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Abstract: 

Proliferating cells, such as neonatal cardiomyocytes, have a high Warburg effect, which 

is a metabolic state in which there is high rates of glycolysis uncoupled from glucose 

oxidation under aerobic conditions. The Warburg effect is typically seen in cancerous cells 

and actively proliferating cells, such as fetal cardiomyocytes.  In the newborn period there 

is a decreased proliferation of cardiomyocytes accompanied by a decrease in glycolysis. 

This is followed by the maturation of cardiomyocytes. This change in energy metabolism 

in the newborn heart may be due to changes in energy substrate availability, such as an 

increase in circulating ketone levels. Ketones have the potential to modify the Warburg 

effect, either through altering glycolysis or glucose oxidation. Ketones, such as β-

hydroxybutyrate (BOHB), are not only a fuel source for the heart, but also have cell 

signaling properties, including the endogenous inhibition of histone deacetylases 

(HDAC). HDAC2 knockout and knockdown studies in animals and cell cultures are known 

to increase differentiation and reduce proliferation of cancerous cells. The objective of 

this study is to determine if the Warburg effect influences maturation of cardiomyocytes, 

and whether ketones, affect this process.  

Objective 1: To determine if the Warburg effect influences maturation of cardiomyocytes, 

and whether ketones, which increase in the newborn period, affect this process.  

Objective 2: To understand how ketones influence maturation and the Warburg effect in 

proliferating cardiomyocytes. 
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 Hypothesis: Ketones will promote cardiomyocyte maturation through decreases in 

glycolysis, and the subsequent decrease of the Warburg effect, and/or due to an inhibition 

of HDAC2 signalling. 

Methods: H9c2 cardiomyocytes were either proliferating or were differentiated (matured) 

for 7-days using 1uM trans-retinoic acid, in the presence or absence of 1 mM BOHB. The 

Warburg effect was then directly measured by assessing glycolysis and glucose 

oxidation. Ketone oxidation and fatty acid oxidation were also assessed. To assess if 

ketones were acting through metabolic pathways, siRNA was used to knockdown BOHB 

dehydrogenase 1 (BDH1) the first enzyme involved in BOHB oxidation, in proliferating 

H9c2 cardiomyocytes. Cells were then cultured in the presence or absence of 1 mM 

BOHB for 6 days, before assessing glycolysis, glucose oxidation, and ketone oxidation. 

To assess if ketones were acting through the endogenous inhibition of HDAC2, siRNA 

was used to knockdown HDAC2 in proliferating H9c2 cardiomyocytes. Cells were then 

cultured in the presence or absence of 1 mM BOHB for 6 days, before assessing 

glycolysis, glucose oxidation, and ketone oxidation. 

Results: The Warburg effect was high in proliferating cardiomyocytes and was decreased 

by 78% with maturation. This was not due to an increase in glucose oxidation, but rather 

due to a decrease in glycolysis in proliferating versus matured cells. Ketones decreased 

the Warburg effect by 28%. This was due solely to a decrease in glycolysis and not 

glucose oxidation. Adding ketones to proliferating cells also increased markers of 

cardiomyocyte maturation such as SERCA2 and PGC-1α.  Knocking down BDH1 did 

decrease ketone oxidation but was not accompanied by changes in glycolysis or glucose 

oxidative rates. Furthermore, ketones affected glycolysis similarly in BDH1 knockdown 
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cells compared to controls in that there was a decrease in the Warburg effect. The 

knockdown of HDAC2 lead to a increase in glycolysis and glucose oxidation, with 

reductions in ketone oxidation. The addition of ketones led to a decrease in glycolysis 

comparable to untreated controls.  

Conclusion: Cardiomyocyte maturation is associated with a reduced Warburg effect, due 

exclusively to a decrease in glycolysis. Ketones contribute to the decrease in the Warburg 

effect, primarily by inhibiting glycolysis. The addition of BOHB increases maturation and 

decreases the Warburg effect in proliferating cardiomyocytes. BDH1 knockdown does not 

change the effects of ketones on glycolysis in proliferating cardiomyocytes. HDAC2 

knockdown increases glycolysis in proliferating H9c2 cells, however this affect is 

abolished by the addition of ketones. This indicates that HDAC2 signaling may play a key 

role in ketones regulation of cardiomyocyte maturation. These results have potential 

implications in understanding the maturation of cardiomyocytes in the newborn period. 
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CHAPTER 1: Literature Review 

 

*Some sections of this literature have been adapted from a review written by Kaya L. 

Persad and Gary D. Lopaschuk (1) 

 

In the newborn period the heart undergoes dramatic changes. The proliferation of 

cardiomyocytes is halted almost immediately after birth, and cardiac cells transition such 

that they experience physiological hypertrophy, multinucleation, and an increase the 

expression of sarcomeric proteins (2). These changes are required in order to support the 

heart’s ability to constantly pump blood throughout the body. During this period of 

maturation, there are significant changes in energy metabolism. In the fetal period, the 

heart primarily relies on glycolysis to support proliferation; conversely, shortly after birth 

there is a decrease in glycolysis and a subsequent increased reliance on oxidative 

metabolism- mainly fatty acid oxidation (3). Given that the heart has limited energy stores, 

this switch in metabolism is crucial to provide the continuously beating heart with sufficient 

adenosine triphosphate (ATP) to meet the extensive energetic demands.  

 

1.1 The Warburg effect 

The Warburg effect is a metabolic state in which there are high rates of glycolysis 

uncoupled from glucose oxidation under aerobic conditions, leading to increased 

production of lactate (Figure 1.1).The Warburg effect is typically seen in cancerous cells 

and actively proliferating cells (4), but is also present in fetal proliferating cardiomyocytes 

(3) and hypertrophied myocardium (5).  In cancer cells, a high Warburg effect promotes 
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their growth, survival, and proliferation. Given that stem cells have a high rate of 

glycolysis, even in the presence of oxygen, they also exhibit the Warburg effect (6–8). 

This is thought to be due to a low copy number of  mitochondrial deoxyribose nucleic acid 

(mtDNA) within stem cells, leading to more immature mitochondria (6,9). Although the 

Warburg effect is inefficient in its ability to produce ATP, the carbons from glucose can 

be used for anabolic processes needed to support cell proliferation (10–12). Particularly, 

there is a greater synthesis of reducing equivalent in the pentose phosphate pathway 

(PPP), such as reduced nicotinamide adenine dinucleotide phosphate (NADPH), which 

is highly consumed during the synthesis of amino acids and nucleotides needed to 

replicate cellular content during division (11,13). Additionally, a characteristic of the 

Warburg effect is that the fate of pyruvate to lactate production is higher, leading to the 

regeneration of nicotinamide adenine dinucleotide (NAD+) from NAD+ + hydrogen 

(NADH), which further supports proliferation and allows for the continuation of glycolysis 

(11). When stem cells differentiate and mature, there is a reversal of the Warburg effect, 

as evidenced by a decrease in glycolysis and an increase in oxidative phosphorylation, 

as discussed above, in order to better support the needs of the differentiated cells (14) 

(Figure 1.1). 
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Figure 1.1 The Warburg effect. Graphic presentation of how glucose is metabolised 

under the conditions of the Warburg effect in proliferating cardiomyocytes such that there 

is a higher rate of glycolysis uncoupled from glucose oxidation regardless of oxygen 

availability. This is altered under conditions of differentiation such that there is an increase 

in glucose oxidation couple with glycolysis under aerobic conditions. Under aerobic 

conditions, glucose is only capable of being metabolized through glycolysis. Adenosine 

triphosphate (ATP). Oxygen (O2). Carbon dioxide (CO2). 

 

1.2 Cardiac maturation  

 The fetal heart’s metabolism reflects the Warburg effect, as there is a high dependency 

on glycolysis for energy production. This is largely due to the fact that in the later stages 

of fetal heart formation, cardiogenic cells rapidly proliferate to complete the development 

of the heart (15). This is mediated through hypoxia-inducible factor 1-alpha (HIF-1α) that 
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is generated due to the fetal heart’s location within a low oxygen environment (16,17). To 

optimize the heart for strong, lifelong, and efficient pumping, fetal cardiomyocytes must 

undergo maturational changes. This involves changes in cell structure, gene expression, 

and importantly, cellular metabolism (18). As early as 7 days post-birth, there is a 

decrease in glycolysis such that it now only contributes to 10% of ATP production (as 

opposed to > 40% of ATP production in fetal life) (3,19). This reduction in glycolysis is 

indicative of a reduced Warburg effect. Interestingly, glucose oxidation still remains low 

during this time, most likely due to an increase in pyruvate dehydrogenase kinase (PDK) 

expression, which phosphorylates and inhibits pyruvate dehydrogenase (PDH) (3). As 

discussed previously, glucose oxidation does not fully mature in the heart until the infant 

is weaned from breast milk (20). Rather, the heart switches from primarily glycolytic 

metabolism to fatty acid oxidation immediately post birth (3). This switch is also seen in 

human induced pluripotent stem cells derived cardiomyocytes (hiPSC-CMs) (21). 

Exposure to high levels of glucose leads to an impaired differentiation into 

cardiomyocytes, seen in both human and mouse embryonic stem cells (ESCs) (22,23). 

Conversely, suppressing glucose levels supplements the differentiation and maturation 

of hiPSC-CMs (22). Together, this indicates the reliance that proliferating stem cells or 

immature cardiomyocytes have on the Warburg effect, and that this is reversed during 

differentiation and maturation. A key change indicative of cardiomyocyte maturation is the 

assembly of sarcomeres in cardiomyocytes, leading to increased expression of 

sarcomere proteins, such as sarco/endoplasmic reticulum Ca2+-ATPase (SERCA2) and 

cardiac troponin T (24). The process of cardiomyocyte maturation occurs in the immediate 
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newborn period when cardiomyocytes lose their proliferative capacity but increase their 

contractile ability (18).  

 

1.2.1 Role of mitochondrial biogenesis in the maturation of cardiomyocytes  

 

1.2.1.1 Postnatal cardiomyocyte maturation  

Cardiac energy demands are dynamic during developmental stages; as a result, 

mitochondrial number and function must change to support these changes in energy 

demand (25). During the early postnatal period, myocardial energy demand increases 

dramatically; as such there is an observed increase in the number of mitochondria in the 

cell and hence an increase in mitochondrial proteins (25,26). Cardiac mitochondria are 

characterized by their ability to efficiently produce ATP through oxidative metabolism (27). 

Increases in mitochondrial number and proteins are associated with increased 

mitochondrial biogenesis; this is mainly regulated through peroxisome proliferator-

activated receptor (PPAR) gamma coactivator 1 alpha (PGC-1α) and PGC-1β, which 

seem to have over-lapping roles in the heart in the immediate postnatal stage (28).  In 

mouse hearts, PGC-1α gene expression is increased directly after birth; this is observed 

before increases in mitochondrial biogenesis, or the switch of energy production from 

relying mainly on glucose to relying on fatty acids (29). If PGC-1α is overexpressed in 

primary rat neonatal ventricular cardiomyocytes, there is an increase in mitochondrial 

biogenesis and oxidative phosphorylation. If PGC-1α is overexpressed in vivo in 

transgenic mice there is an uncontrollable mitochondrial biogenesis, with the mice 

presenting with massive edema, increased heart size, and cardiomyopathy (29). 
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Therefore, it appears that there is a certain threshold of PGC-1α expression needed to 

properly regulate the heart’s development. However, it is clear that an increase in PGC-

1α is associated with a matured heart.  

 

When PGC-1α or PGC-1β is knocked out in mice it was observed that, while the animals 

lived, there was a decrease in the growth of the heart and slow-twitch skeletal muscle, 

both of which have a high energy demand (30,31). If a PGC1α/β double knock out is 

produced, the mice die soon after birth, and they have smaller hearts, irregular rhythms 

and reduced cardiac output (28). Martin et al., (32) created a viable PGC1-α/β deficient 

mouse through the deletion of PGC-1β in the heart and skeletal muscle through the 

actions of Cre recombinase regulated by the muscle creatine kinase (MCK) promoter 

(MCK-Cre) with a generalized PGC-1α null background (PGC-1α-/-βf/f/MCK-Cre). They 

showed that the loss of both PGC-1α and PGC-1β during postnatal development results 

in lethal cardiomyopathy due to defects in mitochondrial maturation and reduced 

expression of genes associated with mitochondrial dynamics (32). Additionally, these 

changes were associated with a decrease in mtDNA, and electron transport chain (ETC) 

complexes I and IV. Further, Martin et al., (32) demonstrated that the deletion of PGC-

1α/β did not affect mitochondrial dynamics in adult mouse hearts. This demonstrates the 

importance of PGC-1α and PGC-1β in the newborn period, as this is where the most 

dramatic effects on mitochondrial maturation and biogenesis are seen.  

 

1.2.1.2 Stem cells 



7 
 

Stem cells are non-specialized cells, which under certain conditions, can mature into cells 

with a specific function, including differentiating to cardiomyocytes. In the mature 

cardiomyocyte, mitochondria take up a significant amount of cell space, occupying 20-

40% of cell volume (33). During prolonged culture of hiPSC-CMs there is an increase in 

mitochondrial biogenesis, as well as increases in membrane potential and ETC complex 

activity (34).  In line with this increase in mitochondrial biogenesis, within hiPSC-CMs 

there is a significant upregulation of PGC-1α, which promotes a more mature metabolism 

consistent with cardiomyocytes (35).   ZLN005, a chemical which increases PGC-1α gene 

expression, will promote the maturation of cardiomyocytes derived from human 

embryonic stems cells (hESCs) (36). This indicates the importance of PGC-1α activation 

in a stem cells ability to differentiate into a cardiomyocyte.  

 

1.2.2 Metabolic changes during cardiomyocyte maturation  

In the following section the roles of glycolysis, glucose oxidation, fatty acid oxidation, and 

ketone oxidation in the regulation of cell maturation will be discussed. While the focus is 

on their influence on cardiomyocyte maturation, discussion of other cell types, such as a 

cancer cells, will be included as this may ultimately inform our understanding of 

cardiomyocyte maturation.  

 

1.2.2.1Glucose metabolism 

 

1.2.2.1.1 Glycolysis 
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High rates of glycolysis are a common characteristic of proliferating cells, including fetal 

cardiomyocytes, stem cells, and tumor cells. The high glycolytic rates are an alternative 

source of energy, or ATP, production for proliferating cells that have an immature 

mitochondrial morphology, decreased mitochondrial respiration and lower oxidative 

reserve capacity compared to differentiated cells (6,7,37,38). During differentiation of 

cells, such as maturation of cardiomyocytes following birth, there is a dramatic decrease 

in glycolysis as mitochondrial oxidative metabolism increases (3) (Figure 1.2). In contrast, 

increases in glycolytic enzymes are observed during nuclear reprogramming toward a 

more pluripotent or stem like state (6,39). In long-term hematopoietic stem cells (LT-

HSCs) there are high levels of glycolytic intermediates (i.e., fructose-1,6-bisphosphate 

(F-1,6-BP), and pyruvate), which are the products of the rate limiting steps of glycolysis 

(40). LT-HSCs also have a high expression of PDK2 and 4, enzymes which phosphorylate 

and inactivates PDH, essentially enhancing the Warburg effect by uncoupling glycolysis 

from glucose oxidation (41). Although glycolysis is a much less efficient way to generate 

ATP compared to glucose oxidation, it does allow for ATP to be generated quickly and in 

the absence of oxygen (42). Proliferating cells are not limited by ATP production as 

glycolytic cells are able to maintain a high ATP/ADP ratio, even during division (10,43). 

However, high rates of glycolysis are advantageous to rapidly dividing cells, as it allows 

for the maintenance of intermediates required for the biosynthesis of cellular content for 

the daughter cells (11,44). PPP intermediates, such as ribose-5-phosphate, provide the 

carbons for purine and pyrimidine nucleotides, amino acid, and triacylglycerol/lipid 

synthesis (44). The premature inhibition of glycolysis in stem cells can lead to cell death, 

whereby stimulating glycolysis through the inhibition of oxidative phosphorylation 
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maintains the stemness of a cell and reduces its ability to differentiate (7,45). During the 

maturation of cardiomyocytes from the fetal to the newborn period,  a switch from 

glycolysis to oxidative phosphorylation is required for proper development (3,46).  In order 

to support the ATP needs of differentiated cells, there is an upregulation in tricarboxylic 

acid (TCA) cycle enzymes and ETC subunits (8,47).  

 

Pyruvate Kinase isoform M2 (PKM2), 6-phosphofructo-2-kinase/Fructose-2,6-

bisphosphate (PFKFB3), and glucose-6-phosphate dehydrogenase (G6PD) have been 

identified as key regulators of the Warburg effect in proliferating cells (Figure 1.2). 

Pyruvate kinase dephosphorylates phosphoenolpyruvate during glycolysis, producing 

ATP and pyruvate. As discussed previously, anabolic metabolism is integral to 

proliferative capacity. PKM2 is mainly expressed in proliferating cells, however it has 

lower enzymatic activity compared to PKM1 which is mainly expressed in adult cells 

(43,48). In proliferating cells, PKM2 exist in a dimer conformation, which has a lower 

enzymatic activity and promotes an increase in anabolic metabolism, through the PPP, 

which subsequently allows for the synthesis of biomolecules necessary for proliferation 

(49). PKM2 can shift into an active tetrameric conformation by upstream F-1,6-BP (50). 

As such, small molecule activators of PKM2 have been studied as a way to induce the 

active tetrameric conformation of PKM2, which resemble the effects of PKM1 substitution 

studies, leading to decreased tumorgenicity (43,51).  Studies in which PKM2 is activated 

to its tetrameric conformation were shown to lead to a decrease in the cells ability to 

proliferate (51–53). PKM2 also seems to play a role in the fate of pyruvate, as it can be 

reduced to lactate or oxidized to acetyl-CoA for further pyruvate oxidation. Increased 
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PKM2 activity leads to an increase in the amount of pyruvate being used for mitochondrial 

oxidative metabolism, and a reduced production of lactate (43). This may be due to an 

increase in PKM2 binding to Mfn2, which promotes mitochondrial fusion, through mTOR, 

which subsequently leads to an increase in oxidative phosphorylation and a decrease in 

glycolysis (54). During cardiomyocyte development, PKM2 appears to have a significant 

role, as it is highly expressed during development and immediately after birth, although it 

is replaced by PKM1 in the adult cardiomyocyte (55). As such, more research regarding 

the role of PKM2 in cardiomyocyte proliferation and differentiation is necessary. 

 

The role of PFKFB3 in cell fate has been mainly studied in the context of cancer and 

angiogenesis (the process of forming new blood vessels). PFKFB3 is responsible for an 

increased synthesis of fructose-2,6-bisphosphatase (F-2,6-BP), which allosterically 

regulates phosphofructkinase-1 (PFK-1) (56–58). PFK-1 catalyzes a key rate limiting step 

of glycolysis, the conversion of fructose-6-phosphate to F-1,6-BP (59). PFKFB3 is 

associated with an increase in glycolysis within cancer cells, as seen by increases in 

PFKFB3 expression and phosphorylation (60). It has been shown that F-2,6-BP, is 

upregulated in cancerous cells, associated with stimulation of glycolysis, and its 

depletions can suppress cell survival and proliferation (61,62). As such, the inhibition of 

PFKFB3, and the subsequent decrease in F-2,6-BP, has been examined with findings 

indicating that the inhibition of PFKFB3 reduces glycolysis, slows tumor growth and 

induces cell death (60,63,64).  PFKFB3 has also been studied in endothelial cells (ECs) 

during angiogenesis, as they consume high levels of glucose and exhibit the Warburg 

effect, as they are highly glycolytic, even in the presence of oxygen (65,66). When 
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PFKFB3 is silenced in ECs, there is a reduction in vessel sprouting/proliferation due an 

inability to produce energy through glycolysis (65). These bodies of evidence make 

PFKFB3 an interesting target of the Warburg effect, and further research should be done 

in understanding its role in the maturing and differentiating cardiomyocyte.  

 

As previously described, elevated levels of anabolic metabolism and the biosynthesis of 

cellular content is required for rapidly dividing and proliferating cells. The PPP is critical 

in this process. G6PD shunts glucose from the glycolytic pathway to the PPP, were it 

leads the production of ribose and NADPH. These products are critical for biosynthesis 

and anabolic metabolism. Knockdown of G6PD decreases cancer cell proliferation and 

glycolysis, while reducing the tumorigenic properties of gastric cancer cells (67). In non-

cancerous cells, reduced G6PD activity blocks regular proliferation and can lead to 

deficiencies in growth and development, or potentially death, in animal models (68–71). 

Increasing PPP activity has been associated with increased and more aggressive tumor 

malignancy (72). G6PD is regulated by the NADPH/NADP+ ratio, such that a reduction in 

NADPH activates G6PD (73). Importantly, along with leading to the production of 

important components for proliferation, NADPH is essential in protecting cells from 

oxidative stress, as described by Yang et al., (74). Briefly, NADPH is a potent antioxidant, 

and the knockout of G6PD leaves embryonic stem cells highly sensitized to oxidants, 

such as diamide, ultimately resulting in increased cell death (75).  NADPH is essential to 

the proper functioning of the major components of the antioxidant system, the glutathione 

system, catalase, and superoxide dismutase, either through NAPDHs reductive 

properties, or through allosteric binding (76). In the cardiomyocyte, the 
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pentose/G6PD/NADPH/ glutathione pathway seems to have a cardioprotective 

mechanism, as it protects against ROS-induced injury, and deficiencies in G6PD lead to 

increased myocardial infarction (MI) induced damage in animal models (77,78). Indeed, 

in hypertrophied cardiomyocytes, which typically reflect a more fetal like metabolic system 

(46),  there is a decrease in G6PD expression (79). Moreover, restoring G6PD activity 

prevents the dysregulation of mitochondrial function and oxidative stress experienced by 

these cells (79). This indicates the importance of the presence of G6PD in adult 

cardiomyocytes. Of note, this seems to be at odds with the high activity of G6PD also 

seen in proliferative cancer cells. Considering that differentiated cells seem to have 

almost opposite metabolic profiles compared to proliferating cells, further research needs 

to be done looking at the role of G6PD in cardiomyocyte development and differentiation.  

 

1.2.2.1.2 Glucose oxidation 

Differentiated cells, such as cardiomyocytes, require more ATP to sustain specialized 

functions such as contraction (80).  As such, there is a transition from having high rates 

of glycolysis, to increased mitochondrial oxidative phosphorylation (Figure 1.2). This is 

supported by increases in TCA cycle and ETC enzymes/subunits which allows for greater 

ATP production (8,47).  This shift is necessary for differentiation, as blocking the ETC 

leads to an impaired ability of ESCs to differentiate (81). Further, when key enzymes of 

glycolysis and the PPP are inhibited, myogenic differentiation is stimulated (82).  

 

A crucial step in glucose oxidation is the initial mitochondrial uptake of pyruvate derived 

from glycolysis by the mitochondrial pyruvate carrier (MPC) complex, which transfers 
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pyruvate into the mitochondria to undergo further metabolism. MPC is found in low levels 

in intestinal stem cells, and in high amounts when these cells are differentiated (83). When 

glucose oxidation is blocked through the of deletion of MPC, there is an increase in stem 

cell number and proliferation (83).  

 

PDH is a key enzyme that converts the end product of glycolysis, pyruvate, to acetyl-CoA. 

This is integral to the production of ATP, and couples the process of glycolysis and 

glucose oxidation. The phosphorylation of PDH inactivates this enzyme and leads to a 

reduction of pyruvate to acetyl-CoA, ultimately uncoupling glycolysis and glucose 

oxidation (84). Under these inactivated conditions is when the Warburg effect is high, 

such as in rapidly proliferating cells. Therefore, it would be reasonable to expect that the 

phosphorylated (inactive) form of PDH would predominate over the unphosphorylated 

(active) form PDH in rapidly proliferating cells when the Warburg effect is present and 

reliance on glycolysis uncoupled from glucose oxidation is high.  

 

If PDH is disrupted with RNAi there is an increase in intestinal stem cells (ISCs) 

proliferation (83). This indicates the significant role that glucose oxidation plays in the 

regulation of stem cell fate, as inhibiting glucose oxidation through the inhibition of MPC 

or PDH leads to an increased stem-like state with increased proliferation.  

 

The switch from glycolysis to mitochondrial oxidative phosphorylation as a source of ATP 

production in the maturing cell would be expected to be accompanied by an increase in 
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glucose oxidation. Curiously, however, during the initial maturation of cardiomyocytes, 

there is not a substantial increase in glucose oxidation, but rather an increased oxidation 

of other energy substrates, such as fatty acids (3).   Glucose oxidation in the newborn 

heart does not typically increase until weaning (3).  What is responsible for this delayed 

maturation of glucose oxidation is not clear, although competition between glucose 

oxidation and fatty acid oxidation as a source of TCA acetyl CoA may contribute to these 

low rates of glucose oxidation. 

 

1.2.2.2 Fatty acid oxidation 

Mitochondrial fatty acid oxidation plays a vital role in cardiomyocyte maturation. A 

dramatic increase in fatty acid oxidation occurs in the maturing heart following birth (3).  

Interestingly, a decrease in fatty acid oxidation is seen in the stressed heart, such as seen 

with congenital heart defects, that maintains a more fetal metabolic and contractile 

phenotype (5,85). In the transition from the fetal to newborn period, there are significant 

changes in energy metabolism (3). Fatty acid oxidation is low in the fetal heart as a result 

of the low levels of fatty acids present (20). In the newborn period, there is a shift in the 

metabolic profile to sustain the cellular growth that occurs during this period (86,87). This 

includes a shift towards increased fatty acid oxidation, which produces the majority of 

ATP in the newborn and supports the increased requirement for ATP from the rapidly 

growing and beating heart (3,88) (Figure 1.2). This is similar to the adult heart in which 

the majority of ATP produced is obtained from mitochondrial oxidative phosphorylation, 

with 60-90% of acetyl-CoA being produced from fatty acid oxidation and 10-40% being 

derived from the oxidation of pyruvate (27,89). Of the fatty acids that enters adult 
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cardiomyocytes, 70-90% are converted to acylcarnitine for oxidation via carnitine 

palmitoyl transferase 1 (CPT-1), and the other 10-30% enter the intracardiac 

triacylglycerol pool (90). Fatty acid oxidation is transcriptionally regulated by the PGC-

1α/PPARα pathway (91,92). PPARα forms heterodimers with retinoid X receptor (RXR), 

which regulates the expression of genes involved in fatty acid activation (93), uptake (93–

95), and oxidation (93,96,97). PGC-1α also transcriptionally coactivates PPARβ/δ, 

although there is a high degree redundancy with PPARα in terms of its regulation of fatty 

acid oxidation (98). This is consistent with increased levels of PGC-1α, and PPARα/β 

expression in the postnatal heart (28,32,99). Mitochondrial fatty acid uptake is necessary 

for fatty acid oxidation, and this uptake is mediated by CPT-1 (100). CPT1 is regulated 

through the inhibitory effects of malonyl-CoA, which is a key regulator of cardiac fatty acid 

oxidation (100,101). Malonyl-CoA levels are also a key regulator of fatty acid oxidation in 

the newborn period, with levels decreasing rapidly in the days after birth (102,103). 

Reduced levels of malonyl-CoA occur due to both a decrease in synthesis and an 

increase in degradation (102,104). Malonyl-CoA synthesis is catalyzed by acetyl-CoA 

carboxylase (ACC), an enzyme which is phosphorylated and subsequently inactivated 

after birth by AMPK (105–107). AMPK also acts as an activator of PGC-1α, which also 

leads to an increase in fatty acid oxidation (108). Malonyl-CoA is also reduced due to its 

degradation through decarboxylation by malonyl-CoA decarboxylase (MCD) (104,109). 

MCD expression is high in the neonatal heart which, along with the inhibition of ACC, 

leads to a decrease in malonyl-CoA and an increase in fatty acid oxidation (110,111).  
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Evidence suggests that hiPSC-CMs do not display adult cardiomyocyte metabolism, but 

rather maintain more fetal cardiomyocyte characteristics (112–114). However, incubating 

hiPSC-CMS with fatty acid increases maturation, as seen through improvements in 

morphology, protein expression, and metabolism (particularly through an increase in fatty 

acid oxidation) (115,116). During the maturation of hiPSC-CMs, PGC-1α is a major 

upstream regulator, which is a known transcriptional regulator of fatty acid oxidation (35). 

Additionally, treatment of hESC derived cardiomyocyte (hESC-CMs) with retinoic acid 

upregulates fatty acid oxidation, through the activation of retinoic acid receptor/RXR and 

PPAR/ RXR heterodimers (117). This increase in fatty acid oxidation is further evidenced 

by an overexpression of PDK4, which inhibits PDH activity, and an increased expression 

of PGC-1α, which leads to an increase in ATP production through fatty acid oxidation 

(117).  
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Figure 1.2. Changes in energy metabolism during the maturation of the 

cardiomyocyte. During the maturation of the cardiomyocyte there are significant 

changes in energy metabolism. This includes increase in oxidative metabolism, with 

moderate increases in glucose oxidation and dramatic increases in fatty acid oxidation. 

During this switch, there is also a decrease in glycolytic rates. Red arrows indicate 

decreases seen with maturation. Green arrows indicate increases seen with maturation. 

Dashed red arrows indicate proposes decreases seen with maturation (not definitely 

known). Dashed green arrows indicate proposed increases seen with maturation (not 

definitely known). The exact changes in the glycolytic regulation through PFKFB3 and 

G6PD within the maturing cardiomyocyte is not clear and requires further investigation. 

Acetoacetate (ACA). Acetoacetyl CoA (AcAc-CoA). Acetyl-CoA carboxylase (ACC). 

AMP-activated protein kinase (AMPK). ß-hydroxybutyrate dehydrogenase 1(BDH1). ß-

hydroxybutyrate (BOHB). Carnitine palmitoyl transferase (CPT1). Electron transport 

chain (ETC). Fructose-1,6- bisphosphate (F-1,6-BP). Fructose-2,6-bisphosphate (F-2,6-

BP). Fructose-6-phosphate (F6P). Glucose-3-phosphate (G3P). Glucose-6-phosphate 

(G6P). Glucose-6-phosphate dehydrogenase (G6PD). Glutamate dehydrogenase (GDH). 

Malonyl CoA decarboxylase (MCD). Nicotinamide dinucleotide phosphate hydrogen 

(NADPH). Nicotinamide dinucleotide hydrogen (NADH). Pyruvate dehydrogenase (PDH). 

Phosphoenolpyruvate (PEP). 6-phosphofructo-2-kinase/Fructose-2,6-bisphosphate 

(PFKFB3). Pyruvate kinase isoform M1/2 (PKM 1/2). Pentose phosphate pathway (PPP). 

Pyruvate (Pyr). Succinyl-CoA:3-oxo-acid CoA-transferase (SCOT). Tricarboxylic acid 

(TCA). Triacylglycerol (TAG). Adapted from Persad and Lopaschuk (1). 
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1.2.2.3 Ketone oxidation 

Ketones bodies are small lipid-derived molecules that can serve as a circulating energy 

source  for many tissues in the body (118,119). The majority of ketone body production 

occurs in the liver. Fatty acids are first metabolized in the mitochondria to form acetyl-

CoA through fatty acid β-oxidation. Acetyl-CoA then undergoes a process in which ketone 

bodies, such as β-hydroxybutyrate (BOHB), the most abundant circulating ketone body 

is produced. To utilize BOHB in peripheral tissues, such as the heart, β-hydroxybutyrate 

dehydrogenase 1 (BDH1) facilitates a reverse process within the mitochondria in order to 

convert BOHB to acetyl-CoA to enter the TCA cycle (Figure 1.2 and Figure 1.3). Under 

condition of prolonged fasting, the ketogenic diet (low carbohydrate and high fat diet), and 

intense exercise, ketone production can increase (118,120).  

 

The role of ketone oxidation in the regulation of cell fate has not been extensively studied. 

However, emerging evidence suggests a key role for ketones in the regulation of cell fate, 

such as in cancer (121,122).  The increased presence of ketone bodies in the immediate 

postnatal period also lends to a potential role it may have in regulating cardiomyocyte 

fate. Ketogenic diets (KD) use a high fat and low carbohydrate diet to increase levels of 

circulating ketone bodies, the main ketone in humans being BOHB. BOHB has been 

shown to have an anti-tumor affect in tumor models, through the regulation of the immune 

system (121). The KD has also been shown to decrease tumor proliferation by decreasing 

rates of glycolysis (122). A potential mechanism for this is through the inactivation of the 

insulin/IGF-1 dependent phosphatidylinositol 3-kinase PI3K/Akt/mTOR pathway and the 

activation of AMPK (123). It should also be noted that the KD leads to increased 
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mitochondrial enzymes and protein content, as well as increased fatty acid oxidation 

(124–126). Studies on neurodegenerative disorders have found that treatment with KD 

leads to a PGC-1α regulated increase in mitochondrial biogenesis (127). This provides 

evidence that the KD can manipulate the mitochondria, the regulation of which plays an 

influential role in determining cell fate. Additionally, in the immediate newborn period, 

there is an increase in circulating ketones which provides an additional metabolic 

substrate during this time of cellular development (128).  

 

  1.2.2.3.1 Cell signaling properties of BOHB  

BOHB is not only a fuel source for the heart, but also has cell signaling properties (Figure 

1.3). One signaling pathway involves the endogenous inhibition of histone deacetylases 

(HDACs) (118). HDACs alter gene expression through the regulation of chromatin 

structure. This typically leads to transcriptional repression, but there is also evidence that 

HDACs can activate certain genes (129). HDACs are also capable of deacetylating lysine 

residues on non-histone proteins (118). As BOHB acts as an endogenous inhibitor of 

HDACs, it can influence gene expression through chromatin remodification (120).  

 

HDACs comprise an enzyme family consisting of four subclasses, conserved from 

bacteria to humans (130). Class I HDACs (HDAC1, HDAC2, and HDAC3) function as 

global repressors of transcription (129). HDAC2 is a Class I HDAC that is crucial in 

embryonic development, particularly contributing to the normal development and 

morphogenesis of the heart (131). This is exhibited by the uncontrolled proliferation of 

ventricular cardiomyocytes observed in HDAC2-null mice (131). Global deletion of 
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HDAC2 has also been demonstrated to result in perinatal lethality with severe cardiac 

defects (131).  

 

HDAC2 knockout and knockdown studies in animals and cell cultures are known to 

increase differentiation and reduce proliferation of cancerous cells (132). HDAC2 

knockdown is associated with upregulation of cyclin dependent kinase inhibitors, p21 and 

p27, which are important enzymes in the regulation of the cell cycle (132).  BOHB 

specifically seems to inhibit HDAC2 by increasing histone p21 gene expression (133). In 

hypertrophied cardiomyocytes, gene expression and metabolism are similar to fetal cells, 

as seen by an increased reliance on glycolytic metabolism (46,134). HDAC2 plays a role 

in the regulation of many fetal cardiac isoforms in cardiomyocytes, as seen in cardiac 

hypertrophy studies (135). The inhibition of HDAC2 may prevent this shift towards a 

Warburg like metabolic state seen in hypertrophied cardiomyocytes (135). Lysyl residue 

acetylation by histone acetyltransferases is a post-translational modification that has been 

found to play a role in this shift in cardiac energy metabolism (136). Fukushima et al. 

showed that the hyperacetylation of the fatty acid oxidation enzyme long-chain acyl-CoA 

dehydrogenase (LCAD) that occurs in cardiomyocyte maturation positively correlates with 

its activity, as well as fatty acid oxidation rates (136). As such the inhibition of HDAC2 

may also regulate the metabolic maturation of cardiomyocyte. BOHB may play a role in 

the maturation of cardiomyocytes through its regulation of HDAC2. Given the significant 

changes that occur in the postnatal period and the evidence regarding the KDs effect on 

diseased states through regulation of metabolism, ketones and their oxidation may play 
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a role in the regulation of cell fate (Figure 1.3). Given the combined body of evidence, the 

involvement of ketones in cell maturation warrants further study 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Ketone oxidation and HDAC2 cell signaling pathways for BOHB. Under 

normal cellular condition there are two potential pathways that BOHB follow. One is that 

it can go through the ketone oxidation, in which it is converted to acetyl-CoA and goes 

through the TCA cycle to produced ATP for the cell. The other is the cell signaling pathway 

in which BOHB is an endogenous inhibitor of histone deacetylases, generally leading to 

repressed gene expression and histone and non-histone hyperacetylation. β-
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Hydroxybutyrate dehydrogenase 1 (BDH1). Coenzyme A (CoA). Forkhead box O3 

(Foxo3). α-ketoglutarate (α-KG). The tricarboxylic acid cycle (TCA cycle). Succinyl-

CoA:3-oxo-acid CoA-transferase (SCOT).  

 

1.3 Pathological cardiac maturation  

In the newborn period there are dramatic changes in cardiac energy metabolism, where 

decreases in cardiomyocyte proliferation is associated with an increased reliance of the 

heart on mitochondrial oxidative metabolism and a decrease in glycolytic rates uncoupled 

from glucose oxidation (the Warburg effect) (3,4,15). Specifically, fatty acid oxidation 

increases in the heart following birth and becomes the primary source of ATP production 

(3,15).  Cardiac hypertrophy, which occurs secondary to congenital heart defects (CHD), 

can delay the normal maturation of energy metabolism in the heart (46,85,136). Cardiac 

hypertrophy can occur as an adaptive response to the increased mechanical load on the 

heart. However, if the hypertrophic response is sustained, cardiomyocytes die by 

apoptosis and eventually heart failure occurs (137).  CHD presents  in about 1% of 

children born in Alberta, and about 1 out of 3 of CHD newborns require corrective heart 

surgery shortly after birth (138).  Cardiac hypertrophy can adversely affect the ability of 

the heart to withstand ischemic stress during surgery, which we hypothesize occurs partly 

through alterations in how energy demand needs are met in the cardiac tissue (85). 

However, little is known as to how cardiac hypertrophy alters cardiac energy metabolism 

in the newborn with CHD. We have previously shown that the delay in the normal 

maturation of fatty acid oxidation in the hypertrophied newborn heart is accompanied by 

low glucose oxidation rates, leading to an “energy starved” heart (46,136,138). 
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There is evidence that disruptions in energy metabolism during cardiomyocyte maturation 

may contribute to the development of heart failure secondary to congenital heart disease 

(46). As previously mentioned, congenital heart disease can lead to the development of 

hypertrophy in the neonatal heart, reverting the metabolic profile of the newborn heart to 

a more fetal-like metabolic state in which there is increased rates of glycolysis and 

reduced fatty acid oxidation, effectively hindering the ability of the newborn heart to 

respond to stress and efficiently circulate blood throughout the body (46).   

 

One potential cause for this delayed maturation of fatty acid oxidation is that neonatal 

cardiac hypertrophy inhibits the increase in myocardial acetylation of LCAD (46). 

Additionally, it has been established that HDAC inhibitors (which effectively increase 

myocardial protein acetylation) effectively blunt cardiac hypertrophic responses both in 

vitro and in vivo (131). This contributed further evidence toward HDAC signaling playing 

a key role in the maturation of cardiac energy metabolism. Given that ketones, such as 

BOHB, are endogenous inhibitors of HDAC2 and are reported to increase in the newborn 

period (128), exploring the impact of ketones of on cardiac metabolic maturation is 

prudent.  

 

1.4 H9c2 cell model 

There are many difficulties associated with using primary cardiomyocytes to study 

cardiomyocyte maturation, which includes the fact they do not proliferate, they are fragile 

and the inability to maintain them in culture for prolonged periods of time; importantly, this 
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method also requires the sacrifice of a high number of animals in order to obtain adequate 

results. As such, the use of H9c2 cell allows for several advantages when exploring the 

molecular mechanisms of cardiomyocyte maturation. H9c2 cells are a subclone isolated 

from the ventricle of embryonic BDIX rat hearts (139). While theses cells are not fully 

differentiated to adult cardiomyocytes and do not have the capacity to contract, they do 

maintain several similarities to primary cardiomyocytes, including G-signalling protein 

expression, membrane morphology, and electrophysiological properties (137). Notably, 

the addition of all-trans retinoic acid (RA) to a low (1%) serum media allows for the 

differentiation of H9c2 cells such that they exhibit a more adult cardiomyocyte phenotype, 

such as cell fusion and multinucleation, by preventing myogenic transdifferentiation 

(24,140). Despite their inability to beat, studies have shown that H9c2 cells respond 

similarly to various stimuli, including hypertrophic responses, when compared to primary 

neonatal cardiomyocytes (137). Importantly several of these studies, including Watkins 

et al., (137) are done in cells that have not being differentiated. Given that adult heart 

tissues primarily consists differentiated cardiomyocytes without the ability to proliferate, 

and as discussed above proliferative capacity has a dramatic influence on energy 

metabolism, this was an important consideration for this project. As such, having a cell 

line which we are able to study the metabolic transition from a proliferative state to a 

differentiated non-proliferative state was crucial to create a model potentially comparable 

to cardiomyocytes during fetal to newborn period. 

  

The presence of increased cardiac markers allows for the confirmation of the 

cardiomyocyte-like phenotype in differentiated H9c2 cells. With the maturation of 
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cardiomyocytes, there is increase in the expression of genes related to calcium 

transporters, as cytosolic calcium is used to drive the contraction of the heart (27). RA-

induced differentiation leads to an increased expression of proteins related to increased 

calcium transport, mitochondrial biogenesis and cardiac specific markers such as Cardiac 

troponin T, PGC-1α and SERCA2 (24). 

  

Given that the RA differentiation protocol for H9c2 cells yields a heterogeneous cell 

population (24), it is therefore not possible to determine the “efficiency” of RA-induced 

differentiation. Rather, the differentiation of myoblasts represents an ongoing process or 

maturation rather than a discrete transition from one phenotype to another. However, the 

analysis of markers of cardiomyocyte maturation confirms a clear increase in overall 

cardiomyocyte differentiation in cell lysates assessed (24). This indicates that RA-

differentiated cells mimic the phenotype of mature cardiomyocytes and can be effectively 

used as a model for terminally differentiated ventricular cardiomyocytes in cell culture 

studies.  

  

1.5 Rationale for the present study 

Gaining an understanding of energy metabolism in the developing cardiomyocyte has 

many important implications in cardiovascular research. Given the extreme changes in 

normal energy metabolic maturation seen in CHDs and determining how to allow for 

proper maturation is pertinent. Additionally, since mature cardiomyocytes can no longer 

proliferate, a large effort has been made to regenerate cardiomyocytes in damaged or 

diseased myocardium (141). The preservation of high rates of glycolysis can effectively 
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maintain a cardiomyocyte precursor cell’s ability to proliferate, which creates the 

possibility for the implantation of cardiac progenitor cells as a therapeutic strategy in 

regenerative medicine. However, successful implantation of cardiomyocytes would 

require the cells to transition towards a differentiated/adult cardiomyocyte phenotype, 

including alterations in energy metabolism (15). Unfortunately, this transition is not yet 

well-enough understood for this putative therapy to be feasible. Therefore, further 

research is required to better understand potential stimulations for maturing 

cardiomyocytes. In addition, studies often ignore the upregulation of circulating ketone 

bodies observed in the newborn period (128) and how that may influence this metabolic 

transition that is necessary for proper cardiac maturation.  

 

1.6 Research question and objectives  

Our research question is to determine the effects of ketones, specifically BOHB, on the 

maturation of cardiomyocytes in the H9c2 cell culture model, and whether the effects of 

ketones is elucidated through metabolic changes induced by the Warburg effect, or 

through cell signaling properties, such as the inhibition of HDAC2. Through the 

comparison of proliferating H9c2 cells ± BOHB with differentiated cells ± BOHB we aim 

to determine how metabolism of H9c2 cell are influenced by maturation and how ketones 

affect this process. Using small interfering ribonucleic acid (siRNA) to knockdown BDH1 

we aim to determine whether or not changes due to ketones are a result of metabolic, 

specifically ketone oxidation, dysregulation. Finally, using the siRNA knockdown of 

HDAC2 we aim to verify whether or not cell signaling properties of BOHB could be 

regulating changes observed in proliferating H9c2 cells treated with ketones.  
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1.7 Hypothesis 

We hypothesize that ketones will promote cardiomyocyte maturation through decreases 

in glycolysis, and the subsequent decrease of the Warburg effect, and/or due to an 

inhibition of HDAC2 signalling. 
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Chapter 2: Materials & Methods 

 

2.1 Cell culture 

H9c2 rat embryonic ventricular myoblast cells (ATCC) were used in all studies described 

and cultured according to the vendor instructions. Cells were used from a passage of 9-

12. Cells were cultured and treated in T-25 cell culture flasks and incubated at 37°C, 5% 

CO2, and 95% humidity in a HERAcell 150i CO2 incubator. Cells were maintained in high-

glucose Dulbecco’s Modified Eagle Medium (DMEM; Sigma-Aldrich/Glibco) (10 ml), 

completed with 10% fetal bovine serum (FBS; Sigma-Aldrich), penicillin (100 U/ml), and 

streptomycin (100 μg/ml) (Sigma-Aldrich). Cells were cultured to 70-80% before 

passaging with trypsin (Glibco).  

 

2.1.1 Proliferating cells 

Proliferating cells were cultured in complete DMEM until they reached 80-90% confluency 

(usually about 3-5 days after cells were passaged). During this time, the cell culture media 

was changed every 24-72 hours. BOHB (β-Hydroxybutyrate; Sigma-Aldrich) was 

dissolved in double distilled water (ddH2O), sterilized via filtration through a 2μM filter, 

and stored at 4°C. To study the effects of ketones in proliferating H9c2 cells, two groups 

were used in this study: 1) absence of 1mM BOHB, and 2) presence of 1mM BOHB.  

 

2.1.2 Differentiating cells 
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H9c2 cells were differentiated to obtain a more mature cardiomyocyte phenotype. Once 

proliferating cells reached 60% confluence, they were washed with sterile DMEM without 

additives before being treated with differentiating media containing 1% FBS, penicillin 

(100 U/ml), streptomycin (100 μg/ml), and RA (1 μM) (Arcos Organic) for 7-days (24,140). 

RA was prepared in dimethyl sulfoxide (DMSO; Sigma-Aldrich). RA is light sensitive and 

has low stability (142), therefore the addition RA to the differentiation media was done 

daily in the dark, media was changed daily, and flasks were wrapped in aluminum foil and 

stored in a dark incubator. To study the effects of ketones in differentiating H9c2 cells, 

two groups were used in this study: 1) absence of 1mM BOHB, and 2) presence of 1mM 

BOHB. 

 

2.2 Cell counting 

Cells were photographed at various time points using a EVOS Core AMG light microscopy 

at a magnification of 10X, and aperture of 4/10 PH (used for phase observations at 4x 

and 10x). The number of cells were counted in the center 2.5mm2 of the flask using a 

handheld cell counter. Cells were then counted on PowerPoint images using a handheld 

counter. Differences in cell numbers at different time points were used to observe 

changes in cellular proliferation.  

 

2.3 Metabolic measurements 
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2.3.1 Time course 

Time courses for glycolysis, fatty acid oxidation, glucose oxidation, and ketone oxidation 

were completed to determine time points at which metabolic rates in the H9c2 cells were 

linear in order to standardize the comparison of these metabolic rates. Metabolic 

measurements were performed as specified in sections 2.3.2 through 2.3.3.1. For 

glycolysis linearity was determined over a three-hour times point. One ml of buffer was 

extracted every 30 minutes (Figure 2.1A) and calculated to reflect the metabolic rate of 

the total flask. For oxidative rates (glucose, ketones, and palmitate) separate flasks were 

incubated for 1 hour, 2 hours or 3 hours (Figure 2.1B, C, D). Based on the time course 

data, incubation time for official experiments were chosen as 1 hour for glycolytic rates, 

and 3 hours for oxidative metabolic rates.  
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Figure 2.1. Preliminary time course of metabolic measurements in H9c2 cells: 

Glycolysis (A), glucose oxidation (B), ketone oxidation (C), palmitate oxidation (D).  

D 
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2.3.2 Perfusion buffer 

Perfusion buffer was made with 1X Krebs Henseleit buffer (25 mM NaHCO3, 4.7 mM KCl, 

118.5 mM NaCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 2.5 mM CaCl2) containing palmitate 

(0.8 mM; Sigma-Aldrich) bound to 4% fatty acid free bovine serum albumin (BSA; 

Equitech-Bio, Inc.), D-(+)-glucose (5 mM; Sigma-Aldrich), D+βHOB (0.6 mM; Sigma-

Aldrich), and insulin (100 μU/ml; HumulinR). To directly measure metabolism, D-[5-3H(N)] 

glucose (Perkin Elmer), D-[14C-(U)]-glucose (Perkin Elmer), [3-14C]-BOHB (ARC), or [1-

14C]-palmitic acid (Perkin Elmer) in the buffer were radiolabelled to specifically measure 

either glycolysis, glucose oxidation, ketone oxidation, or palmitate oxidation, respectively. 

Only one substrate, respectively, was labeled for each specific experiment. For all 

metabolic measurements, the buffer was filtered and oxygenated using the oxygenator 

system of a Langendorff perfusion apparatus before the buffer was added to each flask. 

 

2.3.3 Perfusion protocol 

Cell culture media was aspirated, and cells were washed twice with one times phosphate-

buffered saline (PBS). 6 ml of the cell perfusion buffer, prepared as described above 

(section 2.3.2), was then added to each flask and the air inside the flask was saturated 

with carbogen (95% O2, 5% CO2) for 20 seconds before the flasks were tightly closed to 

create a closed system with minimal gas exchange. 

 

 For the measurement of palmitate, glucose, and ketone oxidation, an apparatus 

containing a hyamine trap was attached to each flask and in order to allow the collection 
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of the CO2 released from the cells. The hyamine trap contained a GF/B glass microfiber 

filter (Whatman) soaked with 100 μL hyamine hydroxide 10x (Perkin Elmer). Connections 

between the apparatus and flask were further sealed with parafilm to prevent CO2 

leakage. Flasks were then placed in a 37°C incubator (Labnet 211DS) for a three-hour 

time period before flasks were injected with 5 ml of 9 M sulfuric acid (H2SO4). Sealed 

flasks were then left in the 37°C incubator overnight to ensure maximal release of CO2. 

The injection of H2SO4 liberated CO2 from the cells into the gaseous phase, which was 

then trapped by hyamine soaked microfiber glass filter the hyamine trap apparatus. The 

filter paper was then transferred to scintillation vials, 4 ml of EcoLite (+) TM (MP 

Biomedicals) was added and vials were then counted in a scintillation counter measuring 

14C beta light emission. 

 

For the measurement of glycolysis, flasks were sealed using non-vented closed caps. 

Flasks were placed in the 37°C incubator for 2 hours, with samples of the perfusion buffer 

extracted at the 1-hour and 2-hour time point. A water extraction assay (143) involving 

the evaporation and condensation of water was used to determine the amount of tritiated 

water release from the cells at the two time points.  

 

2.3.3.1 Water extraction assay 

Once samples were extracted, 200 μL non-metabolized perfusion buffer, 200 μL 

metabolized perfusion buffer form each flask, and 200 μL radiolabelled 3H2O (Perkin 

Elmer) were aliquoted in triplicate to capless Eppendorf tubes located in scintillation vials 
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containing 500 μL of ddH2O. Caution was used to ensure no radiolabelled perfusion buffer 

came into contact with the scintillation tubes. 200 μL of unmetabolized buffer and 

radiolabelled H2O were also aliquoted in triplicate to empty scintillation vials and stored 

in the dark until the other samples undergoing the water extraction assay protocol were 

complete. Scintillation vials for water extraction were then tightly sealed before being 

placed in a 50°C incubator for 24 hours so that the water from the samples would 

vaporize. Vials were then transferred to a 4°C fridge overnight so that aforementioned 

vapour would condense into the scintillation vial. Capless tubes were then carefully 

removed, and any remaining water droplets on the outside of the tubes were collected 

into the respective scintillation tubes. 4 ml of EcoLite (+) TM was then added to all of the 

prepared scintillation tubes, as well as into three empty scintillation tubes (blanks), before 

being counted in a scintillation counter to measure 3H beta light emission.  

 

2.3.3.2 Metabolic rate calculation 

Disintegration per minute (DPM) were used to calculate metabolic rates. For glycolytic 

measurements, DPM for samples were extrapolated to represent the entire flask’s 

content. Rates were then calculated based on the concentration of each respective 

substrate before being normalized per hour and by total protein concentration per flask. 

For oxidative rates (glucose, ketones, palmitate) three representative flasks were lysed 

and protein concentration was averaged before normalizing rates. For glycolysis, each 

metabolic rate was normalized to the protein concentration of the respective flasks.  
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2.3.4 Glucose uptake 

The uptake of glucose was determined by measuring radioactive beta emission DPMs of 

50 µl aliquots of cell lysate. Since extraneous radiolabeled perfusate was extensively 

washed before harvesting (see section 2.4), these counts were representative of the 

internal glucose taken up by the cell. This was then calculated to reflect nmol glucose per 

mg protein and added to the nmol glucose per mg protein values from the glycolytic rate. 

Together, the sum of these two values are presented as the total amount of glucose that 

was taken up by the cell.  

 

2.3.5 Palmitate uptake 

First, we started by quantifying triacylglycerol levels using a colorimetric serum 

triacylglycerol quantification kit (Cell Biolabs, Inc.) in the cells to determine if 

triacylglycerol levels changed between treatment groups as described by the supplier. 

These values were then normalized to mg protein and multiplied by three to determine 

the amount of palmitate within the cells. We then incubated cells with [1-14C]-palmitic acid 

for three hours in order to determine the amount of palmitate accumulated in the cell 

during metabolic the incubation period. The difference between the palmitate in the cells 

incubated with radioactive palmitate vs the non-incubated cells were calculated to 

determine to accumulation. This was then added to the amount of exogenous palmitate 

metabolized to determine the total amount of palmitate taken up into the cells.  

 

2.3.6 ATP production/contribution calculation 
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Using the steady-state metabolic rates, ATP production was calculated. Values used to 

calculate the relative ATP production of each substrate metabolized were 2 ATP/mol of 

glucose metabolized by glycolysis (144) and 29 ATP/mol of glucose oxidized (144), 105 

ATP/mol of palmitate oxidized (144), and 21.25 ATP/mol of BOHB oxidized (145). We 

were then able to use these values to calculate the percent contribution of each metabolic 

pathway to total ATP production.  

 

2.4 Cell harvesting 

Either cell culture medium or perfusion buffer was aspirated from the flasks or 6-well 

plates, depending on the experiment, and they were subsequently rinsed one time (twice 

if cells were previously in radiolabelled perfusion buffer in order to wash away external 

radioactive contamination) with room temperature PBS and once with cold PBS (1-3 ml). 

100 μL of RIPA lysis buffer (containing a cocktail of protease inhibitor (1:1000; Sigma-

Aldrich), phosphatase inhibitors (PPI) IV (1:200; MEMD Millipore Corp.) and PPI II (1:200; 

Sigma-Aldrich) was added to each flask or well before being placed on ice. The surface 

of the flasks/plates were then scraped continuously for 2 minutes with a cell scraper 

before the cell lysate was collected. Cell lysates were homogenized by pipetting the lysate 

up and down continuously for a 1-minute period using a 200 μL pipette. Once 

homogenized, cell lysates were collected in Eppendorf tubes and centrifuged for 15 

minutes at 7385 rpm (4°C) to ensure mitochondrial elements remained in the supernatant. 

The supernatant was then collected in pre-weighed tubes and weighed with the 

supernatant before being stored at -80°C. Difference between empty Eppendorf weight 

and weight with the supernatant was used to determine total μL of lysate per flask.  
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2.5 Protein assays 

The concentration of proteins in H9c2 cell lysates obtained was determined using the 

Bradford Method for protein quantification (146). Once determined, the protein 

concentrations for individual cell lysates were used to create samples of standardized 

protein concentrations for protein analysis by sodium-dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) and Western blotting. Protein concentrations were also 

used to determine the amount of total protein per flask, which was then used to normalize 

the metabolic data.  

 

2.6 Western blotting 

Samples for Western blotting were prepared from homogenized cell lysates in a buffer 

containing 5% SDS, 0.1% bromophenol blue, Tris buffer, and 16% β-mercaptoethanol 

(loading buffer).15-20 μg of the denatured protein samples were separated in 8-12% 

acrylamide gels using SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) 

microporous membranes as previously described (147). After blocking in 5% non-fat milk 

for one hour to prevent non-specific binding (148), membranes were probed  at 4°C 

overnight (with exception of α-tubulin, which was incubated at room-temperature for 1 

hour) with primary antibodies as listed in Table 1. Membranes were incubated with the 

appropriate secondary antibodies for 1 hour at room temperature. Relevant bands were 

visualized with enhanced chemiluminescence and quantified with Image J® software. Α-
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tubulin was used as a loading control for all proteins analysed, and phosphorylated 

proteins were compared to the total respective non-phosphorylated protein present.  

Table 1. List of antibodies used to probe for proteins during western blot analysis. 

Specifies antibody dilution, company, molecular weight, catalogue number and clonality. 

Antibody Dilution Company Molecular 
Weight 
(kDa) 

Catalogue # Clonality 

BDH1 1:5000-
1:2000 

Novus 
Pharmaceuticals 

37 NBP1-88673 Polyclonal 

HDAC2 1:250 Cell signaling 60 2540S Polyclonal 
SERCA2a 1:250 Invitrogen 110 MA3-910 Monoclonal 
Cardiac 

Troponin T 
1:1000 R&D Systems 42 MAB18742 Monoclonal 

PGC-1α 1:500 Santa Cruz 90 sc-13067 Polyclonal 
PPARα 1:500 Santa Cruz 55 sc-9000 Polyclonal 
PKM2 1:1000 Cell Signaling 

Technology 
60 4053S Monoclonal 

G6PD 1:1000 Cell Signaling 
Technology 

58 12263S Monoclonal 

PFKFB3 1:1000 ABNova 60 H00005209-
M08 

Monoclonal 

PDH 1:500 Cell Signaling 
Technology 

43 2784S Polyclonal 

p-PDH 1:1000 Cell Signaling 
Technology 

43 31866S Polyclonal 

Akt 1:1000 Cell Signaling 
Technology 

60 9272S Polyclonal 

p-Akt 1:500 Cell Signaling 
Technology 

60 9271S Polyclonal 

IDH 1:1000 Cell Signaling 
Technology 

45 8137 Monoclonal 

LCAD 1:1000 Abcam 47 Ab129711 Polyclonal 
CPT1a 1:1000 Sigma-Aldrich 86 SAB2108104 Polyclonal 
CPT1b 1:1000 Novus 

Pharmaceuticals 
100 NBP2-92666 Polyclonal 

ATGL 1:1000 Invitrogen 60 MA5-38135 Monoclonal 
KLF7 1:1000 Santa Cruz 38 Sc-398576 Monoclonal 

FOXO3a 1:1000 Abcam 71 Ab23683 Polyclonal 
α-Tubulin 1:10,000 Cell Signaling 

Technology 
50 3873S Monoclonal 
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2.7 siRNA knockdowns 

Prior to siRNA treatment, H9c2 cells were passaged at least 2 times post-seeding before 

being passaged into 6 well plates for siRNA treatment. For all siRNA knockdowns the 

following common products were used: scrambled negative control (Santa Cruz 

Biotechnology); Opti-MEM (Invitrogen); Lipofectamine (Invitrogen); Antibiotic free 

complete media. After siRNA incubation, cells were collected from the 6 well plates, 

combined per group, and split into flasks for further treatment before metabolic 

measurements (as described above in section 2.3) were conducted and/or cell lysate was 

harvested (as described above in section 2.4).  

 

2.7.1 siRNA optimization 

Before final experiments took place, studies were conducted to optimize the timing and 

concentration of siRNA used.  

 

2.7.2 BDH1 knockdown 

45 nM of commercial BDH1 siRNA (Invitrogen; see Table 2 for further details) and 

equivalent negative scramble control siRNA (see Table 2) were complexed with 

Lipofectamine RNAiMAX in Opti-MEM reduced-serum transfection medium, then allowed 

to incubate for 5 minutes at room temperature before transfection of H9c2 cells. Cells 

were then incubated with the siRNA complex in the 37°C cell culture incubator for 48 

hours before H9c2 cells in the plate were split into flasks and incubated in the presence 
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or absence of 1mM BOHB (as described in section 2.1.1) for 6 days before further 

metabolic experiments were performed as previously described (Section 2.3).  

 

2.7.3 HDAC2 knockdown 

50 nM of commercial HDAC2 siRNA (Santa Cruz Biotechnology; see table 2 for further 

details) and equivalent negative scramble control siRNA were complexed with 

Lipofectamine RNAiMAX in Opti-MEM reduced-serum transfection medium, then allowed 

to incubate for 5 minutes at room temperature before transfection of H9c2 cells. Cells 

were incubated with the siRNA complex in the 37°C cell culture incubator for 36 hours 

before H9c2 cells in the plate were split into flasks and incubated in the presence or 

absence of 1mM BOHB for 6 days (as described in section 2.1.1) before further metabolic 

experiments were performed as previously described (section 2.3).  

Table 2. siRNA sequences (sense and antisense), target transcript, assay ID and 

company. 
Name Sense (5’->3’) Antisense (5’->3’) Assay 

ID 
Company 

BDH1 
siRNA 

GCUGUCCUGGUUACAGGCUtt AGCCUGUAACCAGGACAGtt 195881 Invitrogen 

HDAC2 
siRNA* 

CAUGAGGGACGGUAUAGAUtt AUCUAUACCGUCCCUCAUGtt 
 

sc-
270150

A 

 
Santa 
Cruz  

CCAAUGAGUUGCCAUAUAAtt UAUAUGGCAACUCAUUGGtt sc-
270150

B 
GGAAUGUCGCUGAUCAUAAtt UUAUGAUCAGCGACAUUCCtt sc-

270150
C 

Negative 
Control 

Was not provided by vendor Was not provided by vendor N/A Santa 
Cruz 
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* HDAC2 siRNA sc-270150 from Santa Cruz is a pool of the three different siRNA 

duplexes listed.  

 

2.8 Quantification and statistical analysis 

Quantified data were presented as mean ± SEM. Data from different treatment groups 

was compared with two-way ANOVA, and metabolic contribution within groups was 

compared with one-way ANOVA, each followed by Tukey’s test for multiple comparison. 

Differences in cell proliferation between control and BOHB-treated groups were 

compared with an unpaired t-test. P<0.05 were considered to be significant. All statistical 

analysis was performed using the GraphPad Prism9 software.  
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CHAPTER 3: Results 

 

3.1 Proliferating vs differentiated cells ± ketones 

 

3.1.1 Retinoic acid treatment differentiates H9c2 cells 

To differentiate the H9c2 cells to a mature cardiomyocyte phenotype, a 7-day RA 

treatment was used. This treatment was successful in differentiating the cells, as was 

visibly apparent with the use of a light microscope to image the cells at the end stage of 

their incubation (80% confluence for proliferating cells and 7-days post differentiation 

treatment for differentiated cells) in which differentiating cells were visibly longer than 

proliferating cells (Figure 3.1A and 3.1B). The successful differentiation of the H9c2 cells 

was further examined by Western blotting for cardiac troponin T, SERCA2, and PGC-1α 

key markers of cardiomyocyte maturation. RA treatment increased cardiac troponin T, 

SERCA2, and PGC-1α indicating that the differentiation process not only morphologically 

altered the cell structure but molecularly altered H9c2 cells to a mature cardiomyocyte 

phenotype (Figure 3.1C-E).  
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Figure 3.1. Adding ketones to proliferating H9c2 cells leads to increases in 

cardiomyocyte maturation markers (A) and differentiating cells (B). Expression of 

cardiac troponin T (C), SERCA2 (D) and PGC-1α was also assessed ©. n= 4-6. Individual 

values for each group. Data are presented as a scatter plot with its mean ± SEM. Data 

were analyzed with Two-way ANOVA followed b Tukey’s for multiple comparisons. 

Samples collected from separate flasks at the end of culture or metabolic incubation. *p 

< 0.05. 

 

3.1.2 Ketones did not affect the proliferation rates of H9c2 cells, but did lead to 
maturation  

To determine the effects of BOHB on cell proliferation in H9c2 cells, proliferating cells 

were cultured in both the presence and absence of BOHB until 80% confluent. Cells were 

counted on each day of growth, and the difference in cells between the last two days of 

growth was used as an indicator of cell proliferation. Although no statistical difference was 

seen between the control and BOHB treatment groups, there seemed to be a slight trend 

showing decreased proliferation in BOHB treated cells compared to controls (Figure 

3.2A). Despite no changes in proliferation, BOHB does appear to promote maturation to 

a cardiomyocyte phenotype, as seen by significant increases in SERCA2 and a trended 

increase in PGC-1α expression (Figure 3.1D-E). It is also important to note that there 

were no statistically significant differences in the number of cells on the last day of 

incubation for any treatment (Figure 3.2B). 
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Figure 3.2. H9c2 cardiomyocytes did not change in proliferation with the addition 

of ketones. Cell counts between the last two days of growth were examined to investigate 

the difference in proliferation between control and BOHB treatment (A) (n=9 for each 

experimental group). To ensure the same amount of cells were being perfused/lysed 

between groups, cells were counted on the last day of growth (B). n=13 for control, BOHB 

& Ra. n= 12 for RA + BOHB. Data were analyzed with Two-way ANOVA followed by 

Tukey’s for multiple comparisons. *p < 0.05. 

 

3.1.3 Glucose metabolism in proliferating vs differentiated cells ± ketones  

 By directly studying glucose metabolism, I was able to determine the rates of glycolysis 

and glucose oxidation in proliferating and differentiated cells ± 1mM BOHB. Differentiation 

led to a dramatic 78% decrease in glycolysis (866.2 ± 65.06 vs 192.8 ± 51.73 nmol • mg 

• protein-1 hr-1, p < 0.05). This was observed in the presence and absence of ketones 

(Figure 3.3A). Further, BOHB treatment caused a 28% decrease in glycolysis in 

proliferating cells (866.2 ± 65.06 vs 622.2 ± 85.07 nmol • mg protein-1 • hr-1, p < 0.05) 

(Figure 3.3A). Glucose oxidation was decreased in differentiated cells relative to 

proliferating cells (p < 0.05), and BOHB treatment caused a decrease in glucose oxidation 

in differentiated cells (p < 0.05), but no significant change in proliferating cells (Figure 

3.3B). Overall, there were no changes in glucose uptake with the addition of ketones. 

However, glucose uptake was substantially lower in the differentiated ± ketones cells 

compared to the proliferating ± ketones cells (Figure 3.3C). The phosphorylation of PDH 

is associated with a reduced coupling between glycolysis and glucose oxidation. The 

phosphorylation of PDH to total PDH protein was assessed using western blot analysis. 
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The differentiated cells experienced a reduced ratio of p-PDH/t-PDH, indicating increased 

coupling between glycolysis and glucose oxidation (Figure 3.3D). Phosphorylated to total 

Akt, an indicator of insulin signalling, was unchanged between treatments (Figure 3.3E). 

IDH, a key enzyme of the TCA cycle to produce α-ketoglutarate, was increased in 

differentiated ± BOHB treated cells (Figure 3.3F). Key glycolytic enzymes G6PD, 

PFKFB3, and PKM2 were also assessed using western blot analysis. G6PD expression 

was increased in the proliferating + BOHB group and the differentiated ± BOHB groups 

(Figure 3G). There were no differences in PFKFB3 levels between any groups (Figure 

3H). PKM2 expression was upregulated in the differentiated ± BOHB groups, with no 

changes in the proliferating groups (Figure 3I). 
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Figure 3.3. The Warburg effect is reduced with cardiomyocyte differentiation and 

when ketones are added to proliferating cardiomyocytes. Glycolysis (A), glucose 

oxidation (B) and glucose uptake (C). Protein expression and quantification for proteins 

related to glucose metabolism: phosphorylated pyruvate dehydrogenase (PDH) over 

PDH (D), phosphorylate Akt over total A©(E), isocitrate dehydrogenase (IDH) (F), glucose 

6 phosphate dehydrogenase (G6PD) (G), 6-phosphfructo-2-kinase/fructose-2,6-

biphosphate 3 (PFKFB3) (H), pyruvate kinase isoform M2 (PKM2) (I). n= 5-6 for each 

experimental group. Individual values for each group are presented as a scatter plot with 

its mean ± SEM. Data were analyzed with Two-way ANOVA followed by Tukey’s for 

multiple comparisons. Samples collected from separate flasks at the end of culture or 

metabolic incubation. *p < 0.05. 

3.1.4 Ketone metabolism and signalling in proliferating vs differentiated cells ± 
ketones  

Through the detection of 14CO2 the oxidation of 3-14C-BOHB was measured. There were 

no statistical differences in ketone oxidation between the treatments (Figure 3.4A). 

However, adding ketones to both proliferating and differentiated cells led to a trend toward 

increased ketone oxidation. BDH1 is a key enzyme in the ketone oxidation pathway. 

Despite no changes in ketone oxidation, BDH1 protein expression increased dramatically 

in differentiated H9c2 cells ± ketones (Figure 3.4B). BOHB is an endogenous inhibitor of 

HDAC2. Therefore, we also looked at the protein expression of HDAC2 and its 

downstream target forkhead box O3 (Foxo3a). HDAC2 expression was reduced in 

differentiated cells ± BOHB, and there seemed to be no effect due to ketones (Figure 

3.4C). When looking at the downstream target Foxo3a, protein expression was reduced 
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in proliferating cells treated with ketones as well as in differentiated cells ± BOHB (Figure 

3.4D).  
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Figure 3.4. Ketone oxidation does not change with differentiation of H9c2 

cardiomyocytes. Direct measure of ketone oxidation (A). Protein expression and 

quantification for β-hydroxybutyrate dehydrogenase (BDH1) (B), histone deacetylase 2 

(HDAC2) (C) and forkhead box O3 (Foxo3a) (D). n= 5-6. Values for each group are 

presented as a scatter plot with its mean ± SEM. Data were analyzed with Two-way 

ANOVA followed by Tukey’s for multiple comparisons. Samples collected from separate 

flasks at the end of culture or metabolic incubation. *p < 0.05. 

 

3.1.5 Fatty acid metabolism in proliferating vs differentiated cells ± ketones  

Through the detection of 14CO2 the oxidation of 1-14C-palmitate was measured. While 

there were statistical differences in palmitate oxidation between proliferating ± BOHB 

treated cells and differentiation ± BOHB treatment (Figure 3.5A), these values were 

overall extremely low. Palmitate uptake into the cells was not statistically different 

between treatment groups (Figure 3.5B). PPARα regulates the gene expression of 

several genes involved in fatty acid β oxidation. PPARα protein expression was 

significantly upregulated in differentiated ± BOHB treated cells compared to control cells 

(Figure 3.5C). CPT1 enzymes exist on the outer mitochondrial membrane and transfer 

acyl groups from acyl-CoA to acylcarnitine, which is subsequently transported into the 

mitochondria. While CPT1A is more commonly expressed in hepatocytes and CPT1B is 

more common in cardiomyocytes, both are expressed in heart tissue. CPT1A expression 

increased in differentiated ± BOHB cells compared to proliferating ± BOHB cells (Figure 

3.5D). However, CPT1B expression did not change between treatment groups (Figure 

3.5E). LCAD is a major enzyme involved in fatty acid β-oxidation, and there were no 
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changes in the protein expression for this enzyme between any of the treatment groups 

(Figure 3.5F). ATGL facilitates the lipolysis of triacylglycerols. Compared to proliferating 

± BOHB treated cells, there was an increase in ATGL expression in differentiation ± 

BOHB cells (Figure 3.5G).  
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Figure 3.5. Fatty acid oxidation does not change with the addition of ketones to 

H9c2 cardiomyocytes. Direct measure of palmitate oxidation (A) and palmitate uptake 

(B). n=5 for each experimental group. Protein expression and quantification for 

peroxisome proliferator-activated receptor α (PPARα) (C), carnitine palmitoyl transferase 

1A (CPT1A) (D), CPT1B (E), long-chain acyl-CoA dehydrogenase (LCAD) (F), and 

adipose triglyceride lipase (ATGL) (G). n=4-6 for each experimental group. Individual 

values for each group are presented as a scatter plot with its mean ± SEM. Data were 

analyzed with Two-way ANOVA followed by Tukey’s for multiple comparisons. Samples 

collected from separate flasks at the end of culture or metabolic incubation. *p < 0.05.s. 

 

3.1.6 ATP production and % contribution of proliferating vs differentiated cells ± 
ketones  

Compared to control cells, ATP production was dramatically lowered in differentiating 

cells ± BOHB. Interestingly, in proliferating cells treated with ketones, total ATP 

production was reduced compared to control cells (Figure 3.6A). How the different 

metabolic processes contribute to ATP production was different depending on the 

treatment group, however, palmitate oxidation provided minimal ATP and was constant 

between treatments (Figure 3.6B). The contribution of glycolysis was reduced in 

proliferating cells treated with ketones and differentiated cells ± BOHB. The contribution 

of ATP from ketone oxidation was increased in the differentiated ± BOHB cells despite no 

changes in ketone oxidation.  
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Figure 3.6. ATP production is reduced in differentiated H9c2 cardiomyocytes. Total 

ATP production (A) and the percent ATP contribution (B) from glycolysis decreased with 

RA, which was reversed with BOHB. Glucose had a similar but opposite effect. n= 5 for 

each experimental group. Data were analyzed with Two-way and One-way ANOVA 

followed by Tukey’s for multiple comparisons. *p < 0.05. 

 

3.1.7 KLF7 in proliferating vs differentiated cells ± ketones  

KLFs are zinc-finger DNA binding protein class of transcriptional regulators. In this study, 

KLF7 expression was increased with the addition of ketones in proliferating cells. 

However, it remained unchanged in differentiated cells ± ketones compared to the control 

proliferating cells (Figure 3.7A).  
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Figure 3.7. Kruppel Like Factor 7 (KLF7) protein expression is increased with the 

addition of ketones to proliferating H9c2 cells. KLF7 measured with western blot 

analysis (A). n=3 for each experimental group. Individual values for each group are 

presented as a scatter plot with its mean ± SEM. Data were analyzed with Two-way 

ANOVA followed by Tukey’s for multiple comparisons. Samples collected from separate 

flasks at the end of culture or metabolic incubation. *p < 0.05.  

 

3.2 siRNA knockdown of BDH1 in proliferating cells ± BOHB  

 

3.2.1 Optimization of siRNA knockdown of BDH1 

To determine the optimal concentration of BDH1 siRNA to use in this series of 

experiments, I assessed the company's suggested concentration (15nM) as well as 

double (30nM) and triple (45nM) suggested concentration for a 48-hour incubation period. 

From this, 45nM was determined as the best concentration to induce a suitable BDH1 

knockdown (Figure 3.8A).  
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Figure 3.8. Optimization of BDH1 siRNA knockdown to determine the best 

concentration of siRNA. BDH1 enzyme expression (A). n=3 for each experimental 

group. Individual values for each group are presented as a scatter plot with its mean ± 

SEM. Data were analyzed with a paired t-test. Samples collected from separate flasks at 

the end of culture or metabolic incubation. *p < 0.05. 

 

3.2.2 BDH1 Knockdown in proliferating cells ± ketones  

BDH1 expression was markedly reduced in proliferating cells treated with BDH1 siRNA 

in the presence and absence of ketones. In order to further validate the BDH1 knockdown, 

an increase sample number is required, and obtaining these results are currently in 

progress.  
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Figure 3.9. BDH1 was knocked down with siRNA treatment of proliferating H9c2 

cells ± ketones. BDH1 protein expression (A). n=5 for each experimental group. 

Individual values for each group are presented as a scatter plot with its mean ± SEM. 

Data were analyzed with Two-way and One-way ANOVA followed by Tukey’s for multiple 

comparisons. Samples collected from separate flasks at the end of culture or metabolic 

incubation. *p < 0.05. 

 

3.2.3 Metabolic measurements of BDH1 knockdown in proliferating H9c2 cells ± 

BOHB 

In line with previous experiments (Figure 3.3A), there was a reduction in glycolysis in 

proliferating cells treated with ketones (Figure 3.10A). Interestingly, this was not changed 

when BDH1 was knocked down in these cells and treated with ketones. Glucose oxidation 

was significantly unchanged between treatment groups. However, trends toward 

increased rates in the presence of ketones were seen in both control and BDH1 siRNA-

treated cells (Figure 3.10B). As expected with the knockdown of BDH1, a key enzyme 

facilitating ketone oxidation, there was a marked reduction in ketone oxidative rates when 

cells were treated with BDH1 siRNA both in the presence and absence of ketones (Figure 

3.10C). The addition of ketones in the scrambled control siRNA-treated cells led to an 

upregulation of ketone oxidation. Unlike the previous experiments described in section 

3.2, fatty acid oxidation rates were not measured as the previous rates observed were 

negligible and did not substantially contribute to the production of ATP.  
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Figure 3.10. Reduction of the Warburg effect with the addition of ketones did not 

change when BDH1 was knocked down in proliferating H9c2 cells. Direct 

measurement of glycolysis (A), glucose oxidation (B), and ketone oxidation (C) in 

proliferating H9c2 cells treated with either scrambled or BDH1 siRNA in the presence or 

absence of ketones. n=5-7 for each experimental group. Individual values for each group 

are presented as a scatter plot with its mean ± SEM. Data were analyzed with Two-way 

ANOVA followed by Tukey’s for multiple comparisons. *p < 0.05. 

 

3.2.4 ATP production and % contribution of BDH1 knockdown in proliferating cells 

± ketones  

ATP production was similar to the knockdown of BDH1 in the presence or absence of 

ketones (Figure 3.11A). How the different metabolic processes contribute to ATP 

production differed depending on the treatment group (Figure 3.11B). The contribution of 

glycolysis was reduced in proliferating cells and BDH1 knockdown cells treated with 

ketones. The contribution of ATP from ketone oxidation was not statistically lower in 

BDH1 knockdown cells compared to controls. Still, it trended downwards, with a 

significant reduction compared to control cells treated with ketones. Glucose oxidation’s 

contribution to ATP production was reduced in both control and BDH1 knockdown cells 

treated with ketones.  
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Figure 3.11. ATP production/contribution of proliferating H9c2 cells with BDH1 

knockdown. Total ATP production (A) and the percent ATP contribution (B) in 

proliferating H9c2 cells treated with BDH1 siRNA in the presence or absence of ketones. 

n= 5-7 for each experimental group. Data were analyzed with Two-way and One-way 

ANOVA followed by Tukey’s for multiple comparisons. *p < 0.05. 

 

3.3 siRNA knockdown of HDAC2 in proliferating cells ± BOHB 

 

3.3.1 Optimization of siRNA knockdown of HDAC2 

To determine the optimal concentration of BDH1 siRNA to use in this series of 

experiments, I evaluated three concentrations initially: 30nM, 50nM and 80nM for 48 

hours. These concentrations for 48 hours led to a dramatic reduction in cell viability, and 

samples could not be obtained from this experiment. Next, I used the company's 

suggested concentration (15nM) as well as 30nM and 50nM and adjusted the incubation 

for 24 and 36 hours. None of the concentrations at 24 hours led to a significant reduction 

in HDAC2 expression, examined via western blot analysis. For the 36-hour incubation, 

both 30nM and 50nM led to significant knockdown. Since 50nM for 36 hours was the best 

knockdown observed, this was the concentration chosen for the experiment (Figure 

3.12A).  
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Figure 3.12. Optimization was done to determine the best concentration of siRNA 

needed to knock down the HDAC2 enzyme expression. HDAC2 expression (A). n=3 

for each experimental group. Individual values for each group are presented as a scatter 

plot with its mean ± SEM. Data were analyzed with a paired t-test. Samples collected from 

separate flasks at the end of culture or metabolic incubation. *p < 0.05. 

 

3.3.2 HDAC2 Knockdown in proliferating cells ± ketones  

HDAC2 expression was markedly reduced in proliferating cells treated with HDAC2 

siRNA in the presence and absence of ketones. In order to further validate the HDAC 

knockdown, an increase sample number is required, and obtaining these results are 

currently in progress.  
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Figure 3.13 HDAC2 was knocked down with siRNA treatment of proliferating H9c2 

cells ± ketones. HDAC2 protein expression (A). n=2-3 for each experimental group. 

Individual values for each group are presented as a scatter plot with its mean ± SEM. 

Data were analyzed with Two-way and One-way ANOVA followed by Tukey’s for multiple 

comparisons. Samples collected from separate flasks at the end of culture or metabolic 

incubation. *p < 0.05. 

 

3.3.3 Metabolic measurements of HDAC2 knockdown in proliferating cells ± BOHB 

Unlike the previous experiments in sections 3.1 and 3.2, glycolytic rates were not reduced 

in the control proliferating cells in the presence of ketones (Figure 3.14A). Interestingly, 

knocking down HDAC2 in the absence of ketones leads to an increase in glycolysis. 

However, in the presence of ketones, glycolysis was reduced to rates similar to that of 

the controls (Figure 3.14A). Ketone oxidation was reduced with the knockdown of 

HDAC2, with no observed changes in the control of HDAC2 knockdown when treated 

with ketones (Figure 3.14B). Conversely, glucose oxidation was increased with the 

HDAC2 knockdown, with no changes due to ketones (Figure 3.14B).  
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Figure 3.14. Metabolism is altered in proliferating H9c2 cells with the knockdown 

of HDAC2. Direct measurement of glycolysis (A), ketone oxidation (B) and glucose 

oxidation (B) in proliferating H9c2 cells treated with either scrambled or HDAC2 siRNA in 

the presence or absence of ketones. n=4-5 for each experimental group. Individual values 

for each group are presented as a scatter plot with its mean ± SEM. Data were analyzed 

with Two-way ANOVA followed by Tukey’s for multiple comparisons. *p < 0.05. 

 

3.3.4 ATP production and % contribution of HDAC2 knockdown in proliferating 

cells ± ketones  

ATP production was increased with the HDAC2 knockdown due to an increase in 

glycolysis. However, in the presence of ketones, this increase in ATP production was not 

seen (Figure 3.15A). How the different metabolic processes contribute to ATP production 

was different depending on the treatment group (Figure 3.15B). Under HDAC2 

knockdown ± BOHB, ketone oxidation contributed substantially less than in control cells 

± BOHB.  Glycolysis contributed more to ATP production in HDAC2 knockdown cells in 

the absence of ketones than in other treatments. In HDAC2 knockdown cells treated with 

ketones, glucose oxidation contributed more to ATP production than other groups.  
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Figure 3.15. ATP production/contribution of proliferating H9c2 cells with HDAC2 

knockdown. Total ATP production (A) and the percent ATP contribution (B) in 

proliferating H9c2 cells treated with HDAC2 siRNA in the presence or absence of ketones. 

n= 4-5 for each experimental group. Data were analyzed with Two-way and One-way 

ANOVA followed by Tukey’s for multiple comparison. *p < 0.05 
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CHAPTER 4: Discussion 

 

4.1 Findings 

This study provides a number of important novel findings. There are five main outcomes 

that I will highlight. First, through direct measures, I was able to determine the metabolic 

profile of differentiated H9c2 cells, such that there is a decrease in the Warburg effect 

with differentiation to a more cardiomyocyte phenotype. Second, I observed that ketones 

are associated with increased markers of cardiomyocyte maturation in proliferating H9c2 

cells. Third, I found that ketones reduce the Warburg effect through a reduction in 

glycolysis in proliferating H9c2 cells. Fourth, knocking down BDH1 in proliferating H9c2 

cells does not alter the ketone-induced reduction in the Warburg effect seen in 

proliferating H9c2 cells. Lastly, I observed increased glycolysis when HDAC2 is knocked 

down; this increase is prevented with the treatment of proliferating H9c2 cells with 

ketones.  

 

4.1.1 Justification of the in vitro model used 

Studying the differentiation of cardiomyocytes in cell lines, such as the H9c2 cells, used 

in this study, allows for several benefits, which includes avoiding animal sacrifice and 

increased ease in altering the cellular environment. Other models, such as the use hiPSC-

CMs, could have been used in this study. However, we decided to use H9c2 cells as they 

are easy to culture and experiments using these cell lines are highly reproducible. One 

important attribute of H9c2 cells that we wanted to consistently reproduce are their ability 
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to transition from proliferating cells to differentiated non-proliferating cardiomyocytes. This 

phenomenon is relevant when compared to the maturing heart, as fetal cardiomyocytes 

exhibit proliferating capacity, which is quickly dissolved in the post-birth (post-natal) 

period (149). As such, it was first important to characterize the maturation of H9c2 cells 

undergoing the differentiation process. Morphologically, I observed key attributes of 

cardiomyocyte differentiation, as the H9c2 cell became elongated with the treatment of 

RA compared with proliferating cells (Figure 3.1A, B). I also observed increases in key 

markers associated with cardiomyocyte maturation, such as cardiac troponin T, 

SERCA2A and PGC-1α (Figure 3.1C-E) when differentiating H9c2 cells.   

 

4.1.2 Metabolism of differentiated H9c2 cells  

Although a few studies have sought to understand the energy metabolism of H9c2, both 

in the undifferentiated proliferating state and differentiated state, to the best of our 

understanding, none have done so through the direct measurement of major energetic 

pathways as done in this current study. Rather, other studies have reported analysis using 

indirect techniques such as quantifying protein and genetic markers associated with 

metabolism, principal component analysis, metabolite studies using nuclear magnetic 

resonance (NMR) spectroscopy and oxygen consumption assays (24,150–152). 

Moreover, none of these other studies assessed energy metabolism in the presence of 

fatty acids or physiologically relevant levels of bovine serum albumin needed to bind these 

fatty acids. Notably, only one study, to my knowledge, has directly studied fatty acid 

oxidation to observe the effects of 48-hour fatty acid treatment on neonatal 

cardiomyocytes. However, this study did not use physiologically relevant levels of energy 
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substrates, did not asses any other relevant metabolic pathways, nor did it study any 

maturational changes with its protocol (93). Of note, it seems that only two studies have 

aimed to characterize the metabolic transition of H9c2 from an undifferentiated to a 

differentiated state using RA (24,152). To my knowledge, my studies are the first to 

directly measure energy metabolism pathways in proliferating and differentiated H9c2 

cells in the presence of physiologically reflective metabolic substrates. I found a dramatic 

reduction in glycolysis in differentiated H9c2 compared to proliferating cells (Figure 3.3A). 

As such, proliferating H9c2 demonstrate a phenomena typically seen in highly 

proliferating cells, the Warburg effect (11), in which there are high rates of glycolysis 

uncoupled from glucose oxidation. This is further demonstrated by the fact that glycolysis 

is the main contributor to ATP production (>60%) in proliferating cells (Figure 3.6B). This 

Warburg effect is then reduced when H9c2 cells differentiate to a cardiomyocyte 

phenotype. This is accompanied by an increase in coupling between glycolysis and 

glucose oxidation, as can be seen by a reduction in glucose oxidation rates in conjunction 

to the decrease in glycolysis (Figure 3.3B). In differentiated cells there is also a reduction 

in the ratio of phosphorylated PDH to total PDH, further confirming an increase in the 

coupling between glycolysis and glucose oxidation. This aligns with previous literature in 

H9c2 differentiation studies where an increase in glycolytic flux, as seen by NMR 

spectroscopy in proliferating cells, whereas differentiated H9c2 cells have increased 

oxidative rates (152). This also corresponds with what is seen in the heart during the 

newborn period, in which there is a switch from relying primarily on glycolysis to oxidative 

metabolism (3). While my results do not show absolute increases in oxidative metabolic 

pathways with differentiation, I did observe that oxidative metabolism contributes 
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relatively more to ATP production in differentiated H9c2 cells (Figure 3.6B). This aligns 

with an increase in isocitrate dehydrogenase (IDH), a key enzyme in the TCA cycle 

responsible for converting isocitrate to α-ketoglutarate. My study shows an increase in 

IDH in differentiated H9c2 cells (Figure 3.3F). An increase in IDH indicates that the TCA 

cycle is better utilized in differentiated cells than in proliferating cells. 

 

The three key enzymes supporting the Warburg effect are PFKFB3, PKM2 and G6PD. 

Given that PFKFB3 is expression is high in rapidly proliferating cells such as seen in 

cancer cells and endothelial cells, and the inhibition or downregulation of PFKFB3 has 

antiglycolytic effects that reduce tumorigenicity, our expectation was  to see a reduction 

in PFKFB3 with differentiation (63,65,153,154). However, there were no changes in 

PFKFB3 expression in this study between proliferating and differentiated cells (Figure 

3.3H). Next, I looked at PKM2, which is mainly expressed in proliferating cells the, unlike 

the isoform PKM1 which is mainly expressed in adult cells (43,48). In PKM2 deletion 

studies, myocardial size and cardiomyocyte quantity is reduced (55). Whether enhanced 

or lowered PKM2 is important in inducing proliferation post-MI has produced controversial 

results. Magadum et al., (55) suggests that an increase in PKM2 is related to an increase 

in proliferation and cardiomyocyte regeneration, whereas Hauck et al. (155) suggest the 

opposite, in which a reduction in PKM2 expression would be more beneficial for 

cardiomyocyte regeneration post-MI. Notably, neither of these studies demonstrate 

whether their results were aligned with the dimer or tetramer conformation of PKM2. This 

is relevant, as the tetramer conformation of PKM2 is more similar to PKM1 in being 

associated with a decrease in the tumorgenicity (50,51). Interestingly, I observed that 
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PKM2 expression is increased in differentiated H9c2 cells (Figure 3.3I), however whether 

this increase is associated with dimeric or tetrameric conformation is unknown at present. 

Lastly, I examined G6PD, which has been shown to be important in regulating 

proliferation in both cancerous and non-cancerous cells, as several knockdown studies 

of G6PD have observed deficiencies in growth and development (67–71). Intriguingly, 

within the context of the heart, G6PD has been shown to have a protective effect against 

ROS-induced injury (77,78). Under conditions where the heart exhibits a more fetal-

like/proliferative metabolic profile, such as in a hypertrophic state, there is a detectable 

decrease in G6PD (79). Much like what would be expected from an adult cardiomyocyte, 

I observed an increase in G6PD expression in differentiated H9c2 cells compared to 

proliferating cells (Figure 3.3G).  

 

Circulating ketones are known to increase in the newborn period, when the heart 

undergoes dramatic changes, including changes in metabolism (128). To the best of my 

knowledge, changes in ketone oxidation have not been studied or reported in the context 

of the newborn heart, nor has it been studied in differentiating H9c2 cells. However, it has 

been shown that the adult heart can metabolize ketones as a major source of energy 

(156) and that there are increases in ketone metabolism in the failing heart, a response 

that is most likely adaptive (157). In the current study, I did not see any changes in ketone 

oxidation in differentiated cells compared to proliferating H9c2 cells (Figure 3.4A). 

However, ketone oxidation contributed more to ATP production in differentiated cells than 

in proliferating H9c2 cells (Figure 3.6B). Despite no changes in ketone oxidation rates, 

there was an increase in BDH1 protein expression, a key enzyme in ketone oxidation, in 
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differentiated H9c2 cells (Figure 3.4B). The E2F pathway is important in regulating 

cardiac metabolism in the post-natal period (158). When this pathway is disrupted by 

E2F6, there is a reduction in glycolysis associated with an increase in BDH1 protein and 

gene expression in neonatal cardiomyocytes (158). The increases in BDH1 that was 

observed with differentiation are potentially due to the reduction in glycolysis seen in 

differentiated cells (Figure 3.3A) and may be related to changes in E2F6. 

 

Class I HDACs, such as HDAC2 are global repressors of transcription which is important 

to embryonic development, particularly to the development of the heart (131). Global 

deletion of HDAC2 leads to the uncontrolled proliferation of ventricular cardiomyocytes, 

ultimately causing perinatal lethality (131). As such I hypothesized that in differentiated 

H9c2 cells, in which these cells lose their proliferative capacity, there would be a reduction 

in HDAC2. Indeed, in my studies I saw a reduction of HDAC2 protein expression in 

differentiated H9c2 cells (Figure 3.4C). Conversely, HDAC2 knockdown and inhibition 

have been associated with a reduction in proliferation in cancer studies (132,159). In 

cardiac hypertrophy studies, in which the metabolism of the heart is similar to the fetal-

like state, the inhibition of HDAC2 prevented the re-expression of fetal genes in 

cardiomyocytes and reduced cardiac hypertrophy. Interestingly, the decrease in HDAC2 

expression that I observed, was associated with a decrease in Foxo3a in differentiated 

H9c2 cells (Figure 3.4D). This was unexpected as several studies indicate that Foxo3a is 

upregulated by HDAC2 knockdown and inhibition, and that increased Foxo3a is 

associated with improved cardiac hypertrophy (160–162). Studies in HDAC2 deficient 

hearts have shown a reduction in phosphorylated Foxo3a, but not show total Foxo3a. 
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Therefore, I propose that assessing Foxo3a phosphorylation may be a more relevant 

target to observe (135).  

 

It is well established that in the newborn period, in which the heart undergoes a maturation 

process, the reductions in glycolysis are associated with an increase in fatty acid oxidation 

(3,17).  Interestingly, a PPARα induced increase in fatty acid oxidation, as measured by 

indirect extracellular flux or Seahorse KF measurements, leads to a brief increase in 

proliferation in cardiomyocytes before promoting hypertrophic growth and maturation 

(163). Moreover, supplementing hiPSC-CMs with fatty acids allows for a more mature 

phenotype including cell enlargement, improved calcium handling, increasing oxidative 

capacity, and allowing for great force generation (164). To the best of my knowledge fatty 

acid oxidation has not been directly examined in cardiomyocyte differentiation. In this 

study, although I saw lower rates of fatty acid oxidation in differentiated H9c2, I also saw 

incredibly low rates in both proliferating and differentiated H9c2 cells (Figure 3.5A). This 

is further evidenced when looking at the contribution to ATP production, in which the 

contribution from fatty acid oxidation is negligible (Figure 3.6B). Interestingly, despite 

there being no increase in fatty acid oxidation, key enzymes of fatty acid oxidation control, 

PPARα and CPT1A, are increased in differentiated H9c2 cells compared to proliferating 

cells (Figure 3.5 C-D). Increases in PPARα are associated with an increase in fatty acid 

oxidation (96,97,165). Further an increase in PPARα  has been show to be 

cardioprotective in hypertrophy neonatal hearts (85). Interestingly, CPT1 seems to 

increase in the newborn period, however this does not seem to be integral to the 

increases seen in fatty acid oxidation after birth (102).  I also saw an increase in ATGL in 
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differentiated cells (Figure 3.5G). This may indicate an increase in triacylglycerol turnover 

and endogenous palmitate oxidation (165); however, there was no  change in palmitate 

uptake (Figure 3.5B).  

Overall, when characterizing the metabolic profile of differentiated H9c2 cells, I observed 

a decrease in total ATP production (Figure 3.6A). This is potentially due to the fact that 

these cells do not possess the ability to contract and are no longer largely proliferative. 

As a result, there is a reduction in the requirement of ATP for these differentiated H9c2 

cells, and so overall ATP production is reduced. Promisingly, we can see that in 

differentiated H9c2 cells, there is a switch from relying mainly on glycolysis for ATP 

production to having the majority of ATP contributed from oxidative metabolism (Figure 

3.6B).  

 

4.1.3 Maturation and metabolism of proliferating cells treated with ketones  

Given that in the post-birth period there is an increase in circulating ketones (128), I  

aimed to see how both proliferating and differentiating H9c2 responded to ketone 

treatment in order to elucidate what role this may play in cardiomyocyte maturation. 

Several studies examining the effects of ketones on cancer cell lines have observed an 

anti-tumour and anti-proliferative effect when treating cancer cells with ketones or 

subjecting animals to a ketogenic diet (121,122). Conversely, a recent publication has 

shown that ketones increase the proliferation of endothelial cells, contributing to an 

increase in angiogenesis (166). While I did not observe any changes in proliferation, in 

terms of quantifying cell numbers, with the addition of ketones to proliferating H9c2 cells 
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(Figure 3.2A), I did see an increase in SERCA2 and PGC-1α, key markers of 

cardiomyocyte maturation, with the addition of ketones (Figure 3.1 D, E). This 

upregulation of cardiomyocyte maturation markers was seen only in proliferating cells 

treated with ketones, but not in differentiated H9c2 cells which were unaffected by the 

addition of ketones. This indicates that ketones may lead to the differentiation towards a 

more mature cardiomyocyte phenotype in proliferating H9c2 cells, as these markers are 

typically upregulated in differentiated H9c2 cells, as seen by others and this current study 

(24).  

 

Furthermore, as was observed in the differentiated H9c2 cells, proliferating H9c2 cells 

treated with ketones also exhibited a reduction in glycolysis (Figure 3.3A). Importantly, 

this reduction in glycolysis was not as dramatic as the decreases seen with differentiated 

H9c2 cells. As previously mentioned, this is indicative of a reduced Warburg effect and 

aligns with previous literature in cancer research, indicating that the use of the ketogenic 

diet in cancer therapies targets the Warburg effect (123,167). When analyzing key 

enzymes in glucose metabolism, only one of the proteins examined, G6PD, seemed to 

change with the addition of ketones. Similar to differentiated H9c2 cells, proliferating cells 

treated with ketones experience an increase in G6PD expression (Figure 3.3G). Although 

in typical proliferating cells G6P is seen to decrease with differentiation (67–71), other 

studies have shown that G6PD is cardio protective (77,78). Moreover, it is reduced in 

hearts with more fetal like metabolic profiles, such as hypertrophied hearts (79). 

Therefore, the reduction in the Warburg effect may be due to regulation of the PPP, of 

which G6PD is a key enzyme.  
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Despite there being no changes in ketone oxidation, there did appear to be a trend 

towards increased ketone oxidation in both proliferating and differentiated H9c2 cells 

treated with ketones (Figure 3.4A). This is most likely due to an increase in substrate 

availability leading to increased ketone oxidative rates. Ketones are not only a energy 

substrate, but also contribute to cell signaling pathways. Most relevant here is that 

ketones are endogenous inhibitors of HDACs (118,133). Cancer literature has shown that 

the ketone induced HDAC2 inhibition can attenuate the growth of tumours (168). In the 

current study, I did not see any decreases in HDAC2 expression when proliferating H9c2 

cells were treated with ketones (Figure 3.4C). Interestingly there was a decrease in 

Foxo3a expression in these ketones treated proliferating cells (Figure 3.4D). This 

decrease in Foxo3a was also seen in the differentiated H9c2 cells, however HDAC2 

inhibition is typically associated with increase Foxo3a activity (160–162). Importantly, 

neither HADC2 nor Foxo3a activity were directly measured in this study, so a further 

exploration of direct activity may be warranted.  

 

Fatty acid oxidation and associated enzymes related to fatty acid oxidation were not 

changed in proliferating cells when treated with ketones (Figure 3.5A-G). However, given 

the reduction in glycolytic rates, I did observe an overall decrease in ATP production in 

proliferating cells treated with ketones (Figure 3.6A). This follows a similar, but not as 

extensive, trend as what is seen in differentiated H9c2 cells. Moreover, there was 

increased contribution of ATP from oxidative metabolism compared to proliferating cells 

cultured in the absence of ketones. Together, it appears that adding ketones to 
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proliferating cells during culture seems to initiate the process towards differentiating H9c2 

cells to a more mature cardiac phenotype, as evidenced by the results discussed above. 

This is in contrast to results by Xu et al., (169), who showed that culturing H9c2 cells and 

other cardiomyocytes with BOHB leads to a increase in cardiac fibrosis and apoptosis 

and inhibits mitochondrial biogenesis, which is ultimately harmful to the cardiomyocyte. 

However key differences exist between my  study and Xu et al (169). In this current study 

I  treated the  cells for approximately 72 hours in the presence of 1mM BOHB; Xu et al 

(169) use 5mM for 24 hours. Potentially this acute treatment with a high concentration of 

BOHB may be responsible for the negative outcomes compared to the longer treatment 

timeline at lower concentration of BOHB that was done in my study.  

 

4.1.4 Metabolism of proliferating cells treated with ketones with the knockdown of 

BDH1 

Given that ketones seem to influence cellular differentiation, I wanted to further explore 

the mechanism of this activity. First, in order to reduce the amount of BOHB that can go 

through ketone oxidation, I knocked down BDH1, a key enzyme that regulates ketone 

oxidation (Figure 3.9A). BDH1 knockdown has been studied extensively in the context of 

cancer. The results from these studies have been variable. Some studies have shown 

that knocking out BDH1 leads to decrease in proliferation (170), and a decrease BDH1 is 

associated with better anti-tumor effects of the ketogenic diet (171). Others have reported 

the opposite in which a BDH1 knockdown increases the proliferation of cancer cells (172). 

In the adult heart, the knockdown or knockout of BDH1 does not lead to major change 

under physiological conditions, however once the heart is under stress many issues are 
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exacerbated, indicating that ketone metabolism is a safety defence (173). This further 

supported by the evidence that overexpression of BDH1 improves outcomes in heart 

failure (174). BDH1 also appears to be protective against cardiac pathologies in infants 

(158,175). Previous studies have knocked down BDH1 in H9c2 cells. When studying 

heart failure with preserved ejection fraction, Deng et al. found that BOHB improved 

mitochondrial function, which was enhanced by BDH1 knockdown; this indicates that 

BOHB exerts an improvement in mitochondrial function independent of ketone oxidation 

(176). The findings of this study are important as improved mitochondrial function is a 

characteristic of a more mature cardiomyocyte. Conversely, Xu et al. found that the 

ketogenic diet inhibits mitochondrial biogenesis (169). When I knocked down BDH1 in 

proliferating H9c2 cells in the current study, as expected there was an observed reduction 

in ketone oxidation (Figure 3.10C). Interestingly, glycolytic rates were the same between 

control cells and BDH1 knocked down cells (Figure 3.10A). Furthermore, the reduction in 

glycolysis seen with the addition of ketones in the control cells was also observed in BDH1 

knockdown cells treated with ketones. This indicates that the changes in the Warburg 

effect seen in proliferating H9c2c cells treated with ketones is not mediated through BDH1 

and subsequently, due to changes in ketone oxidation.  

 

4.1.5 Metabolism of proliferating cells treated with ketones with the knockdown of 

HDAC2 

Given that BDH1 knockdown did not alter the ketone induced reduction in the Warburg 

effect, I next wanted to explore the cell signaling mechanisms of BOHB. Namely, I 

explored BOHBs putative effect as a endogenous HDAC2 inhibitor, and how proliferating 
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H9c2 cell metabolism is influenced by the knockdown of HDAC2. In cancer cells, knocking 

down HDAC2 is associated with an increase in differentiation and reduced proliferation 

(132). Under conditions of cardiac hypertrophy, knocking down HDAC2 leads to an 

increase in hypertrophy and an increase in cardiomyocyte proliferation (135). 

Furthermore, abnormalities in maturation, such as a down regulation of sarcomere and 

calcium handling genes, and abnormal sarcomere structure with HDAC2 deficiencies 

(135) have been observed and reported. The  combined loss of both HDAC1 and HDAC2,  

leads to perinatal lethality and cardiac defects (131). Overall, several studies have shown 

that HDAC2 is essential to proper cardiac development (135,169,177,178). In the current 

study, the knockdown of HDAC2 is associated with an increase in glycolysis compared 

to control H9c2 cells (3.14A). As previously described, increased glycolysis is typically 

associated with proliferation and a less mature phenotype, which aligns with other 

literature in regards to the effects of knocking down HDAC2 (135). Interestingly, this 

increase was ameliorated with the addition of ketones, back to levels that is comparable 

to that of the control cells (Figure 3.14A). This is in line with Xu et al., who showed that 

the knock down of HDAC2 in the presence of BOHB led to a increase in mitochondrial 

biogenesis and a reduction in glycolysis (169). Intriguingly we also saw an increase in 

glucose oxidation with the knockdown, which was not affected by the addition of ketones 

(Figure 3.14C). This further indicates that the Warburg effect is decreased with the 

addition of ketones in HDAC2 knockdown cells, as there seems to be an increased 

coupling between glycolysis and glucose oxidation. Lastly, I also looked at ketone 

oxidation, and found that there was reduction in ketone oxidation with the knockdown of 

HDAC2, which was not affected by the addition of ketones (Figure 3.14B). Overall, it 
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appears that ATP production is increased in HDAC2 deficient H9c2 cells (Figure 3.15A), 

mainly due to an increase in glycolysis. This increase was returned to normal levels with 

addition of ketones. There is not enough data to understand the exact mechanism, 

however we can surmise that HDAC is important to the regulation of the Warburg effect 

in proliferating H9c2 cells. 

 

4.2 Limitation & Future Directions  

There are several limitations and short/long term future directions for this project.  

1. First a foremost, there are still several biomarkers that need to be evaluated with 

a higher sample size in order to confirm the validity of our results. Additionally, 

particularly for the BDH1 knockdown and HDAC2 knockdown, several biomarkers 

need to be assessed via western blot analysis, such as PGC-1α, SERCA2, and 

G6PD; all of which were increased in the proliferating cells treated with ketones in 

a similar fashion to what was seen in differentiated H9c2 cells 

 

2. As mentioned, studying the phosphorylation of Foxo3a may be a more relevant 

indicator of Foxo3a activation in relation to HDAC2 levels. Therefore, in the future, 

in order to better understand changes in HDAC2 signaling immunoblotting for 

phosphorylated Foxo3a should be done in addition to total Foxo3a. 

 
 

3. For the HDAC2 knockdown study I noticed that the control glycolytic rates are 

lower than previously observed, and there are no changes in glycolysis due to 
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ketones in the cells treated with scrambled control. As such we would like to further 

validate these results by replicating the experiment. Additionally, sample number 

is not high enough to confirm the HDAC2 knockdown in the experimental groups, 

so further western blotting of HDAC2 is needed to validate the knockdown.  

 

4. Our current method of studying cellular proliferation is not very refined. In the 

future, I think that a valuable experiment to strengthen these experiments would 

be to use a different method to assess cell proliferation. While there are certain 

assays, such as the MTT assay that are popular when studying proliferation, this 

technique uses the indirect measurement of metabolic activity in order to inform 

researchers of their cell line’s proliferative capacity. Given that this study has 

directly studied metabolism, this is potentially redundant. Ki67, however is a 

nuclear antigen that acts a marker of active cell proliferation (179). Therefore, a 

more accurate measure of proliferation might be studying changes in Ki67 over 

times may to inform how proliferation changes with the addition of ketones in H9c2 

cells.  

 

5. We are unsure of PKM2 activity, and whether or not the increase expression that 

we observed in differentiated H9c2 cells was of the dimeric or tetrameric 

conformation. Therefore, it may be valuable to do further experiments in order to 

study PKM2 activity and elucidate which conformation of PKM2 is being 

upregulated.  
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6. In this project, we have used a single cell line, H9c2 cells. In order to further 

validate the finding of this study, it would be prudent to also repeat these 

experiments in other cell lines such as AC16 cells which also have the capacity to 

be studied in proliferating and differentiated states. Other models that may utilized 

are hiPSC-CMs, as we can also study the differentiating transition from highly 

proliferative cells to cells with a matured cardiomyocyte phenotype in this model. 

 

7. Once we complete our in vitro  study, evaluating the role of ketones in 

cardiomyocyte maturation, in animal models, such as previous reported 

experiments done in newborn rabbits (3), would be beneficial to produce more 

translational data. However, there is significant value in exploring this topic in vitro 

first as we can elucidate the mechanism that is most important to explore to limit 

the amount of animal sacrificed overall. 

 

8. The use of the H9c2 cell line presents some general limitations as well. Firstly, 

while studies have shown that H9c2 cells share many characteristics and 

responses to stimuli as neonatal cardiomyocytes (150), they do not have an 

important characteristic of cardiomyocytes - the ability to contract. This limitation 

is potentially why in the current study as we see the dramatic reduction in ATP 

production in differentiated H9c2 cells (Figure 3.6A). Therefore, this model may 

present limitations when trying to compare transition from fetal cardiomyocytes to 

matured newborn cardiomyocytes. Despite this limitation, other studies as well as 

the current study show that differentiated H9c2 cells do share important 
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characteristics of matured cardiomyocytes, such as an increase in proteins 

associated with calcium handling and mitochondrial biogenesis, those of which are 

responsible to drive the increase in contractile force in the developing heart 

(24,27). Importantly, it should be noted that the differentiation protocol produces a 

heterogenous cell populations (24). Given that the process of differentiation is 

ongoing, there are cells at various stages of differentiation within each group of 

samples. However, we ensure that a significant amount of differentiation has 

occurred with each experiment through the analysis of several different 

cardiomyocyte maturation markers.  

 

While there are a few limitations of this study and future experiments that should be done 

to better validate these results, the current data does allow for important insights when 

studying cardiomyocyte maturation. 

 

4.3 Conclusion 

By directly measuring the energy metabolic profile of proliferating and differentiated H9c2 

cells in the presence or absence of ketones I found that differentiating H9c2 cells lead to 

a decrease in the Warburg effect, primarily due to a decrease in glycolysis. Furthermore, 

treating proliferating H9c2 cells with ketones, a substrate that increases in the newborn 

period, also leads to reduction in the Warburg effect due to a decrease in glycolysis. This 

reduction in the Warburg effect was associated with an increase in cardiomyocyte 

maturation markers in proliferating H9c2 cells treated with ketones. While the knockdown 
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of BDH1 did not cause any changes in glycolytic rates in proliferating cells in the presence 

or absence of ketones, the knockdown of HDAC2 lead to an increase in the Warburg 

effect, implicating this as a potential pathway by which ketones may be exerting their 

effects. 
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