrial uptake and localization both in vivo and in vitro. 

Additional experimentation would include greater evaluation of mitochondrial 

behavior in vivo, rather than in vitro due to the inherent differences of cellular and 

animal models. Further, adaptation for models involving changes to the heart size, 

weight, or structure may alter the injection protocol. Determining the precise 

volume and mitochondrial number necessary for each recipient would ameliorate 

increased risk of mortality. Specifically, the volume of respiration buffer and 

mitochondrial content may need to be adjusted to account for body weight and age 
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in animal models. While these specific limitations may not apply to human patients, 

more research is necessary to determine these adjustments are necessary. 

Further, studies aimed at determining the “effective amount” of mitochondria, or 

the number of mitochondria necessary to observe a beneficial effect, would be 

necessary prior to studies in diabetic models. To optimize mitochondrial 

transplantation for the diabetic heart a great deal of personalization will be 

necessary, prior to implementation in diabetic models. To this end, to fully elucidate 

the localization of transplanted mitochondria within the myocardium requires 

deeper exploration and perhaps more advanced methods of mitochondrial tracking 

and imaging. As mentioned above, the microscopy techniques utilized in this paper 

allowed for mitochondrial tracking through fluorescent signals to identify overlap 

between host and donor mitochondria, but in turn reduced visual clarity. As a 

result, mitochondrial localization and integration require further elucidation, as 

overlap with mitochondrial host signal indicates overlap of signal, but does not 

confirm interactions. Further, while imaging suggests that mitochondria positioning 

align with mitochondrial networks, further studies segregating mitochondrial 

populations following injection may be beneficial in confirming the presence of 

donor mitochondria and these findings. 

 

Overall, following in vivo and in vitro mitochondrial transplantation, 

mitochondrial localization was consistent with previously published literature (21), 

but mitochondrial localization and integration will require further elucidation, as 

overlap with mitochondrial host signal indicates overlap of signal, but does not 

confirm interactions. In addition, though imaging suggests that mitochondria 

positioning align with mitochondrial networks, further studies segregating 

mitochondrial populations following injection may be beneficial in confirming the 

presence of donor mitochondria and these findings. In summary, mitochondrial 

transplantation may be applied in a minimally invasive prophylactic manner with 

the intent of preventing future cardiac events and reducing overall risk of mortality, 

but would require a great deal of attention to be feasible.  
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With the intention of improving mitochondrial transplantation in mind, 

chapter 4 suggests that structural and metabolic alterations may manifest in the 

Anterior Free region, prior to the onset of overt contractile dysfunction that 

temporarily improve its ability to identify animals as diabetic or non-diabetic. As a 

result, we believe that future directions should include the biochemical analysis of 

regional and segmental metabolism. Further, we aim to determine if the spatial and 

temporal patterns of STE observed in Db/Db mice also occur in T2DM human 

subjects. 
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