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Abstract 

Gestational diabetes mellitus (GDM) is a condition that manifests in pregnancy that is 

characterized by insulin resistance, glucose intolerance, and hyperglycemia. Medications have 

shown effectiveness but have associated risk of adverse pregnancy outcomes. Our previous 

studies in rats found cardiomyocytes of GDM-offspring exhibit hypertrophy, mitochondrial 

dysfunction, and impaired calcium flux. We hypothesize that administration of resveratrol 

(RESV) to maternal GDM diet will mitigate mitochondrial dysfunction, cardiac hypertrophy and 

improve calcium flux in GDM-offspring. A diet-induced model was implemented on female 

Sprague-Dawley rats six weeks before mating to induce GDM. A subgroup of GDM dams were 

switched to a diet containing RESV. Fetal echocardiography was performed to assess cardiac 

structure. Measurements of mitochondrial respiration and calcium flux were performed using the 

Agilent-Seahorse XF 24 and Cytation 5. Maternal RESV supplementation improved 

mitochondrial respiration and improved calcium flux upon angiotensin II stimulation. 

Importantly, maternal RESV supplementation attenuated GDM-induced cardiac hypertrophy in 

GDM-offspring. 
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Chapter 1: Introduction 

1.1 Gestational Diabetes Mellitus  

Gestational Diabetes Mellitus (GDM) is a metabolic condition that is characterized as 

glucose intolerance first observed during the late second and third trimester of pregnancy, 

resulting in varying severity of hyperglycemia (Kim et al., 2019). In a healthy pregnancy, 

complex endocrine and metabolic changes are necessary to meet the energy requirements to 

support both the mother and fetus (Di Cianni et al., 2003). During the early stages of pregnancy, 

glucose tolerance and insulin sensitivity remain relatively normal. As pregnancy progresses, 

insulin resistance begins to set in leading to a reduction in insulin sensitivity (Catalano et al., 

1999). This dynamic change allows for excess nutrient supply to remain in maternal circulation 

that can be spared to the placenta to ensure proper fetal development (Di Cianni et al., 2003). 

Previous longitudinal studies found that in the later stages of gestation, pregnant women with 

GDM had decreased insulin sensitivity and reduced suppression of hepatic glucose production 

compared to non-GDM pregnant women (Catalano et al., 1999). A major contributing factor for 

these changes in insulin secretion stems from alterations in hormones during pregnancy, such as 

human placental growth hormone, placental lactogen and maternal cortisol that can induce 

insulin resistance in both in vitro and in vivo models (Brelje et al., 1993; Barbour et al., 2002). In 

a healthy pregnancy, reduced insulin sensitivity is compensated by increased insulin production 

from pancreatic beta cells and enhanced glucose-stimulated insulin secretion (GSIS) (Plows et 

al., 2018). However, in GDM, the secretion of insulin is insufficient to compensate for elevated 

insulin resistance. 

1.1.1 Incidence and Prevalence Globally and in Canada 

With a global prevalence of 14.0%, GDM is often considered one of the most common 

complications in pregnancy. According to Diabetes Canada, depending on the risk factors, 
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between 3-20% of pregnant women develop GDM (Feig et al., 2018). In Manitoba, the rate of 

gestational diabetes affects 9.0% of pregnancies as of 2017 (Public Health Agency of Canada, 

2020). With the incidence of GDM continuing to rise in Canada from 7.2% in 2005 to 14.7% in 

2019, there is a growing need to develop strategies that can treat potential complications that are 

associated with GDM pregnancies for both the mother and the child (Nethery et al., 2023). 

1.1.2 GDM Effects on Mothers and Offspring 

GDM can have significant impacts on maternal cardiovascular health both during 

pregnancy and in the long term. Various studies have highlighted the complications associated 

with GDM. Mao et al. (2022) found that women with a previous GDM diagnosis had higher risks 

associated with coronary heart disease (CHD), heart failure, and stroke (Mao et al., 2022). 

Furthermore, women with a history of GDM had an increased risk of developing type 2 diabetes 

(T2D) later in life, which can in turn increase the risk of developing these cardiovascular 

complications in women later in life (Vounzoulaki et al., 2020; Sun et al., 2021). Studies from 

Retnakaran and Shah (2016) found an increased risk of developing cardiovascular complications 

in women who had GDM (Retnakaran & Shah, 2016). Interestingly, women previously 

diagnosed with GDM who had developed T2D had an increased risk of renal dialysis, 

vitrectomy/photocoagulation and hospitalization for foot infections (Retnakaran & Shah, 2016). 

Cohort studies from Denmark by Yu et al. (2021) revealed that women with a history of GDM 

had a 40% higher overall risk of cardiovascular disease (CVD) when compared to women 

without a history of GDM (Yu et al., 2021). These women also showed a 65% increased risk of 

stroke and a two-fold elevated risk of myocardial infarction, heart failure, and peripheral artery 

disease (Yu et al., 2021). 
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Several studies examined the impact of maternal GDM and offspring cardiovascular 

health. Large follow-up cohort studies from Yu et al. (2019) found that children of mothers with 

diabetes had increased rates of early-onset CVD that spanned from childhood up to early 

adulthood (Yu et al., 2019). They also found that children of women with GDM or pregestational 

diabetes had an increased risk of heart failure, hypertensive disease, pulmonary embolism, and 

deep vein thrombosis compared to children from unexposed mothers (Yu et al., 2019). 

Additionally, several studies found that children born to mothers with GDM tend to have higher 

systolic blood pressure, which could be predictive of adult hypertension (Pathirana et al., 2020). 

Using data from the MySweetHeart cohort, Di Bernardo et al. (2023) reported thicker posterior 

left ventricular walls in children born from mothers with GDM compared to children from 

mothers without GDM (Di Bernardo et al., 2023).  

1.2 GDM Animal Model  

There are a variety of animal models that are used to examine the impact of maternal 

obesity and diabetes during pregnancy on both maternal and offspring health outcomes. 

1.2.1 Previous Animal Models used to study GDM 

One of the more common models utilizes a chemical induction of streptozotocin (STZ), 

an antibiotic extract from streptomycin that is highly toxic to pancreatic beta cells (He et al., 

2020). STZ enters the beta cells via glucose transporter 2 (GLUT2), where it acts as an alkylating 

agent to cause DNA damage, resulting in the destruction of the beta cells (Pereira et al., 2015). 

This highly selective toxic effect on the beta cells results in insulin deficiency and hyperglycemia 

that mimic key characteristics of GDM. Although useful in establishing a model, this approach 

does bring limitations. For instance, STZ can cross the placenta, potentially affecting fetal 

development (Jawerbaum & White, 2010). Various studies have found that STZ has been 
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associated with more low-birth-weight pups, which contrasts with the large gestational-weight 

offspring often observed in pregnancy (Pereira et al., 2015). It should also be noted that some 

studies have also reported a reduction in litter number in STZ-induced GDM rodent models 

(Takahashi et al., 2024).  

Alternatively, genetic models have also been used to study GDM, as numerous knockout 

models have been described throughout literature that aim to resemble the phenotype of GDM. 

One frequently used model seen in literature is the leptin receptor-deficient (db/+) mouse model. 

These mice have a heterozygous mutation in the leptin receptor gene and develop moderate 

glucose intolerance, insulin resistance, and increased weight gain during gestation in a manner 

that resembles GDM-like characteristics (Grupe & Scherneck, 2023). However, recent studies 

have reported inconsistent results using this model, suggesting it no longer reliably produces 

these GDM-like phenotypes in some colonies (Plows et al., 2017). Similar genetic models have 

also been proposed; the obese ob/ob mice model utilizes mutations in the obese gene, which is 

responsible for encoding the hormone leptin. This mutation causes impairments in functional 

leptin production, resulting in disruptions in regulating food intake and appetite (Suriano et al., 

2021). As a result, these mice develop obesity, insulin resistance, and mild hyperglycemia, 

mimicking some aspects of T2D. However, the mutation causes infertility in female mice, which 

makes it unsuitable for studying pregnancy-related conditions such as GDM (Pereira et al., 

2015). Alternatively, the nonobese diabetic and Akita mouse models better reflect characteristics 

of insulin-deficient diabetes, and although they are primarily used in type 1 diabetes studies, they 

do offer some insight into certain aspects of the disease condition, such as the effects of 

hyperglycemia during pregnancy and pregnancy-related insight on fetal development 

(Jawerbaum & White, 2010). Other genetic models utilize deficiencies in the prolactin receptor 
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to study GDM. Studies from Huang et al. (2009) demonstrated that the absence of the prolactin 

receptor (Prlr) impacts insulin secretion during pregnancy. Heterozygous Prlr +/- mice were 

observed to have decreased insulin secretion and impaired GSIS when compared to control mice. 

(Huang et al., 2009). Although these models are useful in contributing to further our 

understanding of GDM, it is crucial to consider that most women who are diagnosed with GDM 

do not exhibit profound insulin deficiency. Therefore, such studies may not be translatable to the 

majority of GDM patients (Pereira et al., 2015). 

1.2.2 Previously Established Animal Model from Dolinsky Lab 

A diet-induced model is an important approach for studying GDM and has been used to 

investigate the effects of maternal overnutrition during pregnancy as this approach closely 

mimics the weight gain, metabolic, and physiological changes that occur in GDM patients 

(Pereira et al., 2015). One of the key driving factors for the development of GDM is obesity. 

Excessive high fat intake in female rodents promotes glucose intolerance during pregnancy 

(Holemans et al., 2004). The most common approach involves feeding female rodents a high-fat 

and high-sucrose (HFS) diet before and during pregnancy, with females generally being fed 

several weeks before mating (Holemans et al., 2004). Studies utilizing this model observed an 

increase in gestational weight gain, hyperglycemia, and the development of insulin resistance in 

a manner that resembles the disease manifestation of GDM seen in clinical patients (Mishra et 

al., 2022). Similarly, Mishra et al. (2022) demonstrated that modified diets consisting of HFS 

that are introduced before pregnancy resulted in the development of insulin resistance and beta 

cell dysfunction in mice (Mishra et al., 2022). Similar findings are consistent with studies from 

our lab. Pereira et al. (2015) demonstrated a diet-induced model consisting of female Sprague-

Dawley rats that were fed HFS six weeks before mating. Findings from this study observed that 
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pregnant rats under HFS exhibited excessive gestational weight gain, hyperinsulinemia and 

hyperglycemia (Pereira et al., 2015).  

1.3 Developmental Origins of Health and Disease 

The Developmental Origins of the Health and Disease (DOHaD) theory proposed by Dr. 

Barker hypothesizes that changes in environmental exposures, particularly during the in-utero 

period, can permanently alter the body’s structure, function and metabolism, thus increasing the 

risk of developing cardiovascular complications in later life (Barker, 2007). Changes in maternal 

nutrition, such as under or over-nutrition during pregnancy, can influence CVD outcomes of the 

offspring in later life. Experimental animal studies have investigated the relationship between 

poor maternal nutrition and poorer outcomes concerning cardiovascular health in offspring. For 

instance, pregnant rats that were fed a low-protein diet resulted in elevated blood pressure in the 

offspring following adulthood (Langley & Jackson, 1994). Further animal studies using pregnant 

Wistar rats following maternal nutrient restriction showed a significant decrease in proteins 

involved in muscle contraction and glycolysis among offspring, thus increasing susceptibility to 

poor cardiovascular health outcomes (Zouridis et al., 2021). Similarly, undernutrition studies on 

sheep during pregnancy showed increased susceptibility to growth restriction and CVD in the 

offspring (Vonnahme et al., 2003). Early studies from Dr. Barker have found that maternal 

undernutrition caused low birthweights and higher rates of cardiovascular complications like 

ischemic heart disease and coronary artery disease (Barker et al., 1993). Other cohort studies that 

followed infants born with growth restriction observed changes in cardiac morphology and 

reduced stroke volume at follow-up in childhood, which could explain the increased 

susceptibility to cardiovascular complications in adult life (Crispi et al., 2010). In extreme cases, 

starvation can also be detrimental to the reprogramming of metabolic diseases, including T2D, 
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obesity, dyslipidemia, and hypertension, all of which are risk factors for coronary artery disease 

(Vaiserman, 2015).  

Similar experimental studies in both animals and humans have found that at the opposite 

end of the spectrum, maternal overnutrition during pregnancy also increases the risk of CVD 

later in the life of the offspring. Human cohort studies have also examined the relationship 

between maternal nutrition and offspring cardiovascular health. Swedish population-based cohort 

studies using records from the Swedish medical birth register found positive associations 

between maternal obesity and CVD in offspring (Razaz et al., 2020). Studies from Brite et al. 

(2014) have also illustrated that maternal obesity was associated with an increase in offspring 

developing congenital heart defects (Brite et al., 2014). Similarly, studies from Madsen et al. 

(2013) have also drawn similar associations between infants with congenital heart defects and 

maternal obesity (Madsen et al., 2013) Studies from maternal obesity rat models using a high-fat 

diet during pregnancy programmed an increase in offspring adiposity and elevated systolic blood 

pressure (Desai et al., 2014; Khan et al., 2005; Inzani & Ozanne, 2022). Similar studies done in 

mice have also found elevated systolic blood pressure, poorer glucose tolerance and insulin 

sensitivity in offspring from mothers who were fed a high-fat diet (Masuyama & Hiramatsu, 

2012). 

1.4 Cardiometabolic Disease 

The DOHaD theory proposed by Dr. Barker suggests that adverse conditions during fetal 

development, such as those caused by GDM, can often predispose offspring to diseases in later 

life. Among adults, the leading cause of morbidity and mortality is cardiometabolic disease. 

Cardiometabolic disease is an umbrella term encompassing interconnected disorders, including 

metabolic dysregulation, CVD, and diabetes risk factors (Howell et al., 2024; Eroglu et al., 
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2024). These symptoms are generally characterized by impairments in glucose tolerance, 

dyslipidemia, hypertension, and obesity, which act as triggers for metabolic disturbances (Khan 

et al., 2023). However, at its core, cardiometabolic disease begins with insulin resistance, a 

phenotypic trait that involves the body’s tissue becoming less responsive to the effects of insulin 

(Howell et al., 2024). These defects initiate a cascade of metabolic perturbations in 

glucoregulation, dyslipidemia, and inflammation that initiate and exacerbate a cluster of 

interrelated metabolic abnormalities known as cardiometabolic syndrome (Howell et al., 2024). 

As insulin resistance progresses, these cardiometabolic syndromes manifest into higher risk 

forms of cardiovascular and diabetes risk factors such as prediabetes and prehypertension, which 

can further progress into T2D, CVD and heart failure (Guo et al., 2014).  

1.5 Diabetic Cardiomyopathy 

 Diabetic cardiomyopathy is a condition where there is myocardial metabolic dysfunction 

without the presence of coronary atherosclerosis and hypertension (Huo et al., 2023). 

Cardiometabolic disease and diabetic cardiomyopathy are closely intertwined, sharing common 

pathophysiological mechanisms such as insulin resistance, hyperglycemia, dyslipidemia, and 

inflammation (De Rosa et al., 2018). Diabetic cardiomyopathy is caused by a variety of factors 

including left ventricular hypertrophy (LVH), metabolic dysfunction and apoptosis (Falco-Pires 

& Leite-Moreira, 2012). However, one of the driving factors behind the development of diabetic 

cardiomyopathy is hyperglycemia, as it can increase the levels of growth factors and free fatty 

acids, leading to abnormalities in substrate utilization, lipid and calcium homeostasis (Falco-

Pires & Leite-Moreira, 2012). Additionally, hyperglycemia can also impact the mitochondria 

function as the presence of high glucose levels can impair mitochondrial oxidative 

phosphorylation processes leading to a reduction in ATP generation and increased production of 
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reactive oxygen species (Pan et al., 2024; Jia et al., 2018). The reduction in ATP production and 

increased oxidative stress can subsequently affect the function of the myocardial cells and, if 

they persist, can lead to decreased myocardial contractile force and abnormalities in cardiac 

structure and function that can lead to the development of cardiac hypertrophy and heart failure 

(Pan et al., 2024).  

1.6 Cardiac Hypertrophy  

Cardiac hypertrophy is characterized as an increase in cardiomyocyte size and thickening 

of the ventricular walls, often initiated as an adaptive compensatory response to preserve cardiac 

function in instances of cardiac stress or injury. However, in instances when the stressor persists, 

the heart is unable to compensate, and as time progresses, these changes become maladaptive 

and ultimately result in heart failure (Tham et al., 2015). Cardiac hypertrophy can be classed into 

two types: physiological and pathological, and while both types develop in response to cardiac 

stress, the underlying molecular mechanisms and general phenotypes are vastly different 

(Nakamura & Sadoshima, 2018). Physiological hypertrophy can be characterized as a moderate 

increase in cardiac mass and cardiomyocyte growth with preserved or increased contractile 

function. Whereas, pathological hypertrophy is better characterized by concentric growth of the 

heart that progresses to wall thinning and dilatation of the ventricular chamber, which will 

ultimately develop into contractile dysfunction and eventually heart failure (Nakamura & 

Sadoshima, 2018). Unlike the physiological form, pathological hypertrophy can not be reversed 

and, over time, can progress to serious complications such as heart failure.  

1.7 Structure and Function of Cardiomyocyte  

Within the myocardium, there exists a plethora of various cell types like fibroblasts, 

smooth muscle cells, endothelial cells and cardiomyocytes. Among these cell types, 
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cardiomyocytes are the fundamental contractile cells of the myocardium. The primary function 

of the heart is to pump blood in a manner that ensures efficient circulation across various organs 

and tissues (Woodcock & Matkovich, 2005). To ensure adequate blood profusion across the 

body, cardiomyocytes are comprised of several key components that help regulate the 

contraction-relaxation cycles of the heart.  

Each cardiomyocyte is a tubular structure comprised of chains of myofibrils. These rod-

like units consist of repeating sections of sarcomeres and are the fundamental contractile units of 

the muscle cells (Golob et al., 2014). The sarcomeres are comprised of an intracellular anchor 

protein known as titin alongside repeating units of thick and thin filaments that play a role in 

generating the contractile force. The thick filaments contain myosin, which consists of rod-like 

domains and globular heads, which comprise the backbone and the cross-bridge, respectively 

(Golob et al., 2014). Thin filaments, on the other hand, are comprised of globular proteins known 

as actin that are polymerized into tropomyosin and troponin.  

Within the cardiomyocytes exists the sarcolemma, a specialized structure that is 

composed of a lipid bilayer that surrounds individual cardiomyocytes, forming a barrier between 

extracellular and intracellular compartments (Walker & Spinale, 1999). Within the sarcolemma, 

there are distinct microdomains, such as transverse tubules, caveolae and intercalated discs, that 

play unique roles in facilitating an array of cellular processes (Kitmitto et al., 2019). 

Transverse tubules, otherwise known as t-tubules, are invaginations of the sarcolemma 

that seep into the myocyte. Within this specialized region exists a rich concentration of ion 

channels that play an important role in propagating action potential, maintaining resting 

membrane potential, and signalling transduction (Hong & Shaw, 2016). However, the most 

crucial function of the t-tubules is regulating the process of excitation-contraction coupling, 
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which is made possible through the rich concentration of voltage-sensitive calcium channels 

located around the t-tubules (Lyon et al., 2009). Caveolae are small invaginations in the 

sarcolemma that are highly enriched in cholesterol and sphingolipids and play a critical role in 

various cellular processes. Located on the poles of adjacent myocyte cells exist the intercalated 

discs, a complex structure comprised of desmosomes fascia adherens and gap junctions that play 

an essential role in facilitating the synchronized contraction of the heart (Kitmitto et al., 2019). 

Desmosomes are highly specialized cell structures that tether intermediate filaments to the 

plasma membrane and are responsible for providing strong adhesion between cells (Delva et al., 

2009). When combined, all components within the sarcolemma help in facilitating a plethora of 

cellular functions. 

1.8 Cardiac Energy Metabolism and the Role of Mitochondria  

The heart requires a continuous supply of energy to support its contractile function, ion 

transport and Ca2+ homeostasis. However, the heart has a limited capacity to store energy 

(Nguyen et al., 2019). Therefore, to respond to increased demands for oxygen blood supply, the 

heart must rapidly produce energy in the form of adenosine triphosphate (ATP). The heart is one 

of the most metabolically active organs, with a very high content of mitochondria, comprising 

approximately 25-30% of cell volume (Brown et al., 2016). To meet these high-energy needs, 

mitochondrial oxidative phosphorylation plays a pivotal role in supplying the heart with the 

necessary energy to perform its function. Mitochondrial oxidative phosphorylation provides 

about 95% of the ATP required by the heart, with the remaining 5% provided by glycolysis 

(Lopaschuk et al., 2021). To maintain energy production, the heart can readily shift between 

different substrates such as fatty acids, glucose, ketones, lactate, and amino acids. This metabolic 

flexibility is vital to maintaining ATP production in the heart (Lopaschuk et al., 2021). Fatty 
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acids are the main substrates utilized in the heart. Approximately 40-60% of mitochondrial ATP 

production stems from the oxidation of fatty acids, with the remainder derived from the 

oxidation of other sources such as pyruvate, ketone bodies, and amino acids (Lopaschuk et al., 

2021). Metabolic regulation is vital to cardiac function, such that drastic changes in energy 

metabolism can contribute to the development of diseases such as cardiac hypertrophy and heart 

failure (Huss & Kelly, 2005). The progression of heart failure is often associated with a gradual 

decline in the heart’s ability to be metabolically flexible. As a result, the heart becomes energy 

deficient. Beer et al. (2002) observed that when compared to healthy hearts, end-stage failing 

hearts can have up to 30% less ATP content (Beer et al., 2002).   

1.9 Cardiac Muscle Contraction  

Regulating the changes in intracellular calcium concentration is vital in maintaining 

cardiac contractility. Under normal conditions, intracellular calcium concentration must be kept 

sufficiently high in periods of systole and low in periods of diastole to allow the heart to eject 

and refill with blood (Eisner et al., 2017). One of the key processes that is responsible for tightly 

regulating intracellular calcium concentration is known as the excitation-coupling contraction, a 

process that links electrical excitation caused by action potentials across the membrane of 

cardiac cells to their respective mechanical contraction (Eisner et al., 2017). As the action 

potential propagates along the sarcolemma and down into the t-tubules, it triggers the opening of 

voltage-sensitive calcium channels, which facilitate calcium entry into the cell. The influx of 

calcium triggers the release of calcium from intracellular stores in the sarcoplasmic reticulum, 

which is mediated by ryanodine receptors in a process known as calcium-induced calcium 

release (Klabunde, 2021). The increased levels of free calcium now in the cytoplasm bind to 

troponin C, this consequently results in tropomyosin detaching from the myosin-binding sites on 
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actin. The removal of this complex frees actin, which binds to myosin and forms a cross-bridge 

initiating contraction (Adams & Schwartz, 1980). Similar to skeletal muscle, cardiac muscle 

contraction occurs via the sliding filament model of contraction. Following the formation of the 

cross-bridge between actin and myosin, adenosine diphosphate (ADP) and inorganic phosphate 

are released from the myosin head, allowing myosin to utilize the energy stores for a 

conformational change (Adams & Schwartz, 1980). As the myosin head moves towards the M 

line, it pulls the actin along with it in a movement called the power stroke. As the actin gets 

pulled closer to the M line, the sarcomere shortens and the cardiac muscle contracts. As calcium 

ions are removed from troponin C and sequestered back into intracellular stores, ATP binds to 

myosin, causing it to detach from the actin, resulting in the dissociation of the actin-myosin 

complex and resting the contraction cycle (Adam & Schwartz, 1980).  

1.10 GDM Treatment 

 There are various pharmacological treatment strategies that are implemented to combat 

GDM. These pharmacological agents primarily focus on managing and controlling maternal 

blood glucose levels through various mechanisms.  

1.10.1 Insulin 

Often considered the standard and first-line pharmacological treatment for GDM, insulin 

is a peptide hormone that plays a crucial role in the regulation of blood glucose in the body 

(Feghali et al., 2020). Insulin’s mechanism of action follows a complex signalling cascade that 

first begins with insulin binding to the insulin receptor. This heterotetrameric protein consists of 

two extracellular alpha subunits and two transmembrane beta subunits (Petersen & Shulman, 

2018). Insulin binds to the alpha subunits, which triggers the tyrosine kinase activity located in 

the beta subunit. This activation triggers a signalling cascade that stimulates downstream 
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metabolic responses that work in regulating glucose metabolism (Petersen & Shulman, 2018). 

One key signalling pathway is the phosphatidylinositol 3-kinase (PI3K) /protein kinase B (Akt) 

pathway, whereby insulin activates PI3K, which generates ĥosphatidylinositol-3,4,5-

trisphosphate (PIP3) (Bertrand et al., 2008). PIP3 then activates Akt via phosphoinositide-

dependent kinase 1 (PDK1), which inactivates AS160 (a 160-kDa substrate of Akt), a Rab 

GTPase-activating protein, downstream, promoting the translocation of glucose transporter 4 

(GLUT4) to the cell membrane to facilitate glucose uptake (Bertrand et al., 2008).   

Insulin therapy has been studied extensively and used clinically for the treatment of 

GDM. While it has been found to be a safe and effective method in mitigating hyperglycemia 

during pregnancy, care must be taken to avoid hypoglycemia (Bergel et al., 2016). It is critical to 

know that there are various types of insulin, ranging from fast-acting to intermediate/long-acting 

forms. Coupled with different regimens of administration, insulin therapy must be individualized 

to the patient (Bergel et al., 2016). Many insulin analogs from neutral protamine hagedorn 

(NPH), lispro, aspart, and detemir, although safe and effective, have their precautions that should 

be considered. NPH, for instance, is an intermediate-acting insulin analog with a 5–7-hour peak 

action duration. To maintain optimal glycemic control throughout the day, at least two to three 

injections must be provided. However, the use of NPH has been associated with a higher risk of 

hypoglycemia when compared to other long-acting analogs (Negrato et al., 2010). Insulin aspart 

is a short-acting insulin analog with a peak action of 30-70 minutes after injection. It was first 

demonstrated effective in improving glycemic control in women with GDM in a randomized trial 

consisting of 15 women with GDM who had inadequate diabetes controlled with diet alone. 

(Pettitt et al., 2003). Other studies found similar effectiveness with insulin aspart when compared 

to regular insulin with no significant difference in the risk of hypoglycemia (Deepaklal et al., 
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2015). However, factors such as appropriate dosage monitoring must be considered, as patients 

using insulin aspart may need to adjust dosages as pregnancy progresses, thereby requiring close 

monitoring and communications with healthcare providers to avoid hypoglycemic events 

(Deepaklal et al., 2015).  

1.10.2 Metformin  

Metformin is a synthetic biguanide that has been shown to reduce hepatic glucose 

production and is mostly prescribed for the treatment of T2D. However, it has been increasingly 

used in GDM treatment (Rena et al., 2017). There are a variety of mechanisms that contribute to 

metformin’s glucose-lowering properties. Metformin has been widely accepted to inhibit hepatic 

gluconeogenesis by inhibiting complex 1 in the mitochondria, resulting in a substantial decrease 

in energy in the form of ATP that would otherwise be required for carrying out ATP-dependent 

metabolic pathways like gluconeogenesis (Foretz et al., 2019). Activation of AMPK by 

metformin additionally suppresses the expression of sterol regulatory element-binding protein 1 

(SREBP-1) and acetyl-CoA carboxylase (ACC), resulting in a decrease in the expression of 

lipogenic enzymes. Metformin can also improve hepatic insulin sensitivity through insulin 

receptor tyrosine phosphorylation (Gunton et al., 2003). Metformin also facilitates the 

translocation of glucose transporters, such as glucose transporter 1 (GLUT-1), to the plasma 

membrane, which enhances glucose uptake (Gunton et al., 2003).   

Commonly considered a first-line antidiabetic medication, metformin has increasingly 

been used during pregnancy, often being prescribed to combat maternal obesity along with GDM 

(Verma & Mehendale, 2022). Various randomized trials have studied the benefits of metformin 

treatment in GDM. For instance, the metformin in gestational diabetes (MiG) trial found that 

metformin was as effective as insulin in achieving glycemic control. This is critical as, unlike 
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insulin, metformin does not directly cause maternal hypoglycemia (Tripathi et al., 2017). While 

metformin use during pregnancy can provide some benefits, there have been a few reported 

effects on maternal health. One of the most common side effects of metformin use during 

pregnancy is an increased risk of gastrointestinal side effects. A systemic review and meta-

analysis by Tarry-Adkins et al. (2021), which included randomized trial data from 35 studies, 

reported that metformin use during pregnancy significantly increased the likelihood of 

experiencing gastrointestinal issues compared to other treatments or placebo (Tarry-Adkins et al., 

2021).  

In some cases, metformin alone can be inadequate in improving insulin sensitivity, 

resulting in the addition of insulin as a co-treatment. Data reported from the MiG trials, which 

followed 751 women with gestational diabetes, found that of the 363 women who were assigned 

metformin treatment, 46.3% required supplemental insulin (Rowan et al., 2008). Additionally, 

another randomized clinical study reported that 84.9% of patients with T2D in pregnancy who 

received metformin required an add-on insulin therapy by the end of the second trimester of 

pregnancy (Ainuddin et al., 2015). Various factors can influence the efficacy of metformin in 

regulating glycemic control. For instance, body mass index (BMI) appears to be a predictor for 

add-on insulin treatment as many of the patients that received insulin as an add-on had a BMI 

>30 (Ainuddin et al., 2015). It is also interesting to note that the requirement for insulin as an 

add-on increases during the later stages of pregnancy (around 26-28 weeks) when insulin 

resistance increases in pregnancy (Ainuddin et al., 2015).    

Unlike insulin, metformin can cross the human placenta. Serum samples from umbilical 

cord, placental and fetal tissues collected from metformin-exposed pregnancies revealed that 

metformin can readily cross the placenta, exposing the fetus to similar concentrations seen in the 
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mother (Charles et al., 2006). This transplacental passage is facilitated by organic cation 

transporters, specifically organic cation transporter 3 (OCT3), which is localized at the 

syncytiotrophoblastic basal membrane and fetal capillaries (Owen et al., 2021). It has been 

demonstrated that OCT3 expression increases with gestational age, suggesting that higher 

concentrations of metformin can reach fetal tissues at the later stages of gestation, which brings 

concern to its use as an antidiabetic during pregnancy (Owen et al., 2021).  

Recent studies collected from the metformin in women with type 2 diabetes in pregnancy 

(MiTy) trial showed that women with T2D during pregnancy who were treated with metformin 

had a higher prevalence of small for gestational-age infants compared to women receiving a 

placebo (Feig et al., 2020). Other studies found mixed results corresponding to the safety of 

metformin use during pregnancy. An administrative data cohort study performed in Finland 

tracked children who had maternal exposure to metformin, insulin or a combination of both. 

Findings from that cohort found that when assessing secondary outcomes, children exposed to 

maternal metformin during pregnancy showed no difference in small for gestational-age risk 

(Brand et al., 2022). A meta-analysis of 21 randomized control trials further demonstrated that 

when compared to insulin, metformin increased the risk for small for gestational age (He et al., 

2022). It is important to take note that these risks may vary based on various factors. For 

instance, the MiTy trial found that women with comorbidity who received metformin had a 

higher risk of small for gestational-age infants (Feig et al., 2022). 

1.10.3 Glyburide 

Glyburide is an oral sulfonylurea that stimulates insulin secretion by binding to and 

inhibiting ATP-sensitive potassium channels located on pancreatic beta cells. The binding of 

glyburide causes the closure of the potassium channels, which leads to membrane depolarization 
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of the beta cells (Zeng et al., 2014). The depolarization triggers the opening of voltage-gated-

calcium channels, allowing calcium ions to enter the cell. As the calcium concentration increases, 

it stimulates the release of insulin-containing granules from the beta cell (Boyd et al., 1990). 

Glyburide can also reduce insulin clearance in the liver, leading to increased circulating insulin 

concentrations (Hardin & Jacobs, 2019).  

When considering glyburide versus insulin for treating GDM, factors such as the ease of 

use and lower cost of glyburide compared to insulin often make it more acceptable among 

patients (Hedderson et al., 2022). It is important to note that when compared to insulin in terms 

of regulating glycemic control, some studies have found that glyburide is as effective as insulin 

in regulating glycemic control (Miller, 2006). Randomized control trials performed by Langer et 

al. (2000) comparing glyburide and insulin in 404 women with GDM found that both groups 

achieved similar glycemic control (Langer et al., 2000). Retrospective cohort studies performed 

by Conway et al. (2004) found that 84% of GDM patients under glyburide treatment had 

achieved good glycemic control (Conway et al., 2004). While glyburide is associated with a 

lower risk of maternal hypoglycemia compared to insulin, the risks are still present, with some 

studies indicating that maternal hypoglycemia can occur, particularly if dosages are not carefully 

monitored (Affres et al., 2021). Although some evidence may suggest that glyburide can be an 

effective alternative, careful monitoring is still required as some patients may still require insulin 

to maintain optimal glycemic control.  

One concern that studies have pointed out is the maternal transfer of glyburide to the 

fetus, hinting at potential offspring outcomes (Kirchner, 2001). The fetal-to-maternal ratio of 

62% glyburide placental transfer raises questions about its use as a treatment for GDM 

(Bouchghoul et al., 2020). A retrospective cohort study showed that newborns from women 
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treated for GDM with glyburide had a higher risk for hypoglycemia, macrosomia, and neonatal 

intensive care unit admission compared to women who were treated with insulin (Castillo et al., 

2015). 

1.11 Natural Health Products: Resveratrol 

Resveratrol (RESV) is a natural stilbenoid found in over 70 different plant species that is 

produced from a variety of plants as a defence mechanism against various pathogens and fungi 

(Salehi et al., 2018). It came to popular attention through studies by Renaud and De Lorgeril, 

which described the contradictory finding that French people had a relatively low incidence of 

CHD despite consuming a diet high in saturated fats, this observation formed the basis of what is 

now known as the “French paradox” (Renaud & De Lorgeril, 1992). Renaud and De Lorgeril 

argued that the paradox may be partly attributed to the moderate consumption of wine in France 

(Renaud & De Lorgeril, 1992). Since then, RESV received increased scientific attention, and 

further studies have shown RESV to act on multiple signalling pathways to improve health 

outcomes. Studies from Dolinsky et al. (2013) demonstrated that RESV inhibited the p70S6 

kinase pro-hypertrophic signalling cascade while also enhancing the liver kinase B1-AMPK 

signalling pathway in spontaneously hypertensive rats (Dolinsky et al., 2013). Further studies 

from Bastin et al. (2011) have also demonstrated that RESV can enhance the protein expression 

of sirtuin 1 (SIRT1) and peroxisome proliferator-activated receptor-gamma coactivator-1alpha 

(PGC-1a), key regulators that play a role in mitochondrial biogenesis and fatty acid metabolism 

(Bastin et al., 2011)  

1.11.1 Maternal RESV Supplementation Effects in Animal Studies 

The effects of RESV treatment in the context of GDM have been explored in various 

animal models. Zhang et al. (2021) investigated the effects of RESV on blood glucose and blood 
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lipids in female rats with GDM. Finding from the STZ-induced GDM model found that when 

compared with GDM dams, maternal blood glucose and body weight were significantly reduced 

in the RESV-treated group in a dose-dependent manner (Zhang et al., 2021). Additionally, when 

looking at blood lipids, the RESV-treated groups had significantly lower contents of total 

cholesterol, triglycerides, and low-density lipoprotein-cholesterol and significantly increased 

high-density lipoprotein-cholesterol in a similar dose-dependent manner when compared to the 

GDM group (Zhang et al., 2021). Yao et al. (2015) conducted similar studies investigating the 

effects of RESV in the pregnant db/+ mouse. Findings from their study reported that RESV 

treatment improved maternal glucose intolerance and improved insulin response in pregnant 

db/+ female mice (Yao et al., 2015). Diet-induced GDM studies by Brawerman et al. (2019) 

found that administering RESV at the start of the third trimester in GDM dams led to significant 

improvements in glucose tolerance compared to GDM dams without RESV treatment 

(Brawerman et al., 2019). Additionally, GDM dams showed impaired GSIS when compared to 

lean dams. However, maternal RESV supplementation improved GSIS in GDM dams 

(Brawerman et al., 2019). Other studies have also focused on the effects of RESV on offspring 

health during treatment in pregnancy. In the same study, Brawerman et al. (2019) found that the 

administration of RESV in the third trimester of pregnancy prevented the development of GDM-

induced hepatic steatosis in the offspring, as well as improved glucose tolerance and insulin 

sensitivity (Brawerman et al., 2019). 

1.12 Thesis Rationale and Objectives  

Worldwide, GDM occurs in up to 14% of pregnancies, in Manitoba alone, the incidence 

rate of GDM is 40 per 1,000 deliveries, making it often considered one of the most common 

medical complications of pregnancy (Yamamoto et al., 2018). Despite only occurring during the 
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later stages of pregnancy, the effects of GDM can bring forth both short- and long-term 

complications to both the health of the mother and child (Bianco & Josefson, 2019). Children 

exposed to GDM during pregnancy have an increased risk of developing cardiovascular 

complications as they age. Population-based cohort studies have shown that offspring exposed to 

GDM have a 29% increased risk of developing early-onset CVD (Yu et al., 2019). Furthermore, 

children exposed to GDM have increased risks of developing hypertensive disease, heart failure, 

and pulmonary embolism when compared to offspring of mothers with no diabetic complications 

(Yu et al., 2019). Similar cohort designs have also found that GDM-exposed offspring were 

associated with higher levels of blood pressure starting from the age of 10 (Miranda et al., 2019). 

GDM-exposed offspring also have an increased risk of morphologic changes in the heart during 

development, such as cardiac hypertrophy, with children from GDM mothers having thicker 

posterior left ventricular walls (Ghouse et al., 2024). Lifestyle changes are a good starting point 

for the treatment of GDM, with evidence from animal and clinical studies suggesting beneficial 

long-term health effects for both the mother and child, however, if the mother is unable to 

maintain adequate blood glucose levels, intervention strategies are needed.  

The use of insulin as a form of treatment for GDM is extensively used as a first option. 

However, the choice of appropriate dosing can be challenging, especially with the persistent 

increase in insulin resistance throughout the later stages of pregnancy (Kelley et al., 2015). 

Glyburide, on the other hand, has been associated with neonatal hypoglycemia in addition to an 

increased risk of adverse effects such as macrosomia (Castillo et al., 2015). Although metformin 

has been associated with positive glycemic control in GDM, concerns of maternal 

gastrointestinal complications, increased risk of small-for-gestational-age, and its ability to 

readily cross the placenta often limits its use during pregnancy (Picón-César et al., 2021; Tarry-
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Adkins et al., 2021; Feig et al., 2020). Given the limitations of existing therapies, there is a need 

for new therapeutic strategies to combat GDM while mitigating the harmful effects on offspring 

health. RESV is a natural polyphenol that is found in a variety of plant species ranging from 

grapes, peanuts, blueberries, and cranberries it has been shown in various human and animal 

models to show beneficial biological effects, including cardioprotective, anti-hypertensive, 

glucose lowering and anti-obesogenic (Gal et al., 2023). A previous study from our lab showed 

that maternal RESV supplementation restored glucose tolerance and improved insulin secretion 

in GDM pregnant rats and their offspring potentially making it a good therapeutic option 

(Brawerman et al., 2019). Since GDM is typically first diagnosed during the late 2nd trimester of 

pregnancy (Kim et al, 2019), this study was designed to determine the effects of RESV in a 

treatment aspect that is more clinically aligned with the utilization of therapeutics in GDM as 

opposed to other preventative strategies that have incorporated RESV either at the before or at 

the start of pregnancy (Yao et al., 2015; Roberts et al., 2014; Ros et al., 2018).   

Previously data from our group have found that fetal rat offspring exposed to GDM in 

utero exhibited alterations in cardiac structure, specifically these offspring exhibited left 

ventricular hypertrophy (Kereliuk, 2022). Additionally, pervious data from our group also 

demonstrated that exposure to GDM also impaired calcium handling in fetal rat cardiomyocytes 

as they exhibited delayed and extended flux cycles (Kereliuk, 2022). Since RESV has been 

shown to ameliorate maternal hyperglycemia and has demonstrated cardioprotective effects in 

previous mouse models of cardiac hypertrophy, my first objective was to show what effects 

maternal RESV supplementation would have on the cardiac structure and calcium handling of 

GDM exposed offspring.  
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Studies from our lab have shown that fetal cardiomyocytes from GDM rat offspring 

exhibit mitochondrial dysfunction with alterations in energy metabolism (Kereliuk, 2022). This 

is critical as the mitochondria plays a major role in providing the heart with enough energy to 

maintain cardiac function. This dysfunction can subsequently impact cellular processes such as 

calcium handling as many of the membrane-bound pumps are energy dependant (Brown et al., 

2016). Moreover, mitochondrial dysfunction can also contribute to the production of reactive 

oxygen species that can damage cardiac muscle tissue and if persist can further exacerbate 

functional impairments of myocardial cells (Pan et al., 2024). Previous studies have show that 

RESV can improve mitochondrial function through the activation of key regulators such as 

AMPK and SIRT 1 that are involved in cellular energy metabolism and mitochondrial biogenesis 

(Zheng et al., 2022). Therefore, my second objective was to show the effects of maternal RESV 

supplementation on mitochondrial metabolism in isolated fetal cardiomyocytes from GDM-

exposed offspring.  

1.13 General Hypothesis 

I hypothesize that maternal RESV supplementation can alleviate GDM-induced 

cardiovascular outcomes such as cardiac hypertrophy seen in GDM-exposed offspring by 

improving cellular and mitochondrial function. 

1.14 Specific Aims 

 Since Calcium is a universal intracellular molecule that plays a vital role in regulating 

cardiac muscle contraction, Firstly I will explore the effects of maternal RESV supplementation 

on calcium dynamics in GDM-exposed isolated fetal cardiomyocytes. I hypothesize that 

maternal RESV supplementation will improve cardiomyocyte calcium handling in GDM-

exposed offspring.  
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The mitochondria play a major role in providing the energy required to shuttle calcium in 

order to facilitate contraction, therefore, the second aim of this project is to study the effects of 

maternal RESV supplementation on mitochondrial metabolism on isolated fetal cardiomyocytes 

from GDM-exposed offspring. I hypothesize that maternal RESV supplementation can improve 

mitochondrial metabolism in GDM-exposed fetal cardiomyocytes. 
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Chapter 2: Methods 

2.1 Diet-Induced Animal Model 

All experimental procedures conducted were approved by the University of Manitoba’s 

Central Animal Care Committee. Four-week-old female Sprague-Dawley rats were received 

from the Genetic Models Center (GMC) core facility within the University of Manitoba and were 

housed 2 per cage within the animal facility at the Children’s Hospital Research Institute of 

Manitoba (CHRIM). Female rats were randomly assigned to a low-fat (LF) diet (10% kcal fat, 

research diets, D12450B) or a high-fat and sucrose diet (HFS) (45% kcal, Research diets, 

D12451) for 6 weeks before mating to induce obesity and GDM. All rats were then mated with 

male rats (one male per two female rats) who were fed a regular chow diet (i.e. regular rodent 

food). Pregnancy was later confirmed 10 days after the separation of male breeders through 

echocardiography scans. Pregnant females were housed alone separately, and all assigned diets 

continued throughout pregnancy. At the start of the third trimester of pregnancy (day 14 of 

gestation) a subgroup of female rats that were under the high-fat and sucrose diet were switched 

to a high-fat and sucrose diet supplemented with RESV (45% kcal fat + 4g/kg body weight 

RESV, Research Diets, D10020402) which translates to a dosage of ~150 mg/kg/day, based on 

food consumption per rat per day. Thus began the creation of three experimental groups: lean 

dams consuming an LF diet (Lean), GDM dams consuming an HFS diet (GDM), and finally, 

GDM dams consuming an HFS diet supplemented with RESV (GDM+RESV). This dosage was 

previously demonstrated to improve insulin sensitivity and glucose response while being safe 

and non-teratogenic during pregnancy (Brawerman et al., 2019). Females fed the GDM+RESV 

diet were housed separately to ensure the appropriate dosage was met. Maternal food 

consumption and body weight were monitored and measured on a weekly basis.  
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2.2 Fetal Echocardiography Scans 

To assess cardiac structure in fetal offspring exposed to GDM and RESV, fetal 

echocardiography was performed in vivo using the Vevo 2100 ultrasound system provided by the 

central animal care small animal care core facility located at the University of Manitoba. Female 

Rats were imaged under mild anesthesia using 5% isoflurane and 1.0L/min oxygen (and 

maintained at 2-3% isoflurane and 1.0L/min oxygen) during the echocardiography procedure. 

Anesthetic levels were carefully monitored and modified as necessary to ensure a consistent 

heart rate among all groups. this precise control was critical as alterations in anesthesia-induced 

changes in heart rate can impact both cardiac structure and function, potentially impacting the 

accuracy of cardiac measures and assessments (Pachon et al., 2015; Roth et al., 2002). Hair was 

removed from the lower abdominal region of pregnant rats with Nair (3 in 1 hair removal lotion) 

prior to echocardiography. The MS550 transducer was used to capture fetal echocardiograms 

during the third trimester of pregnancy on embryonic day 18.5. Left ventricle (LV) wall 

thickness, LV chamber size, intraventricular septal thickness (IVS), Ejection Fraction (EF), and 

Fractional Shortening (FS) were measured and calculated during diastole and systole.  

LV wall thickness, IVS and LV chamber size were used as markers to assess the changes 

in fetal cardiac morphology in Lean, GDM, and GDM+RESV fetal offspring. Each group 

consisted of litters from a maternal dam under LF, HFS, or HFS supplemented with RESV diet 

(dosage equivalent to ~150mg/kg/day, based on food consumption). All images captured from 

echocardiography consisted of all rats in utero at embryonic day 18.5 where n of 1 is represented 

as one entire dam litter. 
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2.3 Cardiomyocyte Isolation  

Fetal ventricular cardiomyocytes from offspring of Lean, GDM, and GDM + RESV dams 

were isolated to study the differences between diet exposures on cells that play a role in the 

heart’s contractility. Fetal hearts (taken at embryonic day 20.5) were isolated from the cesarian 

section after pregnant dams were euthanized. Fetal pups were euthanized by decapitation, and 

hearts were removed and briefly stored in 20 mL cold sterile 1X phosphate-buffered saline (PBS) 

in a 50 ml conical tube (to ensure adequate yield hearts were pooled from one dam litter). Fetal 

hearts were rinsed 3 times with 20 mL 1X PBS in a biosafety cabinet and extra debris (aorta/lung 

pieces) were aspirated and removed. Hearts were minced using sterile curved iris scissors in the 

lid of a sterile petri dish containing a minimum volume of cold sterile 1X PBS (~0.5 mL). Using 

a 3 mL sterile transfer pipette, minced hearts were then transferred to a non-vented T25 culture 

flask containing 17 mL of cold sterile 1X PBS, if multiple sets of hearts were isolated at the same 

time, hearts would be kept on ice until all sets of hearts were minced and ready to proceed to the 

next step. 

Now in the T25 flask, 1 mL of filter-sterilized 0.5% Deoxyribonuclease 1 (DNAse)/ 2% 

Collagenase and 0.5 mL of filter-sterilized 2% Trypsin were added to the flask to begin the first 

enzymatic dissociation. DNAse, Collagenase, and Trypsin (Worthington Biochemical 

Corporation, Product #LS004176, LS002007 and LS003707 respectively) were weighed into a 

15 mL conical tube. Enzymes were then diluted in cold, sterile 1X PBS and filter sterilized with 

a 0.22 µM syringe filter (VWR, Product# 28145-501) (Enzyme preparation occurred ~ 1 hour 

prior to excising the offspring hearts in a dark biosafety cabinet and kept on ice in the dark 

throughout the duration of the isolation) 
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The T25 flask (now containing both the minced hearts and the enzymes) was agitated on 

a rotary shaker set at 80 rpm at a temperature of 37°C for 20 minutes. Afterwards, the contents in 

the T25 flask were pipetted into a sterile 50 mL conical tube containing 20 mL of pre-warmed 

(37°C) DF20 media before being spun using a centrifuge set at 800 rpm at a temperature of 18°C 

for 2 minutes to form a cell pellet. After centrifugation, the supernatant was aspirated and 

discarded.  

DF20 media was composed of modified DMEM/F-12 (1:1) media (Dulbecco’s Modified 

Eagle Medium/Ham’s F-12 Nutrient Mixture liquid media, containing 17.49 mM D-glucose; 

HyClone Product #SH30126). In a biosafety cabinet, DMEM/F-12 media was supplemented 

with 20% fetal bovine serum (FBS; ThermoFisher Scientific Product #12483020), 1% penicillin-

streptomycin  (HyClone Product #SV30010) and 50 μg/mL gentamicin (ThermoFisher Product 

#15750078) solution days prior to cardiomyocyte isolation and was pre-warmed in a water bath 

set at 37°C the day of isolation.  

After discarding the supernatant 17 mL of pre-warmed (37°C) sterile 1X PBS was added 

to the pellet followed by 1 mL of 0.5% DNAse/2% Collagenase and 0.5 mL of 2% Trypsin 

before mixing the contents (disturbing the pellet) and transferring to a new non-vented T25 flask 

to begin the second dissociation. The T25 flask was then again agitated on a rotary shaker at a 

speed of 80rpm at 37°C for 20 minutes before pipetting the contents into a new sterile 50 mL 

conical tube containing 20 mL of DF20 media, which would then be centrifuged at a speed of 

800rpm at 18°C for 1 minute to form a pellet.   

The supernatant of the second dissociation was collected and transferred into a new 

sterile 50 mL conical tube. Now, 17 mL of warm sterile 1X PBS was added to the pellet before 

adding 1 mL of 0.5% DNAse/2% Collagenase and 0.5 mL of 2% Trypsin, the contents were 
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mixed before being transferred to a new sterile non-vented T25 flask and agitated on a rotary 

shaker set at 80 rpm at a temperature of 37°C for 20 minutes to begin the third dissociation. 

During the 20-minute enzymatic digestion, the supernatant collected from the second 

dissociation was centrifuged at 1700 rpm at 18°C for 7 minutes leaving a cell pellet. The 

supernatant was then aspirated and discarded before adding 20 mL of DF20 media. After the 20-

minute enzymatic digestion, the contents of the T25 flask (which contains the third dissociation) 

would then be transferred to a tube containing the pellet breaking up the pellet in the process. 

The conical tube would then be centrifuged at 1700 rpm at 4°C for 7 minutes before aspirating 

and discarding the supernatant.  

 To the pellet, 12 mL of plating media (pre-warmed at 37°C) was added and triturated 20 

times with a sterile 3 mL transfer pipette leaving the cells in suspension. Plating media was 

composed of modified DMEM/F-12 (1:1) media (HyClone, Product #SH30126.01). In a 

biosafety cabinet, the media was supplemented with 10% horse serum (Thermofisher, Product 

#16050122), 5% FBS (Thermofisher, product #12483020), 1% penicillin-Streptomycin 

(HyClone, Product #SV30010), and 50 µg/µL gentamicin (Thermofisher, Product #15750078) 

and pre-warmed in a water bath set at 37°C the day of isolation. 

 Cells now in suspension were filtered through a 100 µM nylon cell strainer (Falcon, 

Product #352360) into a vented T75 flask and placed in a cell culture incubator at 37°C with 5% 

CO2 for 2 hours. To ensure a purer yield of cardiomyocytes, the T75 flask was removed from the 

incubator 1 hour into incubation. The sides of the flask were washed down with the suspension 

before transferring the contents to a new vented T75 flask and returned to the incubator for the 

final hour of incubation.  
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 Afterwards, the cell suspension was then transferred to a sterile 50 mL conical tube and 

centrifuged at 100 rpm for 2 minutes at 18°C leaving a cell pellet. After centrifugation, the 

supernatant was removed, and cells were diluted with plating media at a ratio of 1 mL plating 

media/heart used in isolation. Cells were then mixed, and 20 µL of cell suspension was added to 

80 µL of trypan blue (in a sterile 1.5 mL Eppendorf tube), resulting in a 1:5 dilution, of which 10 

µL was added to each side of a hemocytometer for manual cell counting.  

 To find the number of cardiomyocytes per mL, we averaged the hemocytometer counts 

and multiplied the average by 10,000. The resulting value was further multiplied by the dilution 

factor of 5.  Isolated cardiomyocytes were then plated at appropriate seeding densities, as 

described in Table 1, for subsequent experiments. For experiments regarding seahorse 

extracellular flux and measuring oxygen consumption a seeding density of 100,000 cells/well. To 

measure calcium flux in fetal cardiomyocyte cells a seeding density of 500,000 cells/well. To 

prevent replication of proliferative cells in the cardiomyocyte culture the DNA synthesis 

inhibitor cytosine β-D-arabinofuranoside (ARAC) was added to the plating media. plates 

containing cells were then placed in a cell culture incubator at 37°C and 5% CO2. Cells were 

then checked the morning after for adherence, cell plates were washed 3 times with pre-warmed 

(37°C) sterile 1X PBS to remove dead cells before adding new plating media to the wells at the 

appropriate volume (as described in Table 1). 

Table 1 Cardiomyocyte Plating Density 

Plate Type  Cells/Well Well Volume (µL) 

(Final*) 

# of cells for 

concentration 

6-well  2,000,000 2000 1,000,000 

24-well 500,000 1000 500,000 

Seahorse XF24 100,000 500* 1,000,000 

* Cells were plated 100,000 cells/well (100 µL) and incubated for an hour before adding 400 of 

plating media containing ARAC.  
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2.4 Seahorse XF Extracellular Flux  

Measurements of mitochondrial respiration were performed and captured using Agilent’s 

Seahorse Extracellular Flux (XF) 24-well analyzer. Prior to cardiomyocyte isolation, XF24 plates 

were coated with fibronectin/gelatin. 0.1 g gelatin (Sigma, Product #G1393) was weighed into a 

500 ml glass bottle containing 500 mL of distilled water and autoclaved to make a final 

concentration of 0.02% gelatin. 1 mL of fibronectin (1 mg/mL) (Sigma, Product #F1141) was 

diluted in 79 mL 0.02 sterile gelatin before being aliquoted and stored at -20°C. 

The day before isolating cardiomyocytes an aliquot was thawed at 37° C and XF24 plates 

were coated, before being stored in the cell culture incubator overnight at 37° C with 5% CO2. 

On the day of isolation, prior to plating cells, coated plates containing fibronectin/gelatin were 

aspirated from the plate and cells were plated at a density of 100,000 cells/well (as described in 

Table 1) leaving wells A1 and D6 as blanks. The plate was then placed in a cell culture incubator 

for 1 hour at 37° C with 5% CO2. After 1 hour cells were topped up with plating media 

containing ARAC to a final volume of 500 µL before being placed back into the incubator. A day 

prior to any seahorse assay, an XF sensor cartridge would be hydrated in Seahorse XF calibrant 

and placed in a non-CO2 incubator.  

Bradford protein assay was performed to normalize the oxygen consumption rate (OCR) 

and extracellular acidification rate (ECAR) readings to total protein concentration. Several 

parameters of mitochondrial function were calculated from OCR and ECAR readings. Non-

mitochondrial respiration, basal respiration, maximal respiration (maximum rate after FCCP – 

Non-mitochondrial respiration), and spare respiratory capacity (maximal respiration – Basal 

Respiration) were calculated from OCR readings respectively. Glycolysis rate (maximum rate 

after the addition of saturation of glucose – basal ECAR before the addition of glucose), 
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glycolytic capacity (maximum ECAR rate following the addition of oligomycin), and glycolytic 

reserve (difference between glycolytic capacity and glycolysis rate) were calculated from ECAR 

reading respectively. Three different assays were performed using isolated fetal cardiomyocytes 

from Lean, GDM, and GDM + RESV offspring. 

2.4.1 Seahorse XF Mito Stress Test  

Cardiomyocyte mitochondrial respiration in the presence of glucose was determined 

using the Cell Mito Stress test assay. Plating media was changed to XF assay media (modified 

DMEM without glucose, pH 7.4) supplemented with 1 mM sodium pyruvate and 25 mM glucose 

before incubating for 1 hour in a non-CO2 incubator at 37C. Meanwhile, the hydrated XF sensor 

cartridge would be removed from the non-CO2 incubator and Oligomycin, carbonyl cyanide-4 

(FCCP), and a mixture of rotenone and antimycin A (Sigma, Product #O4876, Product #C2920, 

Product #R8875, Product #A8674 respectively) would be added to injector ports A, B and C 

respectively at a final concentration of 1 µM oligomycin, 2 µM FCCP, and 1 µM 

rotenone/antimycin A. Once the drugs are loaded to the appropriate injector ports the sensor 

cartridge would then be loaded into the seahorse XF analyzer for calibration (~20-30 minutes). 

after the calibration period is over the utility plate is removed from the machine and the assay is 

ready to begin. Once the 1-hour incubation is over the cell plate (containing the isolated 

cardiomyocytes) is removed from the non-CO2 incubator and placed in the seahorse XF analyzer. 

Once in the machine, 4 measures of OCR are taken at intervals of 10 min before injection of the 

drugs in Port A, B and C respectively. 

2.4.2 Seahorse XF Fatty Acid Oxidation Stress Test 

Cardiomyocyte mitochondrial respiration in the presence of palmitate was determined 

using a palmitate fatty acid oxidation stress test. Plating media was changed with XF assay 

media (modified DMEM without glucose, pH 7.4) supplemented with 1 mM sodium pyruvate, 
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2.5 mM glucose, and 0.5 mM carnitine for 45 minutes in a non-CO2 incubator. Following the 45 

minutes, 40 µM etomoxir (Sigma, Product #E1905) or vehicle (water) control was added to the 

appropriate wells and the plate was incubated for another 15 minutes in the non-CO2 incubator. 

Meanwhile, preparations such as loading the drugs into the ports located on the sensor cartridge, 

and calibrating the sensor cartridge (as previously described in 2.3.2) would be performed in 

between incubation steps. After the 15-minute incubation, immediately before loading the cell 

plate into the XF 24 analyzer, 0.17 mM bovine serum albumin (BSA) control or 0.175 mM 

palmitate-BSA substrate conjugate would be added to the respective well and loaded into 

seahorse XF 24 analyzer (as described in 2.3.2). 

2.4.3 Seahorse XF Glycolysis Stress Test 

Cardiomyocyte glycolytic activity was determined using a glycolysis stress test. Plating 

media was replaced with seahorse XF media (modified DMEM without glucose, pH 7.4) 

supplemented with 100 mM L-glutamine for 1 hour in a non-CO2 incubator. Meanwhile, the 

sensor cartridge would be removed from the non-CO2 incubator. At this time glucose, 

oligomycin, and 2-deoxy-D-glucose would be added to injector ports A, B and C at a final 

concentration of 20 mM, 2 µM, and 100 mM respectively before loading the sensor cartridge in 

the Seahorse XFe24 analyzer to begin the calibration. Once calibration is complete and the 1-

hour incubation is over the utility plate would be removed from the seahorse XFe24 analyzer and 

the cell plate containing isolated cardiomyocytes would be loaded into the machine. 

Measurements of ECAR would be recorded and calculations of glycolytic rate, glycolytic 

capacity, and glycolytic reserve would be assessed (as described in 2.3.1).  
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2.5 Measurement of Cytosolic Ca2+ in Fetal Cardiomyocytes Using Fluo-4 

Real-time measurements of cytosolic calcium oscillations on isolated fetal 

cardiomyocytes were performed using the Ca2+ sensitive dye, Fluo-4 AM (Thermofisher Product 

#F14201). Measurements were carried out on isolated cardiomyocytes from Lean, GDM, and 

GDM + RESV offspring, cardiomyocytes were isolated (as previously described in 2.2) and 

plated in a 24-well plate at a density of 500,000 cells/well. On the day of imaging experiments, 

cells were washed 3 times with pre-warmed (37°C) Hank’s balanced salt solution (HBSS) 

(Thermofisher, Product #14025134) before being incubated in serum-free media containing 

Fluo-4 and 0.02% pluronic acid dissolved in dimethyl sulfoxide (DMSO) for 30 minutes in a cell 

culture incubator at 37° C with 5% CO2. Serum-free media was composed of DMEM/F-12 (1:1) 

media (HyClone, Product #SH30126.01) supplemented with 1% penicillin-streptomycin solution 

(HyClone Product #SV30010) and 50 µg/µL gentamycin (Thermofisher, Product #15750078). 

Afterwards, cells were washed 1 time with pre-warmed HBSS before being incubated for 30 

minutes in serum-free media at 37° C to allow for de-esterification. After de-esterification cells 

were washed 2 times in prewarmed HBSS before being imaged, imaging was done using 

Agilent’s BioTek Cytation 5 (internal conditions were kept at 37° C with 5% CO2 using the 

Cytation 5 software). Images were captured at a frame rate of 10 frames per second, and an 

initial baseline recording was recorded during the first 30 seconds. After baseline recording 

angiotensin 2 was injected using the auxiliary injector arms of the Cytation 5 at a final 

concentration of 20 µM and images were captured for 120 seconds. Raw images were exported 

from the Cytation 5 and analyzed in image J. Changes in fluorescence intensity were monitored 

over time and plotted as changes in fluorescence intensity over time. The time between calcium 

peaks was measured with each peak being analogous to one contractile cycle. Frequency was 

then calculated as the inverse of the time of one complete contraction cycle. The time for calcium 
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release to reach 50% of peak (from baseline to peak) was recorded. The time of decay (time it 

took for fluorescence intensity to 50% from peak to baseline) was also recorded. A set of region 

of interest (ROI) was used to capture our readings and assess our calcium flux parameters for 

each experimental run, however, the ROI between each experimental run was kept consistent 

between groups and experimental replicates. 

2.6 Statistical Analysis 

 Data are presented as the mean +/- standard error of the mean. Graphad Prism 10 

Software (La Jolla, CA, USA) was used for all statistical analysis. One-way Analysis of Variance 

(ANOVA) was used to assess significance between diets (i.e. Lean, GDM, GDM+RESV) with 

Tukey multiple comparisons post-hoc test. Statistical Significance with two variables (e.g., 

maternal and calcium flux baseline vs angiotensin II injection in chapter 3 or maternal diet and 

vehicle control vs. Etomoxir seen in chapter 4) were assessed using two-way ANOVA with 

Tukey multiple comparisons post-hoc test. p-values are given and a p<0.05 was considered 

statistically significant 
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Chapter 3: Effects of Maternal RESV Supplementation on Fetal Rat Cardiac Structure and 

Calcium Dynamics in GDM Offspring 

3.1 Introduction 

Maternal diabetes during pregnancy does not only impose complications on the mother 

but can also increase the risk for cardiometabolic disease and the development of CVD in the 

offspring (Kereliuk & Dolinsky, 2022). Echocardiography from Do et al. (2019) showed that 

infants of diabetic mothers had increased left ventricular wall and IVS thickness that persisted 

from early to late infancy (Do et al., 2019). Follow-up studies from Do et al. (2019) further 

showed that cardiac hypertrophy persisted into early childhood (Do et al., 2021). Population-

based cohort studies from Tam et al. (2017) have found that maternal diabetes during pregnancy 

increases the risk of higher systolic blood pressure in early childhood (Tam et al., 2017). Another 

population-based cohort study by Yu et al. (2019) showed elevated rates of CVD in the offspring 

of mothers with pregestational or gestational diabetes persisting from early childhood (ages 0-9) 

through early adulthood (ages 15-19) (Yu et al., 2019).  

Research using animal models provided additional insight into the changes in cardiac 

structure and function in the offspring. Lehtoranta et al. (2017) demonstrated that newborn rats 

born from maternal hyperglycemia had increased heart weight as well as expressed altered 

cardiac genes important for myocardial growth, function, and metabolism 2 weeks postnatally 

(Lehtoranta et al., 2017). Other studies found that offspring from mice given a high-fat diet-

induced cardiac hypertrophy in embryos (Lin et al., 2017). Previous studies from our lab found 

that fetal offspring exposed to GDM exhibited an increase in the thickness of the left ventricular 

wall and IVS (Kereliuk, 2022). Additionally, our group demonstrated that exposure to GDM also 

impaired calcium handling in fetal rat cardiomyocytes, these cardiomyocytes from GDM 

offspring exhibited delayed and extended calcium flux cycles (Kereliuk, 2022). 
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RESV is a natural polyphenolic compound that has cardioprotective properties. RESV 

reduces oxidative stress and inflammation in cardiac tissue by increasing the expression of 

antioxidant enzymes and decreasing inflammatory mediators (Gal et al., 2021). RESV was also 

found to attenuate high blood pressure and cardiac hypertrophy in hypertensive rats and mice 

(Dolinsky et al., 2013). Furthermore, RESV attenuated cardiac fibrosis and dysfunction in 

models of cardiac hypertrophy (Ma et al., 2023).  

Previously, our group showed that administration of RESV to GDM rats in the last week 

of pregnancy reduced maternal blood glucose levels and improved GSIS without altering body 

weight or litter number (Brawerman et al., 2019). Since our group had previously established 

that GDM-exposed offspring exhibit increased thickness of the left ventricular wall and 

intraventricular septum as young adults (Kereliuk, 2022) we wanted to assess the effects of 

RESV on GDM-exposed offspring heart. We hypothesized that RESV supplementation 

incorporated in the diet of GDM dams in the final week of pregnancy would prevent the 

development of cardiac hypertrophy in GDM-exposed offspring. Furthermore, since GDM 

exposure impaired calcium handling within the fetal offspring cardiomyocytes (Kereliuk, 2022), 

we hypothesized that maternal RESV supplementation would improve contractility in the GDM-

exposed offspring by improving calcium flux cycles. In this chapter, we explore how maternal 

RESV supplementation during the third trimester of pregnancy within GDM mothers can impact 

left ventricular cardiac hypertrophy and calcium flux cycles in the fetal hearts of GDM-exposed 

offspring. 

3.2 Methods  

Refer Chapter 2 for material and methods 
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3.3 Assessments of Fetal Cardiac Structure via Echocardiography 

Offspring cardiac morphology was evaluated via in vivo echocardiography in the fetal 

hearts that was performed on pregnant dams on embryonic day 18.5 (e18.5) (Fig 3.1). LVPW 

was increased 1.3-fold in GDM offspring, compared to Lean offspring (p=0.0013) (Fig 3.1A). 

Interestingly, the LVPW of GDM + RESV offspring was not significantly different compared to 

Lean offspring (p=0.6530). However, the LVPW of GDM + RESV offspring was ~20% lower 

compared to GDM offspring (p=0.0101) (Fig 3.1A). IVS was also assessed across all offspring 

from each diet. When compared to Lean, IVS was 1.2-fold greater in GDM-exposed offspring 

(p<0.0001) (Fig 3.1B). Interestingly, compared to Lean, we did not see an increase in the 

thickness of IVS in GDM + RESV offspring (p=0.7929). Compared to GDM offspring, the IVS 

of GDM + RESV offspring was 1.2-fold lower (p<0.0001) (Fig 3.1B). In agreement with our 

previous findings, when compared to Lean offspring, GDM offspring exhibited a significant 1.7-

fold increase in LV mass (p=0.0057) (Fig 3.1C). When compared to GDM offspring, the GDM + 

RESV offspring's left ventricle mass was lower by a fold of 1.6 (p=0.0112) (Fig 3.1C). However, 

compared to Lean offspring, GDM + RESV offspring did not exhibit such an increase in left 

ventricle mass (p=0.9535) (Fig 3.1C). Lastly, when examining LVID, we found no significant 

differences across all groups (Fig 3.1D). Although we were unable to measure differences in sex 

between offspring, these findings suggest that GDM-exposed rats exhibit early markers of 

concentric left ventricular cardiac hypertrophy, and maternal RESV administration attenuated 

GDM-induced cardiac hypertrophy in fetal offspring. 
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Figure 3.1 Assessment of Cardiac Structure Using In vivo Echocardiography of Fetal Offspring 

(e.18.5) 

 

 

 

 

 

 

 

 

 

 

 

A) Left ventricular posterior wall (LVPW) of Lean (grey), GDM (red) and GDM + RESV (green) 

offspring taken at embryonic day 18.5 (e18.5) B) Intraventricular septal thickness (IVS) of Lean, 

GDM and GDM + RESV offspring C) Left ventricle (LV) mass of Lean, GDM, and GDM + 

RESV D) Left Ventricle Interior Diameter (LVID) of Lean, GDM and GDM+RESV offspring. 

Data presented as mean +/- S.E.M, (n= 9 Lean, 8 GDM, 9 GDM + RESV where n is represented 

as one dam litter). P-values represent significance (<0.05) after one-way ANOVA with multiple 

comparisons and Tukey post-hoc test.  
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3.4 Evaluation of Cardiac Function in Fetal Offspring via Fetal Echocardiography 

 We evaluated cardiac function in e18.5 fetal offspring through in vivo echocardiography. 

To determine if GDM-exposed offspring suffered impacts on cardiac function, we measured EF, 

FS, and LV volume (Fig 3.2). When compared to Lean offspring, GDM offspring showed a 

significant 10% decrease in ejection fraction (p=0.0058) (Fig 3.2A). Ejection fraction was 

increased by 1.07-fold (p=0.0776) in GDM + RESV offspring compared to GDM, although this 

did not reach statistical significance (Fig 3.2A). GDM offspring showed a 1.2-fold reduced 

fraction shortening when compared to Lean offspring (p=0.0122) (Fig 3.2B). Fractional 

shortening was increased 1.1-fold in GDM + RESV compared to GDM offspring. However, it 

did not reach significance (p=0.19) (Fig 3.2B). Lastly, when evaluating LV volume, we noticed 

there were changes between Lean and GDM offspring however, these changes did not reach 

significance (p=0.08). Similarly, when comparing GDM + RESV offspring to GDM offspring, 

no significant difference was observed (p=0.18) (figure 3.2C). These findings, coupled with the 

preceding cardiac structure data (Fig 3.1), show that early-life exposure to GDM can 

significantly impact the cardiac structure in fetal offspring, leading to concentric left ventricular 

cardiac hypertrophy with potential early alterations to cardiac function as GDM offspring also 

exhibited decreased ejection fraction and fractional shortening (as seen in Fig 3.2). Importantly, 

maternal RESV treatment attenuated GDM-induced cardiac hypertrophy in fetal offspring.  
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Figure 3.2 Assessment of Cardiac Function Through In Vivo Fetal Echocardiography on Fetal 

(e18.5) Offspring 

 

 

 

 

 

 

 

 

 

 

 

A) Ejection fraction of fetal offspring e18.5 from Lean (grey), GDM (red), and GDM + RESV 

(green) dams. B) Fractional shortening from e18.5 fetal offspring. C) Left ventricle volume of 

fetal offspring taken during diastole. Data presented as mean +/- S.E.M, (n= 9 Lean, 8 GDM, 9 

GDM + RESV where n is represented as one dam litter). P-values represent significance (<0.05) 

after one-way ANOVA with multiple comparisons and Tukey post-hoc test. 
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Figure 3.3 Tracking Calcium Flux Using Fluo-4 in Isolated Fetal Cardiomyocytes 

 

 

 

 

 

 

 

 

 

A) Representative calcium trace image from isolated cardiomyocytes from Lean, GDM, and 

GDM+RESV offspring (n= 4, n is represented as one entire dam litter). B) Representative 

calcium flux trace over time of isolated cardiomyocytes from Lean, GDM and GDM+RESV 

offspring before and after injection of angiotensin II (n= 4, n is represented as one entire dam 

litter). Calcium flux was measured using the cell-permeant Fluo-4. Calcium traces over time 

were analyzed from region of interest (ROI).  
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Figure 3.4 Assessment of Calcium Dynamics Using Fluo-4 in Isolated Fetal Cardiomyocytes 

 

 

 

 

 

A) Average frequencies of cardiomyocytes isolated from Lean, GDM, and GDM+RESV offspring 

before and after angiotensin II injection. B) Average decay time (time for 50% fluorescence 

intensity) of fetal cardiomyocyte isolated from Lean, GDM and GDM + RESV offspring. C) 

Average release time (time to reach 50% fluorescence intensity) of fetal cardiomyocytes from 

Lean, GDM, and GDM + RESV offspring. Data presented as mean +/ S.E.M (n= 4, n is 

represented as one entire dam litter). Calcium flux was measured using the cell-permeant Fluo-4. 

P-values represent statistical significance after two-way ANOVA with Tukey post-hoc multiple 

comparison.  
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3.5 Calcium Dynamics in Isolated Fetal Rat Cardiomyocytes  

 Using a Ca2+ sensitive fluorescent dye Fluo-4 we performed real-time calcium imaging 

on isolated fetal cardiomyocytes of Lean, GDM, and GDM+RESV offspring (Fig 3.3A). We 

monitored the changes in release and reuptake cycles accordingly based on changes in 

fluorescence intensity over time, first gathering a baseline read before injecting angiotensin II to 

stimulate cardiomyocyte beat frequency (Fig 3.3B). Consistent with previous findings from our 

group, fetal cardiomyocytes of GDM offspring showed delayed flux cycles when compared to 

Lean offspring and quickly became unresponsive following angiotensin II injection (Fig 3.3B). 

While fetal cardiomyocytes isolated from GDM+RESV offspring had slower flux cycles at 

baseline recording, they were more responsive to the angiotensin II stressor (Fig 3.3B). This can 

be more clearly observed when we calculated and averaged the cardiomyocyte beat frequencies 

from these isolated fetal cardiomyocytes (Fig 3.4A). When comparing the beat frequencies of all 

groups, we noticed that both Lean and GDM+RESV were more responsive to the angiotensin II 

stressor, which was indicated by an increase in cardiomyocyte beat frequencies (1.59-fold and 

1.74-fold, respectively) (p=0.0208 and p=0.0226) (Fig 3.4A). When we examined the average 

beat frequency of isolated fetal cardiomyocytes from GDM offspring, we found no significant 

changes in beat frequency after angiotensin II injection (p=0.9646) (Fig 3.4A). We also evaluated 

cardiomyocyte decay time, the time it takes for fluorescence intensity to drop by 50% from the 

peak, across all groups before or after angiotensin II injection (Fig 3.4B). We found that 

cardiomyocytes from GDM offspring had longer decay times when compared to Lean offspring. 

Specifically, the decay time recorded at baseline was 1.77-fold longer in GDM fetal 

cardiomyocytes when compared to Lean (p=0.0001) (Fig 3.4B). When we evaluated the decay 

time after angiotensin II, we found a decrease in decay time, specifically in cardiomyocytes from 

Lean and GDM + RESV offspring. Lean fetal cardiomyocytes showed a decrease in decay time 
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by 1.75-fold (p=0.0362) (Fig 3.4B). Similarly, GDM + RESV showed a decrease in decay time 

by a fold of 1.77 after angiotensin II injection (p=0.0002) (Fig 3.4B). We did not notice changes 

in decay time in GDM-isolated fetal cardiomyocytes after angiotensin II treatment (Fig 3.4B). 

We also evaluated release time (the time it takes for fluorescence intensity to reach 50% from 

baseline) before and after angiotensin II across all groups. Isolated cardiomyocytes from GDM 

offspring showed longer baseline release time by a fold of 1.63 when compared to 

cardiomyocytes from Lean offspring (p=0.0002) (Fig 3.4C). Similarly, GDM + RESV fetal 

cardiomyocytes also showed longer release time at baseline by a fold of 1.36 when compared to 

Lean (p=0.0374) (Fig 3.4C). However, after angiotensin II injection, both GDM + RESV and 

Lean fetal cardiomyocytes showed an increase in their release time. Specifically, release time 

was decreased by a fold of 2 (p<0.0001) and 2.3-fold (p=0.0008), respectively (Fig 3.4C). We 

did not notice significant changes in calcium release time in fetal cardiomyocytes from GDM 

offspring after angiotensin II (Fig 3.4C). These findings suggest that, at baseline, GDM fetal 

cardiomyocytes showed lower average beat frequency, increased decay time, and increased 

release time when compared to cardiomyocytes from Lean offspring. When we used angiotensin 

II to increase cardiomyocyte beat frequency, we noticed that GDM cardiomyocytes were 

unresponsive to the stressor, and no changes were observed. Although fetal cardiomyocytes from 

GDM + RESV offspring showed shorter beat frequency and longer baseline decay and release 

time when compared to Lean cardiomyocytes after angiotensin II was introduced, GDM + RESV 

cardiomyocytes showed more responsiveness towards the stressor through an increase in beat 

frequency, decay time, and release time.  
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3.6 Discussion and Conclusion. 

The purpose of this research was to determine whether RESV supplementation in the 

maternal diet during the third trimester of pregnancy characterized by GDM would protect the 

offspring from cardiac hypertrophy and dysfunction. Previous work from our lab found that 

GDM-exposed offspring had increased thickness of the left ventricular wall and intraventricular 

septum (Kereliuk, 2022). In this thesis, we replicated our previous findings, but more 

importantly, we extended these findings to show that maternal RESV supplementation attenuated 

GDM-induced cardiac hypertrophy in the fetal offspring. Previous work from our lab has found 

that fetal cardiomyocytes of GDM offspring exhibited delayed and extended calcium flux using 

the calcium tracker Fura-2 (Kereliuk, 2022). Although we used a different calcium binding dye, 

we made similar observations using fluo-4. In this study, we found that isolated fetal 

cardiomyocytes from GDM offspring had lower beat frequency and longer decay and release 

time. Upon angiotensin-II stimulation, fetal cardiomyocytes from GDM offspring were not 

responsive to the stressor. While fetal cardiomyocytes from GDM+RESV offspring showed 

similar characteristics as GDM, they were more responsive to angiotensin II stimulation. To our 

knowledge, this is the first observation that RESV affects calcium flux in fetal cardiomyocytes. 

Calcium handling plays a crucial role in cardiac function, since calcium is a central 

component in the excitation-contraction coupling in cardiomyocytes, the timing of cardiac 

contraction and relaxation is important. During systole, the force of contraction is determined 

based on the amplitude of calcium transient in diastole rapid removal of cytosolic calcium is 

crucial for relaxation, allowing for the next round of contraction to occur (Gilbert et al., 2020; 

Sutanto et al., 2020). Impairments in calcium flux cycles can impact cardiac function as longer 

relaxation rates can result in impaired contractility of the heart (Law & Metzger., 2021). 

Similarly, prolonged calcium transient can also lead to a reduction in the generation of the force 



57 
 

of cardiac contraction that may shift the heart to its compensatory phase in order to maintain 

adequate cardiac output (Balke & Shorofsky, 1998; Schaub et al., 1998). 

Concentric cardiac hypertrophy is a condition that is characterized by an increase in the 

thickness of the heart muscle without an overall change in the chamber size (Lorell & Carabello, 

2000). The development of concentric cardiac hypertrophy in GDM may be a response to 

maternal hyperglycemia and hyperinsulinemia that may increase fetal cardiac size in utero (Al-

Biltagi et al., 2021). 

Previous studies have found that RESV attenuated left ventricular cardiac hypertrophy in 

hypertensive rats. Specifically, RESV was able to reduce left ventricle mass, LVPW thickness, 

and the ratio of heart weight/tibia length (Dolinsky et al., 2013). Studies from Ma et al. (2023) 

also found that RESV administration was able to reduce LV wall thickness in mouse models of 

cardiac hypertrophy (Ma et al., 2023). Based on our findings, we found that maternal RESV 

supplementation introduced in the final trimester of pregnancy prevented GDM-induced cardiac 

hypertrophy during the fetal stages, which may, in turn, protect the offspring from cardiac 

complications later in life.  
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Chapter 4: Effects of Maternal RESV on Mitochondrial Respiration and Glycolysis in 

GDM Offspring 

4.1 Introduction 

About 90% of cellular ATP is utilized for the contraction-relaxation cycles of the heart 

(Brown et al., 2016). To meet this high energy demand, cardiomyocytes have a high content of 

mitochondria compared to many other tissues (Brown et al., 2016). Mitochondrial function plays 

a crucial role in the development and progression of cardiac hypertrophy (Brown et al., 2016). In 

the preceding chapter, we used echocardiography to show that GDM caused fetal cardiac 

hypertrophy (Figure 3.1A). Moreover, we observed that GDM offspring exhibit cardiac 

hypertrophy that persists across the lifespan, impaired diastolic function in young adulthood and 

develop systolic dysfunction with advanced age (Kereliuk, 2022). During the early compensatory 

phase of cardiac hypertrophy, mitochondrial respiration adapts to meet the increased energy 

demands of the enlarged myocardium. However, as the heart transitions to the decompensatory 

phase, mitochondrial function begins to decline (Rosca et al., 2012). This is vital as a significant 

portion of the energy produced by the mitochondria is used for calcium handling within 

cardiomyocytes. When mitochondrial function declines, this can begin to impair cellular calcium 

handling as many of the membrane-bound pumps required for cytosolic calcium release and 

reuptake are energy-dependant, which can, in turn, lead to impairments in excitation-coupled 

contraction (Brown et al., 2016). Moreover, mitochondrial dysfunction contributes to the 

production of reactive oxygen species that can damage cardiac muscle tissues (Bhullar and 

Dhalla, 2023). 

Previous studies from our lab found that fetal cardiomyocytes from GDM offspring 

exhibit mitochondrial dysfunction with alterations in energy metabolism (Kereliuk, 2022). We 

hypothesize that RESV may improve mitochondrial function, specifically through the activation 
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of various signalling pathways such as AMPK and SIRT1. Specifically, we hypothesize that 

RESV activates AMPK, a key regulator in cellular energy metabolism and mitochondrial 

biogenesis (Zheng et al., 2022). Similarly, the activation of the class III deacetylase SIRT1 also 

plays a role in promoting mitochondrial function and biogenesis through deacetylation and 

activation of PGC-1a, a master regulator that promotes mitochondrial biogenesis (Iside et al., 

2020). The activation of AMPK, PGC-1a and SIRT1 can lead to a cascade of events, ultimately 

enhancing mitochondrial biogenesis and oxidative phosphorylation and improving mitochondrial 

function, which can lead to improvements in energy production within fetal cardiomyocytes 

(Fang et al., 2018). In this chapter, we explore how GDM induces impairments in cardiomyocyte 

mitochondrial function and energy production potential and investigate whether RESV mitigates 

cardiomyocyte mitochondrial dysfunction in GDM offspring. 

4.2 Methods 

Refer to Chapter 2 for materials and methods 

4.3 Cardiomyocyte Energy Metabolism in the Presence of Glucose 

We isolated cardiomyocytes from fetal hearts (embryonic day 20.5) of rat offspring from 

Lean, GDM, and GDM + RESV dams.  Then, we assessed mitochondrial bioenergetic function 

using a mitochondrial stress test performed on the Agilent XF24 Seahorse Extracellular Flux 

Analyzer in the presence of glucose as substrate (Fig. 4.1A). When compared to Lean 

cardiomyocytes, cardiomyocytes isolated from GDM offspring showed a 1.50-fold decrease 

towards calculated basal respiration in the presence of glucose (p=0.0179) (Fig 4.1B). Although 

cardiomyocytes isolated from GDM + RESV offspring showed a ~15.8% higher basal respiration 

when compared to GDM fetal cardiomyocytes, this did not reach significance (p=0.5845) (Fig 

4.1B). When we calculated mitochondrial maximal respiration, we found that fetal 
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cardiomyocytes from GDM offspring showed a ~42.2% decrease in maximal respiration when 

compared to cardiomyocytes isolated from Lean offspring (p=0.0155) (Fig 4.1C). When 

compared to Lean cardiomyocytes, we noticed a ~21.2% decrease in maximal respiration in 

cardiomyocytes isolated from GDM + RESV offspring, which was not significant (p=0.1658). In 

addition, maximal respiration in cardiomyocytes in GDM + RESV offspring increased 1.42-fold 

when compared to GDM cardiomyocytes, though these findings did not reach significance 

(p=0.3873) (Fig 4.1C). Lastly, we assessed mitochondrial spare respiratory capacity from 

cardiomyocytes isolated from Lean, GDM and GDM + RESV offspring. When we compared the 

effects of GDM, we noticed that GDM cardiomyocytes exhibited a 2-fold decrease in 

mitochondrial spare respiratory capacity when compared to Lean cardiomyocytes (p=0.0021) 

(Fig 4.1D). When we examined the effects of RESV on cardiomyocyte spare respiratory 

capacity, we found a 29.6% increase when compared to GDM offspring. However, this did not 

reach significance (p=0.1715) (Fig 4.1D).  

 

 

 

 

 

 

 

 

 

  



61 
 

Figure 4.1 Cardiomyocyte Bioenergetics in the Presence of Glucose 

 

 

 

 

 

 

A) Oxygen Consumption Rate (OCR) over time in Lean (black), GDM (red), and GDM + RESV 

cardiomyocytes (green) in the presence of glucose. B) Calculated parameters of basal 

mitochondrial respiration. C) Calculated parameters of maximal respiration. D) Calculated 

parameters of spare respiratory capacity. Readings normalized to protein concentration (ug). 

Data presented as mean +/- S.E.M, n=5 (where n is represented as 1 entire dam litter). P-values 

represent significance (<0.05) after one way ANOVA with Tukey multiple comparison. 
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4.4 Cardiomyocyte Energy Metabolism in the Presence of Palmitate 

Fatty acids are the primary energy substrate used by the heart (Ardehali et al., 2012). 

Therefore, we investigated mitochondrial bioenergetics in the presence of fatty acids using 

palmitate, a 16-carbon saturated fatty acid. We repeated the mitochondrial stress test using 

palmitate with or without the addition of the carnitine palmitoyl transferase 1 (CPT1) inhibitor, 

etomoxir (with water being used as our vehicle control) (Fig 4.2 and 4.3). Similarly, we found 

that fetal cardiomyocytes isolated from GDM dams showed impaired oxidation of palmitate 

when vehicle control was administered (Fig 4.2A). Basal respiration of fatty acids (Fig 4.2B) by 

cardiomyocytes from GDM offspring exhibited a 37.7% decrease compared to Lean (p=0.0751) 

and a 32.3% lower basal respiration compared to GDM + RESV cardiomyocytes that did not 

reach significance (p=0.1759). Maximal respiration was evaluated across all groups, and GDM 

offspring exhibited a 40.8% decrease in maximal respiration when compared to Lean (p=0.0005) 

(Fig 4.2C). When examining cardiomyocytes from GDM + RESV offspring, maximal respiration 

was 34.5% higher than GDM (p=0.0043). Additionally, when compared to Lean cardiomyocytes, 

there were no significant differences in terms of maximal respiration between Lean and GDM + 

RESV cardiomyocytes (Fig 4.2C). Lastly, the spare respiratory capacity of isolated fetal 

cardiomyocytes from GDM offspring was 1.7-fold lower than in Lean cardiomyocytes 

(P=0.0087) (Fig 4.2D). Whereas spare respiratory capacity was 1.7-fold higher in the 

cardiomyocytes of GDM + RESV offspring compared to GDM fetal cardiomyocytes (p=0.0082) 

(Fig 4.2D).  

 When cardiomyocytes were treated with the CPT1 inhibitor etomoxir, we noticed there 

was a decrease in substrate oxidation in the presence of palmitate in all groups (Fig 4.3A). When 

we calculated basal respiration in response to etomoxir, a decrease in OCR compared to our 
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vehicle control group was observed (compared to Fig 4.2). When treated with etomoxir, fetal 

cardiomyocytes from Lean, GDM and GDM + RESV offspring had reduced basal respiration 

(Fig 4.3B) however there were no significant differences across the groups as they expressed 

similar levels of basal OCR. Similarly, we also observed a reduction in maximal respiration 

within cardiomyocytes from Lean, GDM, and GDM + RESV treated with etomoxir (Fig 4.3C). 

Lastly, spare respiratory capacity was reduced in etomoxir-treated cardiomyocytes from Lean, 

GDM, and GDM + RESV offspring (Fig 4.3D). We compared the changes in OCR with or 

without the presence of etomoxir (Fig 4.4A-C). When we calculated basal respiration in response 

to etomoxir, we noticed that fetal cardiomyocytes from Lean offspring exhibited a reduction in 

basal respiration by ~2.1-fold when compared to our vehicle control (p=0.002) (Fig 4.4A). While 

not significant, we also noticed a small decrease in basal respiration in fetal cardiomyocytes from 

GDM offspring by a fold of 1.25 (p=0.8865) (Fig 4.4A). Fetal cardiomyocytes from 

GDM+RESV offspring, however, showed a reduction in basal OCR by a fold of 1.85 with the 

presence of etomoxir (p=0.0154) (Fig 4.4A). When comparing maximal respiration, we noticed 

that Lean cardiomyocytes treated with etomoxir exhibit a reduction in maximal OCR by 2.05-

fold (p<0.0001) (Fig 4.4B). Meanwhile, GDM fetal cardiomyocytes only exhibit a 1.27-fold 

reduction toward its maximal OCR when treated with etomoxir (p=0.3679) (Fig 4.4B). Lastly, 

we examined changes within GDM + RESV fetal cardiomyocytes and found that the presence of 

etomoxir reduced maximal respiration by a fold of 1.88 (p<0.0001) (Fig 4.4B). We also 

evaluated changes in spare respiratory capacity, and we found that the presence of etomoxir 

reduced spare respiratory capacity in fetal cardiomyocytes from Lean, GDM and GDM + RESV 

offspring (Fig 4.4G). Specifically, spare respiratory was reduced by 1.80 (p=0.0007) and 1.92-

fold (p=0.0003), respectively, in fetal cardiomyocytes from Lean and GDM + RESV offspring 
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(Fig 4.3G). Fetal cardiomyocytes from GDM offspring showed a 1.2-fold reduction in spare 

respiratory capacity (p=0.878) (Fig 4.4C). 

Together, these findings show that cardiomyocytes from Lean, GDM and GDM + RESV 

offspring exhibited decreased OCR traces when treated with etomoxir. This suggests that when 

CPT1 is inhibited, Lean and GDM + RESV cardiomyocytes exhibit a decreased maximal and 

basal respiration similar to calculated parameters from GDM cardiomyocytes when CPT1 is 

active (i.e., when cardiomyocytes are treated with vehicle control) suggesting that under the 

presence of fatty acids like palmitate, CPT1 could be a potential factor responsible for impaired 

mitochondrial function in cardiomyocytes isolated from GDM exposed offspring.  
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Figure 4.2 Cardiomyocyte Bioenergetics in the Presence of Palmitate 

 

 

 

 

 

 

 

A) OCR over time in Lean (black), GDM (red), and GDM + RESV (green) cardiomyocytes in the 

presence of palmitate treated with vehicle. B) Calculated parameter of basal mitochondrial 

respiration. C) Calculated parameter of Maximal respiration. D) Calculated parameters of spare 

respiratory capacity. Readings normalized to protein concentration (ug). Data presented as 

mean +/- S.E.M, n=5 (where n is represented as 1 entire dam litter). P-values represent 

significance (<0.05) after one-way ANOVA with multiple comparisons. 
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Figure 4.3 Cardiomyocyte Bioenergetics in the Presence of Palmitate with Etomoxir 

 

A) OCR over time in Lean (black), GDM (red), and GDM + RESV (green) cardiomyocytes in the 

presence of palmitate treated with etomoxir. B) Calculated parameter of basal mitochondrial 

respiration. C) Calculated parameter of Maximal respiration. Readings normalized to protein 

concentration (ug). D) Calculated parameters of spare respiratory capacity. Data presented as 

mean +/- S.E.M, n=5 (where n is represented as one entire dam litter). P-values represent 

significance (<0.05) after one-way ANOVA with multiple comparisons and Tukey post-Hoc test. 
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Figure 4.4 Comparison of Mitochondrial Respiration in the Presence or Absence of Etomoxir 

 

 

 

 

 

A) comparison of basal respiration between cardiomyocytes with or without the presence of 

etomoxir. B) comparison of maximal respiration between cardiomyocytes treated with or without 

etomoxir. C) comparison of spare respiratory capacity between cardiomyocytes with or without 

the presence of etomoxir.  Readings normalized to protein concentration (ug). Data presented as 

mean +/- S.E.M, n=5 (where n is represented as one entire dam litter). P-values represent 

significance (<0.05) after two-way ANOVA with multiple comparisons and Tukey post-Hoc test. 
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4.5 Cardiomyocytes Energy Metabolism Under Glycolysis 

To further investigate energy metabolism in fetal cardiomyocytes, we examined changes 

in glycolytic activity. To accomplish this, we isolated fetal cardiomyocytes from Lean, GDM, 

and GDM + RESV offspring and assessed glycolytic activity through a glycolysis stress test 

performed on the Agilent Seahorse XFe24 extracellular flux analyzer (XFe24). We examined the 

glycolytic activity of fetal cardiomyocytes in the presence of high glucose concentration. In the 

presence of a high glucose environment, fetal cardiomyocytes isolated from GDM offspring 

showed higher glycolytic activity (figure 4.5A). When compared to fetal cardiomyocytes from 

Lean offspring, GDM fetal cardiomyocytes showed a 1.5-fold higher glycolytic rate (p=0.0149) 

and a 1.2-fold higher glycolytic rate compared to GDM + RESV (p=0.3215) (figure 4.5B). When 

assessing glycolytic capacity, we found that when compared to Lean cardiomyocytes, GDM fetal 

cardiomyocytes displayed a 1.7-fold increase in glycolytic capacity (p=0.0003) and a 1.4-fold 

increase when compared to GDM + RESV cardiomyocytes (p=0.0078) (Fig 4.5C). Lastly, when 

evaluating glycolytic reserves, we found that GDM cardiomyocytes exhibited the highest 

glycolytic reserve, with a 1.9-fold higher glycolytic reserve compared to Lean (p=0.0018) and a 

1.54-fold increase in glycolytic reserve compared to GDM + RESV (p=0.0110) (Fig 4.5D, 

P<0.05).   
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Figure 4.5 Cardiomyocyte Energy Metabolism Through Glycolysis 

  

 

 

 

 

 

(A) Extracellular Acidification Rate (ECAR) over time in fetal cardiomyocytes isolated from 

Lean (black), GDM (red), GDM + RESV (green). (B) Calculated parameter of glycolysis rate. 

(C) Calculated parameters of glycolytic capacity. (C) Calculated parameters of glycolytic 

reserve. Readings normalized to protein concentration (ug). Data presented as mean +/- S.E.M, 

(Lean n=5, GDM n=4, GDM+RESV n=5) (where n is represented as one entire dam litter). P-

values represent significance (<0.05) after one-way ANOVA with multiple comparisons 

*p<0.05vs Lean, *p<0.05vs GDM+RESV.  

  



70 
 

4.6 Discussion. 

Mitochondria play a vital role in cellular energy production, which is especially important 

in the heart. Insufficient energy production can contribute to contractile dysfunction and 

eventually manifest as heart failure (Siasos et al., 2018). Using cardiomyocytes isolated from 

fetal offspring, we identified GDM-induced mitochondrial dysfunction through impaired glucose 

and fatty acid oxidation. Using the seahorse XFe24 analyzer, we were able to find that fetal 

GDM cardiomyocytes exhibited a decrease in mitochondrial oxygen consumption rate as 

evidence of lower oxidative phosphorylation and reduced ATP production. Moreover, the 

glycolysis stress test found that GDM fetal cardiomyocytes demonstrated an increase in 

glycolytic activity for ATP production. When combined with our mitostress test data, this 

indicates a metabolic shift from oxidative phosphorylation of substrates to an increase in 

glycolysis, which is less efficient for energy production (Bhullar & Dhalla, 2023). Alternatively, 

when we analyzed fetal cardiomyocytes from GDM dams receiving RESV supplementation, we 

noticed that, when compared to GDM, they exhibited higher oxidative phosphorylation and 

increased maximal and spare respiratory capacity in the presence of glucose and especially fatty 

acids substrate like palmitate. When analyzing the extracellular acidification through the 

glycolysis stress test, these cardiomyocytes were also less glycolytic active compared to 

cardiomyocytes from GDM offspring which could suggest that GDM + RESV cardiomyocytes 

would not rely on glycolysis for ATP production as mitochondrial oxidative phosphorylation is 

maintained. 

 These findings, alongside the findings in the previous chapter, demonstrate the effects of 

GDM exposure on offspring health. In our previous chapter, we showed that maternal GDM 

exposure altered offspring's cardiac structure as offspring exhibited left ventricular cardiac 
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hypertrophy. In this chapter, we demonstrated that GDM exposure altered cardiac energy 

metabolism and mitochondrial function within cardiomyocytes, which could serve as a driving 

factor towards cardiac dysfunction within the hearts of offspring.  

 Previous findings from our group have found similar GDM-induced alterations in fetal 

cardiac metabolism. Studies from Kereliuk. (2022) demonstrated that GDM-exposed fetal 

cardiomyocytes showed reduced glucose and fatty acid oxidation with reduced mitochondrial 

respiratory reserves (Kereliuk, 2022). Similarly, a study conducted by Mdaki et al. (2016) found 

that in their diabetes-exposed neonatal rat cardiomyocytes, there was a decrease in mitochondrial 

OCR, specifically, cardiomyocytes had lower basal, maximal and spare mitochondrial respiration 

(Mdaki et al., 2016).   

During the early stages of pathological cardiac hypertrophy, the demand for ATP is 

increased in response to the increased mechanical stress on the heart (Rosca et al., 2012). 

Mitochondria have an important role here in providing sufficient energy for the larger cardiac 

muscle. To compensate mitochondrial biogenesis is upregulated to match the increased energy 

requirements of the hypertrophied heart (Rosca et al., 2012) additionally mitochondrial oxidative 

capacity can be preserved or even increased in the early stages of cardiac hypertrophy in order to 

reach the required energy demands (Rosca et al., 2012). As hypertrophy progresses to its 

decompensatory phase, mitochondrial function declines, and this decline is marked by a 

reduction in oxidative phosphorylation activity and impaired energy production that further 

contributes to the transition from compensated cardiac hypertrophy to decompensated heart 

failure (Rosca et al., 2012; Yang et al., 2022; Zhou & Tian, 2018). In this study, GDM may 

sensitize the cardiomyocytes of the offspring to the development of cardiac dysfunction through 

inadequate mitochondrial oxidative phosphorylation for ATP production. 
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In the previous chapter, we observed that maternal RESV supplementation during 

pregnancy prevented left ventricular cardiac hypertrophy in GDM offspring. Therefore, here we 

hypothesized that maternal RESV would improve mitochondrial oxidative phosphorylation and 

mitochondrial function in GDM-exposed fetal cardiomyocytes. Previous studies found that 

RESV improves mitochondrial function in the hearts of diabetic rats through the activation of the 

SIRT1-PGC-1a pathway, key regulators that are involved in mitochondrial function and energy 

metabolism (Fang et al., 2017). Additionally, RESV improved mitochondrial function in H9c2 

cells cultured under high glucose conditions, which resulted from SIRT1 and PGC-1a activation 

promoting mitochondrial biogenesis and fatty acid metabolism (Fang et al., 2017). Studies from 

Bastin et al. (2011) have also demonstrated that RESV enhanced fatty acid oxidation in human 

fatty acid oxidation-deficient fibroblast through the activation of SIRT1 and PGC-1a pathways 

(Bastin et al., 2011). Our findings are consistent with these findings, illustrating that RESV 

increased glucose and fat oxidation in fetal cardiomyocytes.  

To our knowledge, this is one of the first studies to examine RESV and its impact on 

glycolysis, especially within cardiomyocytes. However, based on our data and given that RESV 

enhanced more efficient oxidative phosphorylation, this would shift energy metabolism away 

from reliance on glycolysis and warrant further studies. 

 In this chapter, we noticed differences in mitochondrial energy metabolism and 

mitochondrial respiration. We first noticed a difference in oxidative phosphorylation within 

cardiomyocytes from GDM + RESV offspring, when compared to GDM, these cardiomyocytes 

had increased levels of mitochondrial respiration and increased maximal and spare respiratory 

reserves in the presence of substrates like glucose and, more importantly, fatty acids like 

palmitate. This maintained oxidative phosphorylation could potentially explain the decrease in 
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reliance for glycolysis that we see through our glycolysis stress test as GDM + RESV 

cardiomyocytes had lower levels of glycolytic capacity and glycolytic reserves than GDM 

cardiomyocytes.  

Collectively, these findings showed that maternal RESV supplementation taken during 

the third trimester of GDM improved mitochondrial function within GDM-exposed fetal 

cardiomyocytes, thereby maintaining mitochondrial activity and ATP production that is sufficient 

to meet the required demands of the heart without the reliance on anaerobic pathways like 

glycolysis. This could potentially prevent early-onset cardiac hypertrophy in GDM-exposed 

offspring. 
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Chapter 5: Discussion 

General Discussion and Conclusion  

Previous studies have shown that GDM predisposes offspring to cardiovascular 

complications and elevates the risk of cardiovascular disease development (Benham et al., 2021; 

Guillemette et al., 2020). With the ongoing obesity epidemic, increasing numbers of women of 

childbearing age are overweight, and as a consequence of this major risk factor, the incidence of 

GDM will only continue to rise (Eades et al., 2024; Nelson et al., 2024).  Therefore, it is 

important to identify new treatments for GDM and understand their implications for the long-

term health of the offspring. 

RESV is a natural polyphenol compound found in fruits and vegetables which has been 

extensively studied for its health benefits in various diseases and different animal models (Diaz-

Gervinin et al., 2016; Berman et al., 2017; Pezzuto., 2018). Animal studies using RESV have 

been shown to be safe and well-tolerated during pregnancy (Williams et al., 2009). Studies 

utilizing pregnant C57BL/KsJ-Lepdb/+ mice have found that maternal RESV improved glucose 

metabolism and alleviated hyperglycemia in the mother (Yao et al., 2015), and while it has been 

reported that RESV can cross the placenta, it does not cause fetal loss or fetal malformations. 

(Bourque et al., 2012; Singh et al., 2013; Williams et al., 2009; Brawerman & Dolinsky, 2018). 

In this study, we examined how supplementing the maternal diet at the start of the third 

trimester with RESV, which is the onset of hyperglycemia during pregnancy, affects 

cardiovascular health in the offspring. To accomplish this, we used a previously established diet-

induced GDM animal model from our lab that mimics the phenotypic characteristics seen in 

mothers with GDM (Pereira et al., 2015). Previously, our lab and others showed that maternal 

RESV improved glucose tolerance and alleviated hyperglycemia within the context of diabetes 
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during pregnancy (Brawerman et al., 2019; Yao et al., 2015; Zheng et al., 2018). Previous work 

from our group have found that maternal RESV supplementation also attenuated GDM-induced 

hepatic steatosis and improved insulin secretion (Brawerman et al., 2019). One key thing to note 

based on previous studies is the timing and dosage of RESV varies across studies. Studies from 

Yao et al. (2015) incorporated RESV via oral gavage at a dose of 10mg/kg body weight/day 4 

weeks prior to pregnancy and 20 days during pregnancy (Yao et al., 2015). Studies from Zou et 

al. (2016) supplemented RESV in high-fat diets of C57BL/6J mice at a dosage of 0.2% RESV, 

which was equivalent to 200mg/kg body weight/day (Zou et al., 2016). Studies by Roberts et al. 

(2014) using nonhuman primates utilized a Western-style diet supplemented with 0.37% RESV 

throughout pregnancy (Roberts et al., 2014). Ros et al. (2018) group utilized RESV in Wistar rats 

during pregnancy and lactation at a dosage of 2.0-2.5mg/kg body weight/day in drinking water 

(Ros et al., 2018). The study by Ros et al. supplemented the low-fat diet of pregnant and lactating 

dams with RESV and showed minimal effects on glucose homeostasis in the offspring (Ros et 

al., 2018). Therefore, in our study, we did not incorporate a pregnant low-fat diet group 

supplemented with RESV. Studies from our group conducted by Brawerman et al. (2019) 

introduced RESV in the maternal high fat and sucrose diet through supplementation at a dosage 

of ~147 mg/kg body weight/day only during the third trimester of pregnancy in female Sprague 

Dawley rats, and they were able to see changes within the offspring within a narrow window of 

treatment. (Brawerman et al., 2019). Likewise, findings from our study demonstrated that we 

were able to observe the effects of maternal RESV supplementation on fetal offspring within a 

small window of therapy (during the third trimester of pregnancy), which is critical within the 

context of therapeutics when designing an appropriate strategy that reduces chances of potential 

adverse effects. To our knowledge, this is the first study that incorporates RESV supplementation 
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in the maternal diet only during the final third of pregnancy and examines cardiovascular 

outcomes in the offspring.  

In Chapter 3, we replicated our previous findings from our lab conducted by Kereliuk. 

(2022) that showed that GDM-exposed offspring exhibit left ventricular cardiac hypertrophy 

during the fetal stage of development (Kereliuk, 2022). Our studies replicate similar findings 

from our previous group, demonstrating a form of concentric cardiac hypertrophy developing 

within GDM-exposed offspring. LVH is characterized by the thickening of the walls of the left 

ventricle, including both the interventricular septum and the posterior wall. Although LVH can 

arise from various causes, research by Al-Biltagi et al. (2021) highlights maternal hyperglycemia 

during pregnancy as a significant risk factor for the subsequent development of LVH in the 

offspring (Al-Biltagi et al., 2021). This maladaptive form of hypertrophy is critical as it can 

significantly impair heart function, which can lead to several consequences and increase the risk 

of the development of further cardiovascular complications (Skovsgaard et al., 2024; Selvetella 

et al., 2004). Previous animal studies in the literature have demonstrated the potential of RESV 

in alleviating cardiac hypertrophy within the context of diabetes (Fang et al., 2018; Wang et al., 

2018). In our study, we were able to demonstrate the protective effects of maternal RESV 

supplementation taken during the third trimester of pregnancy to alleviate GDM-induced cardiac 

hypertrophy seen in the offspring.  

Alterations in cardiac structure, such as concentric cardiac hypertrophy, can contribute 

towards impairments of calcium handling and calcium flux in the heart that can impact both 

contraction and relaxation processes (Balke & Shorofsky 1998). Previous findings from our 

group found that GDM-exposed fetal cardiomyocytes exhibit delayed and extended calcium flux 

cycles (Kereliuk, 2022). RESV has been reported to enhance the function of sarco-/endoplasmic 
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reticulum calcium ATPase (SERCA), a vital component in sequestering calcium back into the 

sarcoplasmic reticulum (SR), resulting in improved calcium dynamics and better contractile 

function in cardiomyocytes (Delucchi et al., 2012). Therefore, we wanted to examine alterations 

in calcium cycles within isolated cardiomyocytes from fetal offspring and determine whether 

RESV might have any effect on calcium flux. Findings from our calcium data demonstrated that 

cardiomyocytes from GDM offspring exhibit delayed basal flux cycles when compared to 

cardiomyocytes of Lean offspring. Decay time and release time were longer in GDM-exposed 

cardiomyocytes. When we examined cardiomyocytes from isolated fetal cardiomyocytes from 

GDM offspring under maternal RESV supplementation, we found no significant differences 

during our baseline basal recordings however, with the introduction to angiotensin II, a stressor 

used to increase cardiomyocyte beat frequency, we noticed that these fetal cardiomyocytes were 

more responsive to the stressor. It could be speculated that while we may not see alterations 

under basal conditions, maternal RESV supplementation may have protective effects on fetal 

cardiomyocytes by enhancing their ability to respond better to stressors like angiotensin II. 

However, further research is required. Previous work from our group demonstrated that exposure 

to GDM impaired calcium handling in fetal rat cardiomyocytes. Although previous work was 

performed using the ratiometric calcium dye Fura-2 on the Olympus IX-70, we were able to 

replicate these findings using a simpler experimental setup. Since Fluo-4 provides brighter 

fluorescence emission when excited at 488 nm, we can acquire stronger signal detection using 

lower concentrations of dye. Additionally, fluo-4 provides a better signal-to-background ratio 

compared to Fura-2, making it a viable candidate for detecting calcium changes in fetal 

cardiomyocytes. Since we also conducted our experiments using Agilent’s BioTek Cytation 5, 

the single-wavelength indicator provided by Fluo-4 makes it easier to incorporate and implement 
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in the Cytation 5 system. Additionally, the use of the Cytation 5 allows us to capture images at 10 

frames per second, allowing us to assess fast calcium kinetics. When coupled with the auxiliary 

injectors, we can immediately monitor changes in calcium kinetics in response to stressors like 

angiotensin II. However, some limitations to consider are unlike Fluo-4, the ratiometric nature of 

Fura-2 allows for more precise quantification of Ca2+ levels. It is also important to note that a 

preset ROI was used to capture our readings and assess our calcium flux parameters for each 

experimental run. However, the ROI between each experimental run was kept consistent between 

groups and experimental replicates.  

In Chapter 4, we found that maternal RESV supplementation improved mitochondrial 

respiration in isolated fetal cardiomyocytes exposed to GDM. GDM-exposed fetal 

cardiomyocytes demonstrated a decrease in fatty acid and glucose oxidation. These findings are 

consistent with previous findings generated by our group (Kereliuk, 2022). One study conducted 

by Yan et al. (2024) also demonstrated that short-term intrauterine hyperglycemia during late 

gestation caused a decrease in offspring mitochondrial oxygen consumption (Yan et al., 2024). 

However, what was interesting to note from our study was that the GDM+RESV offspring group 

showed improved glucose and fatty acid oxidation with a corresponding reduction in glycolysis. 

Previous studies using RESV found that it improved diabetes-induced mitochondrial dysfunction 

and biogenesis in diabetic rats (Fang et al., 2018). Studies from Csiszar et al. (2009) also 

demonstrated that RESV treatment normalized impaired mitochondrial biogenesis in the aortas 

of type 2 diabetic mice (Csiszar et al., 2009). While various studies examined the effects of 

RESV within the context of diabetes, our study provides new knowledge about the effects of 

RESV on offspring outcomes within the context of GDM. Through the use of the Seahorse XF 

analyzer, we were able to capture comprehensive measures of crucial parameters of 
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mitochondrial function such as basal respiration, maximal respiration and spare respiratory 

capacity. Next, we assessed mitochondrial respiration under substrates such as glucose and fatty 

acids, which is useful in understanding the metabolic characteristics of fetal cardiomyocytes. 

However, since we only assessed mitochondrial function on a mixed set of male and female 

isolated fetal cardiomyocytes, it is important to address our limitation in being able to evaluate 

sex-specific differences. The need for a substantial quantity of fetal rat hearts required to obtain a 

sufficient yield of cardiomyocytes for an experimental run (an entire litter typically consisting of 

15-20 rat pups), coupled with the difficulty of determining sex in fetal rat pups, presents a 

challenge in the ability to incorporate sex as a variable in our experimental design. Previous 

studies from Louwagie et al. (2020) have demonstrated sex-based differences in mitochondrial 

bioenergetics within isolated cardiomyocytes from diabetes-exposed offspring (Louwagie et al., 

2020) therefore, it warrants further studies to determine if the effects of maternal RESV 

supplementation are influenced by sex.   

To our knowledge, this study was the first to investigate whether maternal RESV 

supplementation during the third trimester of pregnancy would help improve calcium flux cycles 

within cardiomyocytes isolated from the fetal offspring. Our central hypothesis was that maternal 

RESV supplementation introduced in the third trimester of gestational diabetes pregnancy would 

improve the offspring's cardiovascular outcomes (Fig 5.1). Specifically, we aimed: 1. To 

determine if the effects of maternal RESV supplementation GDM would attenuate GDM-induced 

cardiac hypertrophy and improve calcium flux cycles seen in the offspring; 2. Determine whether 

maternal RESV supplementation would improve mitochondrial function seen in GDM-exposed 

fetal cardiomyocytes. Findings from our experiments have shown that maternal RESV improved 

mitochondrial respiration slightly in glucose oxidation and, more importantly, fatty acid 
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oxidation and attenuated GDM-induced left ventricular cardiac hypertrophy. While we did not 

see any changes toward basal calcium flux, we did notice that fetal cardiomyocytes isolated from 

maternal RESV dams exhibited improved responsiveness to stressors like angiotensin II. 

Additionally, we found maternal RESV to be safe during pregnancy, as no alterations in litter 

size and litter numbers were observed. Since offspring exposed to GDM are at higher risk of 

cardiometabolic disease, our findings may suggest that RESV supplementation during the third 

trimester of pregnancy may help in preventing the development of cardiometabolic disorders.   
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Figure 5.1 Theoretical Framework of Maternal RESV Supplementation and Offspring 

Cardiovascular Outcomes 

 

Exposure to GDM in utero can cause alterations in fetal cardiomyocyte metabolism that lead to 

impairments in mitochondrial function and cardiac energy metabolism this can result in 

impaired calcium flux and can contribute to the development of cardiac hypertrophy in fetal 

offspring. We propose that the incorporation of RESV through supplementation in the maternal 

diet during the third trimester of pregnancy will improve mitochondrial function and calcium flux 

within cardiomyocytes, thereby attenuating cardiac hypertrophy. 
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