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Abstract 

Cardiomyopathy is prevalent, and the leading cause of mortality among obese and diabetic patients.  

Abnormalities in cardiac energy metabolism trigger myocyte dysfunction that precedes the onset 

of cardiomyopathy. Lack of insulin function triggers metabolic remodeling, rendering 

cardiomyocytes susceptible to detrimental effects of hyperglycemia and fatty acid (FA) 

overutilization.  Glucolipotoxicity precipitates ER stress, mitochondrial dysfunction, impairment 

in Ca2+-handling and protein degradation, leading to myocyte injury and death. Using in-vivo and 

ex-vivo models, data from my doctoral thesis demonstrated that glucolipotoxicity impairs the 

protein degradation pathway of lysosomal autophagy, causing cardiomyocyte injury. Gene 

expression of lysosomal proteins governing lysosomal metabolism and proteolytic (autophagy) 

function are under the direct control of transcription factor EB (TFEB), belonging to the 

microphthalmia/TFE family. My data show that glucolipotoxicity following nutrient-overload 

causes cardiomyocyte injury by inhibiting TFEB and suppressing lysosomal function. I next 

ascertained if types of FA and duration of FA exposure regulate TFEB action and dictate 

cardiomyocyte viability. Saturated FA, palmitate, but not polyunsaturated FAs, decreased TFEB 

content in a concentration- and time-dependent manner in cardiomyocytes. Hearts from high-fat 

high-sucrose diet-fed mice showed a temporal decline in nuclear TFEB content with a marked 

elevation of distinct lipid species suggesting that myocyte lipid loading and loss of TFEB are 

concomitant molecular events. To identity signaling and metabolic pathways modulated by the loss 

of TFEB action in cardiomyocytes, transcriptome analysis in murine cardiomyocytes with targeted 

deletion of TFEB (TFEB-/-) was conducted. The RNA-sequencing analysis revealed enrichment of 

differentially expressed genes (DEGs) representing pathways of nutrient metabolism, cell 

death/apoptosis and cardiac function. Transcriptome analysis also showed upregulation of genes 

involved in lipid biosynthesis and storage, whereas genes associated with lipid catabolism were 

downregulated in myocyte with TFEB deletion. TFEB-/- cardiomyoblasts exhibited higher lipid 

droplet accumulation and increased caspase-3 activation, whereas constitutive activation of TFEB 

abrogated the phenotype. Notably, electrically stimulated TFEB-/- cardiomyocytes displayed an 

increase in Ca2+ transient amplitude. Together, our data demonstrated that TFEB plausibly regulates 

non-canonical energy metabolism pathways other than the canonical pathway of autophagy in 

cardiomyocytes. Loss of TFEB function in cardiomyocytes remodels energy metabolism and 

renders cardiomyocyte susceptible to nutrient-overload-induced injury. Probing intramyocellular 

mechanisms regulating TFEB and identifying pathways targeted by TFEB offers promising 

therapeutic options for treating patients with metabolic heart failure. 
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Chapter 1: Introduction    

This chapter contains materials (sections 1.5 and 1.6) originally published in:  

Trivedi, P.C.; Bartlett, J.J.; Pulinilkunnil, T. Lysosomal Biology and Function: Modern View of 

Cellular Debris Bin. Cells. 2020, 9(5):1131 [1].  

 

1.1 Obesity, diabetes and cardiovascular disease  

1.1.1 Prevalence of obesity and diabetes mellitus 

Obesity is a pathophysiological state that is globally prevalent among all age groups, sexes 

and cultures. Clinically, obesity is established when body mass index (BMI) is higher than 30. 

Obesity is further sub-divided into class-1 (BMI of 30-34.9), class-2 (BMI of 35-39.9) and class-3 

(BMI ≥40) obesity [2]. Obesity occurs due to positive energy imbalance, wherein nutrient and 

energy supply outweigh physiological demand and usage. Between the years 1985 and 2011, the 

prevalence of obesity has increased in Canada, from 6.1 to 18.3% [2]. In 2018, 9.9 million adults 

were classified as overweight, bringing the total population with increased health risks due to 

excess weight to 63.1% [3]. Obesity rates have roughly doubled across all age groups over the past 

three decades. Disturbingly, 20% of the Canadian youth is overweight or obese, and the number 

continues to rise, notably in Maritime provinces [4].  

Obesity is a major risk factor for type 2 diabetes mellitus (T2DM), which accounts for 90 

to 95% of total diabetes cases. Type 1 diabetes mellitus (T1DM) accounts for 5 to 10% of cases, 

an early-onset diabetes characterized by pancreatic β-cell destruction, resulting in decreased insulin 

production and secretion, leading to the deficiency of insulin content and function [5]. T1DM is an 

insulin-dependent autoimmune disease that appears to have a genetic basis [6] and will not be 

discussed here. Trends in the prevalence and incidence of T2DM closely mirror the upward trend 

in obesity [7]. In 2013, 422 million adults lived with diabetes worldwide compared to 108 million 

in 1980 [8]. T2DM is a global epidemic, and its prevalence is increasing every year, and by 2035 
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is expected to affect over 592 million people [9] globally. 7.3% of Canadians over the age of 12 

and older were diagnosed with diabetes in 2017 [9]. Between 2016 and 2017, the proportion of 

males who reported being diagnosed with diabetes increased from 7.6% in 2016 to 8.4%. The 

proportion of females with diabetes remained consistent in the last two years [9]. Chronic diabetes 

is characterized by hyperglycemia, hyperlipidemia and insulin resistance [8,10]. Numerous 

etiological factors contribute to the onset of T2DM and insulin resistance. These include pancreatic 

β-cell dysfunction [11], increased inflammatory serum content of  interleukin-6 (IL-6) and C-

reactive protein (CRP) [12,13], insulin signaling suppression through inflammation [14] and 

upregulation of cell death pathways in pancreatic β-cells [15,16]. Comorbidities of obesity and 

diabetes include cancers (pancreatic, colon and rectal cancers), microvascular diseases 

(retinopathy, nephropathy and neuropathy) and macrovascular diseases (hypertension, 

hyperlipidemia, heart failure, coronary artery disease, strokes, perivascular and cerebrovascular 

diseases), including muscle-specific heart disease [17-19].   

1.1.2 Obesity- and diabetes mellitus-related heart disease 

Etiology/prevalence/epidemiology: Patients with diabetes have twice the risk of 

developing heart failure (HF) than patients without diabetes. HF is the primary cause of mortality 

in individuals with diabetes [20]. Over the last two decades, with increasing morbidity of both 

obesity and diabetes, the prevalence of HF among diabetic patients has significantly increased 

worldwide [21]. The prevalence of HF in diabetic patients is astoundingly high, ranging from 19% 

to 26% [22]. Underdiagnoses of diabetic complications increase patient’s susceptibility to HF by 

two- to three-fold compared to those with non-diabetic complications. Additionally, each 1% 

increase in glycated hemoglobin (HbA1c) is linked to a 15% increase in HF risk [23,24]. Data from 

a twenty-year follow-up of Framingham Heart Study suggests that diabetes independently increases 

the risk of developing HF up to two-fold in men and five-fold in women compared to their age-

matched controls, also highlighting sexual dimorphism in diabetes-induced heart disease [25]. A 

higher incidence of HF in diabetic patients is associated with increased left ventricular (LV) wall 
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thickness [25]. From Strong Heart Study and the Multi-Ethnic Study of Atherosclerosis, differences 

in LV mass and wall thickness and increased diastolic and systolic dysfunctions in diabetic patients 

are evident compared to non-diabetic patients [26]. Moreover, the prevalence of HF in patients with 

T2DM has risen from 12% to 22% with increasing age, suggesting diabetes is an independent risk 

factor for HF [27].   

1.1.3 Current therapeutic strategies 

Advanced understanding of the disease pathogenesis has provided us with improved 

disease treatment and management options for obese and diabetic patients with cardiovascular 

complications. These management options include improving lifestyle, improving glycemic control 

and using lipid-lowering agents and therapies to target molecular events such as fibrosis, 

hypertrophy, oxidative stress, and inflammation.  

Lifestyle modification: Regular physical training and healthy eating are key habits for 

managing obesity and diabetes. Exercise improves glycemic control, insulin sensitivity and cardiac 

metabolic flexibility in the heart, augmenting cardiac function in diabetic patients [28-30]. Zucker 

diabetic fatty (ZDF) rat, a preclinical model, simulating clinical T2DM when subjected to aerobic 

exercise training, exhibits improved glycemic control and lipid profile with a concomitant reduction 

in anti-inflammatory cytokines [31]. Likewise, healthy eating, caloric restriction and intermittent 

fasting benefit diabetic patients [32]. Prolonged caloric restriction in T2DM patients reduces BMI 

and improved glycemic control associated with lower myocardial triacylglycerol (TAG) content 

and improved diastolic dysfunction [33]. However, both intermittent fasting and caloric restriction 

approaches are considered safe with frequent personal glucose monitoring practices in diabetic 

patients only when carried out under the supervision of the patient’s healthcare provider.    

Anti-diabetic therapies: Glucose overload is a driver of cardiovascular complications in 

diabetic patients. Epidemiological analysis demonstrates that each 1% reduction in HbA1C is 

associated with a 21% reduction in diabetes-related cardiovascular outcomes [34]. Therefore, a 

therapeutic strategy to improve hyperglycemia and hyperinsulinemia is expected to reduce cardiac 
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dysfunction in diabetic patients. Although the treatment of hypertension that co-exists with HF is 

cardioprotective, the beneficial effect of glycemic control in HF is still not clearly defined [35]. 

Different glucose-lowering therapies such as dipeptidyl peptidase-4 inhibitors (Sitagliptin, 

Linagliptin), thiazolidinediones (Glitazones) and sulfonylureas (Glibenclamide and Glimepiride) 

are not beneficial in diabetic patients with HF [36,37], whereas studies utilizing Metformin to treat 

HF have shown conflicting results. These results suggest that targeting hyperglycemia is 

insufficient to reduce major macrovascular complications, including accelerated cardiovascular 

diseases resulting in atherosclerosis and myocardial infarction. However, recent clinical studies 

such as the LEADER (Liraglutide Effect and Action in Diabetes: Evaluation of Cardiovascular 

Outcome Results) trial and SUSTAIN-6 trial with glucagon-like peptide-1 (GLP-1 such as 

Liraglutide and Semaglutide) receptor agonist improve cardiovascular outcomes in diabetic 

patients [38,39]. Notably, the new class of anti-diabetic drug sodium-glucose cotransporter 2 

(SGLT-2) inhibitor such as Empagliflozin has shown the most promising outcome of reducing 

cardiovascular complications and hospitalization in HF patients with diabetes [40]. However, more 

studies are warranted to investigate the underlying mechanisms by which GLP-1 receptor agonists 

and SGLT-2 inhibitors improve cardiovascular complications in diabetic patients.   

 Dyslipidemia is yet another frequently observed comorbidity in patients with obesity, 

diabetes and insulin resistance. A higher level of low-density lipoprotein cholesterol is a significant 

risk factor for atherosclerotic cardiovascular disease (CVD). Also, statin treatments prevent CVD 

and mortality by controlling hyperlipidemia, likely benefiting T2DM patients [41,42]. Together, 

these findings suggest that cardiovascular complications in diabetic patients can be managed by 

lifestyle modification, controlling glycemia and treatment focusing on dyslipidemia, hypertension 

and HF. Most importantly, since no drug has been approved for HF in diabetic patients, additional 

pre-clinical studies are warranted to develop therapies and mitigate lipotoxicity in diabetic patients 

with HF.          
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1.2 Structural and functional abnormalities in left ventricular heart disease 

In the obese and diabetic heart, anatomical and functional changes in the myocardium 

cause clinicopathological consequences culminating in HF. Pathological alterations in myocardial 

metabolism, structure and Ca2+ signaling are early defects that precede clinically defined HF. The 

progression of cardiovascular complications to HF during obesity and diabetes is described in three 

distinct stages with different clinical outcomes and pathophysiological features. In the early stage 

of disease progression, metabolic disturbances such as insulin resistance and hyperglycemia are not 

accompanied by substantial changes in myocardial structure and function [43,44]. The diabetic heart 

is characterized by diastolic dysfunction with preserved ejection fraction [45,46]. Clinically 

impaired myocardial relaxation is detected by echocardiography and MRI with no systolic 

dysfunction, indicating optimal ejection fraction. In the advanced stage of disease progression, 

increased myocardial fibrosis due to increased cell death and oxidative stress initiates a significant 

decline in diastolic function followed by systolic dysfunction [47]. In the late stage, persistent 

metabolic inflexibility, neurohumoral activation, and myocardial fibrosis exacerbate diastolic and 

systolic dysfunction, leading to HF [43,48].  

1.2.1 Left ventricular hypertrophy (LVH)  

LVH is characterized by an increase in LV mass and is a hallmark of morphological 

changes observed in the obese and diabetic heart. Initially, LVH overlaps with conserved LV 

function but chronically results in ventricular dysfunction. The disproportionate enlargement of the 

LV relative to cardiac work renders the myocardium sensitive to ischaemic and arrhythmic 

disturbances. Echocardiograms of diabetic patient’s hearts show an increase in LV posterior and 

septal wall thickness [49]. Individuals with obesity are presented with greater LV mass and LV wall 

thickness than individuals with normal weight [49,50]. Additionally, central obesity is a risk factor 

for LVH and causes concentric LVH independent of hypertension [51]. Emerging evidence 

suggests the involvement of cytokines (IL-6 and leptin) and adipokine (resistin) in the development 

of LVH [52]. Importantly, insulin resistance and hyperinsulinemia are strongly correlated with 
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increased LV mass, corroborating the association of cardiac hypertrophy to obesity [53]. Despite 

the clinical knowledge that regressing LVH is cardioprotective during obesity and diabetes, the 

mechanisms and therapeutic targeting of LVH development and/or progression at the level of the 

cardiac myocyte are unclear due to the complexity of intracellular pathways regulating cardiac 

hypertrophy. 

1.2.2 Myocardial fibrosis 

Myocardial fibrosis develops due to increased collagen deposition secondary to the 

disarray of ECM (extracellular matrix) protein structure and turnover. Collagen type-I and -III are 

primarily accumulated in epicardial and perivascular regions of the heart, whereas type-IV is 

accumulated in the endocardial layer [54]. Histopathological scans of the diabetic heart reveal 

interstitial fibrosis, capillary basal laminae thickening, narrowing of the lumen due to increased 

proliferation of endothelial cells and increased thickness of the arteriolar wall [55,56]. In a diabetic 

heart, an increase in the expression of profibrotic factors such as transforming growth factor β 1 

(TGFβ1) and connective tissue growth factor (CTGF) triggers excessive ECM protein 

accumulation [57]. This effect is secondary to the decrease in the activity of the ECM-degrading 

enzyme, metalloproteinase-2 and increase in activity of tissue inhibitor of MMP-2 (TIMP2)  [58].  

Hyperglycemia induces the non-enzymatic reaction between amine residues of proteins, 

lipids or sugars to form advanced glycosylation end-products (AGEs). This chemical modification 

of proteins is an important mechanism that could contribute to myocardial fibrosis. Once formed, 

AGEs cross-link with collagen molecules, which increase their resistance to proteolysis and 

decrease their turnover [59]. AGEs bind to its putative receptor for advanced glycation end products 

(RAGE) on the cardiac cell membranes, promoting pro-inflammatory signaling and increasing the 

expression of oxidative stress mediators, a process which is accelerated in diabetic patients [60]. 

Biomarkers of collagen synthesis such as inflammatory cytokines, CTGF, metalloproteinases and 

galectin-3 are used clinically to ascertain the severity of myocardial fibrosis [57,58,61-63].          
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1.2.3 Diastolic dysfunction 

HF resulting from impaired myocardial relaxation and compliance is termed as diastolic 

HF [64,65]. Diastolic dysfunction in diabetic patients is characterized by a reduction in early 

diastolic filling and an increase in atrial filling and enlargement, leading to elevated LV end-

diastolic pressure and systolic dysfunction [66,67]. The echocardiographic indices for diastolic 

dysfunction include E/E’ and E/A ratios (where E and A are the mitral peak velocity of early and 

late ventricular filling, respectively and E’ is the early diastolic mitral annular velocity), which are 

impaired in type-2 diabetic patients [66,67]. Indeed, the use of flow and tissue Doppler techniques 

suggest a prevalence of diastolic dysfunction as high as 40-75% in T1DM and T2DM patients [68]. 

Diastolic dysfunction is also observed in animal models, including ob/ob, db/db and ZDF rats, 

which exhibit obesity, insulin resistance and mild to severe hyperglycemia [69-73].  

TAG deposition, impaired insulin signalling, lipotoxicity, increased cytokine activity and 

increased formation of AGEs are purportedly the causative drivers of diastolic dysfunction [71,74]. 

Furthermore, diastolic dysfunction is accelerated by impaired mitochondrial energy production by 

altered substrate supply, and utilization and mitochondrial uncoupling are likely reducing cardiac 

efficiency [75,76]. Additional drivers and/or triggers include alteration in Ca2+ handling, 

sympathetic overdrive, endothelial dysfunction and LV concentric remodelling, all of which 

contribute to diastolic dysfunction [77-79].  

1.2.4 Systolic dysfunction 

With the progression of diabetic cardiomyopathy, diastolic dysfunction and reduced 

cardiac compliance are accompanied by systolic dysfunction. Systolic dysfunction is characterized 

by reduced ejection fraction, prolonged pre-ejection performance, an enlarged LV chamber and 

shortened ejection period [80]. Importantly, when considering sex-specific estimates, the 

prevalence of LV systolic dysfunction among men with T2DM is 9% compared to 2% in women 

[81]. Animal studies have demonstrated an association of diabetes with LV systolic dysfunction, 

wherein diabetic animals display reduced heart rate, systolic blood pressure and fractional 
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shortening compared to control animals [82-84]. Additionally, LV systolic dysfunction may cause 

a degree of myocyte loss due to increased myocyte injury, resulting in decreased contractility and 

ejection fraction. Furthermore, abnormal contractile and regulatory protein expression and activity 

lead to impaired Ca2+ sensitivity, contributing to systolic cardiac dysfunction [85]. 

1.2.5 HFpEF and HFrEF 

HF is clinically defined as a structural or functional abnormality that impairs the ability of 

the LV to eject blood (Systolic Heart Failure) or to fill with blood (Diastolic Heart Failure). 

Congestive heart failure is a complex clinical syndrome characterized by abnormalities of LV 

function and neurohormonal regulation, which are accompanied by effort intolerance, fluid 

retention, and reduced longevity. However, the above descriptions of HF do not account for HF 

cases where systolic dysfunction is absent but still exhibit clinical symptoms of HF. Recently, HF 

has been classified into HF with reduced ejection fraction (HFrEF; LVEF ≤ 40%) [86], HF with 

preserved ejection fraction (HFpEF; LVEF ≥ 50%) [86,87] and HF with a mid-range ejection 

fraction (HFmEF; LVEF = 41%-49%) [86,88].  Up to 50% of patients presenting in the emergency 

room with HF have preserved systolic function (HFpEF). Despite the high prevalence of HFpEF, 

the mechanisms underlying this type of HF are poorly understood, and currently, there is no 

effective therapy for HFpEF. Aging, frailty, sex and comorbidities such as atrial fibrillation, 

hypertension, diabetes, obesity, pulmonary hypertension, and renal dysfunction are often associated 

with HFpEF. Yet, the relationship and contribution of these clinical manifestations with HFpEF 

remain ill-defined. Preliminary studies suggest that metabolic maladaptation is the initial trigger 

for HFpEF pathology. Obesity and diabetes have different outcomes in HFpEF versus HFrEF. 

Diabetic patients with HFpEF display increased myocardial stiffness, whereas patients with HFrEF 

exhibit fibrosis [89]. Almost half of HF patients with T2DM exhibit HFpEF, more common in older, 

hypertensive female patients. These patients are often presented with mild symptoms and are 

difficult to diagnose, but symptoms appear when patients are subjected to strenuous physical 
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activity [90]. The severity and duration of hyperglycemia are critical determinants of the 

development of LV dysfunction. Patients with milder T2DM symptoms usually show HFpEF, 

whereas HFrEF is observed in patients with severe T2DM complications [91]. Clinically, both 

HFpEF and HFrEF are characterized by different systemic biomarker profiles. In patients with 

HFpEF, high plasma levels of inflammatory biomarkers such as interleukin-1 receptor-like 1 

(IL1RL1) and CRP are observed [92,93]. Whereas HFrEF patients presented with higher levels of 

high-sensitivity troponin T (hsTNT, a marker for myocardial injury) or N-terminal pro-B-type 

natriuretic peptide (NT-proBNP, a marker for myocardial wall stress) [92,93]. The standard 

diagnostic criteria for HFpEF and HFrEF in diabetic versus non-diabetic patients include LV 

diastolic volumes and higher LV filling pressure (higher mitral E/A ratio) [92]. Regarding cardiac 

remodeling, eccentric hypertrophy predominates in HFrEF, and concentric hypertrophy is 

frequently observed in HFpEF patients [94]. Although the pathogenesis of obesity- and diabetes-

related cardiovascular complications are multifactorial, abnormal cardiac metabolism, systemic 

dyslipidemia, myocardial lipid accumulation and impaired Ca2+ signaling are the key defining 

pathological features during HF. The heterogeneity in HFpEF pathophysiology, insufficient 

diagnosis and limited evidence-based therapies compound extremely poor outcomes of this disease. 

The success of interventions for HFrEF have resulted from an advanced molecular understanding 

of its metabolic, hemodynamic and neurohormonal pathophysiology. Advances in understanding 

HFpEF can be achieved by deciphering mechanisms perturbing myocyte energy metabolism. 

1.3 Cardiac energy metabolism in the obese and diabetic heart  

One of the early biochemical transformations in the obese and diabetic heart includes 

impairment in cardiac energy remodeling, which has primarily been uncovered and extensively 

studied in preclinical models [95] and verified clinically [79,96]. Cardiac metabolic remodeling is 

followed by the precipitation of pathological events such as LV wall stiffness, deposition of 

collagen and impairment in Ca2+ homeostasis [97]. However, metabolic changes are underestimated 

in the clinical scenario due to the rapidity of metabolic transformation, underdiagnoses and delayed 
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detection in obese and diabetic humans exhibiting cardiomyopathy [98]. Therefore, it stands to 

reason that reversal of altered cardiac substrate utilization or reversing the detrimental effects of 

abnormal cardiac energy metabolism during obesity and diabetes will prevent cardiovascular 

complications. A thorough understanding of the mechanisms by which abnormalities in myocardial 

energy metabolism trigger disruptions in myocyte signaling and function is vital to achieving this 

goal. 

1.3.1 Glucose and fatty acid utilization 

The heart is an energy-intensive organ, requiring a continuous and uninterrupted supply of 

3.5–5 KG of ATP/day to maintain adequate pumping action [98,99]. To support higher ATP 

consumption, the heart relies on multiple substrates such as fatty acids (FA), carbohydrates, amino 

acids and ketones, with FA and glucose being the principal fuels [99]. In the healthy heart, oxidation 

of long-chain fatty acids (LCFA) accounts for approximately 65–80% of ATP production, and 

hence they are the preferred energy substrate for the heart [98,99]. Whereas glucose and lactate 

oxidation accounts for ATP production, representing 15–25% and 5–10%, respectively [98,99]. 

Although FA is the most preferred substrate, the heart has a limited capacity to synthesize this 

substrate and relies on continuous exogenous supply. FAs can be imported to the heart from two 

systemic sources: 1) FAs released from the adipose tissue and bound to albumin, which is then 

taken up by the heart and 2) hydrolysis of TAG-rich lipoproteins to FAs (Figure 1.1 A) [100]. 

Exogenous FAs importation is necessary to maintain optimal β-oxidative function, which is 

accomplished by the concerted action of lipoprotein lipase (LPL) and myocyte FA transporters 

[101]. FAs entry into the cardiomyocyte is insulin sensitive and occurs via passive diffusion or via 

protein-mediated transporters such as CD36 (a member of FA translocase), FA transport protein 

(FATP) (Figure 1.1 A) [102-104]. Once inside the cardiomyocyte, Long-chain fatty acyl-CoA 

synthase (ACSL1) converts FAs into fatty acyl-CoA esters in an ATP-dependent manner (Figure 

1.1 B) [105,106]. The acyl group from fatty acyl-CoA is transferred from CoA to carnitine to form 

acylcarnitine by carnitine palmitoyl-transferase-1 (CPT-1), 
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Figure 1.1 Role of insulin in regulating cardiac energy metabolism in a healthy heart. The 
heart relies on ATP derived from FAO to meet the contractile demands. LPL-derived FA enters the 
myocardium via the concerted action of CD36 and FABP/FATP (A-D). Within the mitochondria, 
citrate generated during the TCA cycle translocates into the cytosol to form acetyl-CoA, which is 
further converted to malonyl-CoA by the action of ACC (E). Insulin increases malonyl-CoA levels, 
which inhibits CPT-1 and the ensuing mitochondrial β-oxidation of FAs (F). Insulin inhibits FAO 
and directs the incorporation of FAs into TAG (G). Insulin limits the reliance of the heart on FAO 
oxidation by augmenting glucose utilization (H). Insulin’s binding to its transmembrane receptor 
initiates an intracellular autophosphorylation cascade that activates IRS-1 and promotes PI3K-
phosphorylation of PIP2 to increase intracellular PIP3 concentrations (O-R). Increased PIP3 
concentrations facilitate the recruitment of PDK1 and Akt to the cardiomyocyte membrane, 
whereby PDK1 phosphorylates Akt (S). Subsequently, Akt inhibits AS160 and relieves inhibition 
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on GLUT translocation (T). GLUT4 facilitates the transport of glucose through the cardiomyocyte 
sarcolemma (H). Insulin-induced GLUT4 translocation facilitates cellular glucose uptake and 
utilization. Intracellularly, glucose is converted to G-6-P that is either shunted into glycogen storage 
via glycogen synthase or processed further via the glycolytic pathway (I-K). The glycolytic end-
product pyruvate is transported into the mitochondrial matrix and converted by PDH to form acetyl-
CoA, which is processed via the TCA cycle to generate ATP (L). PDH is regulated by either 
PDHK-dependent inhibitory phosphorylation or PDHP-induced activating dephosphorylation of 
PDH (M).  
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an enzyme residing in the outer mitochondrial membrane. Subsequently, CPT-2, an enzyme of the 

inner mitochondrial membrane, catalyzes the transfer of the acyl group from carnitine to CoA in 

the mitochondrial matrix (Figure 1.1 C) [107,108]. Within the mitochondrial matrix, fatty acyl-

CoA molecules are sequentially broken down by β-oxidation to liberate acetyl-CoA (Figure 1.1 

D), which is then metabolized through the tricarboxylic acid cycle (TCA) to generate ATP. The 

rate of β-oxidation is regulated by the intracellular levels of malonyl-CoA, synthesized from the 

cytosolic citrate, an intermediate of the TCA cycle. Citrate is an important precursor for cytosolic 

acetyl-CoA, required to drive FA synthesis (Figure 1.1 E). Citrate activates acetyl-CoA 

carboxylase (ACC) enzyme to generate malonyl CoA from acetyl CoA and signals a feedback 

response to decrease FA uptake into the mitochondria [107,108]. Malonyl CoA is a robust inhibitor 

of CPT-1 and FA β-oxidation (Figure 1.1 F) [109]. Adenosine monophosphate-activated protein 

kinase (AMPK), the “cellular fuel gauge”, inhibits ACC activity and relieves ACC inhibition of 

CPT-1, thereby augmenting flux of ACSL1 into β-oxidation [110]. FAs derived from TAG 

hydrolysis are also important cardiac energy substrates for forming complex lipids and the 

construction of membranes [111]. TAG hydrolysis represents a tightly regulated process involving 

the concerted action of ATGL (adipose triglyceride lipase generates DAG), HSL (hormone-

sensitive lipase generates mono[112]acylglycerol (MG)), and MGL (monoacylglycerol lipase 

generates FA) (Figure 1.1 G) [113,114]. 

In addition to FA, the heart metabolizes approximately 25% of glucose and 15% of lactate 

for ATP generation, and the rest of the ATP (~5%) is derived from amino acids and ketones [99]. 

In an insulin-dependent process, glucose from the circulation is transported into the cardiomyocyte 

via glucose transporters (GLUTs), GLUT1 and GLUT4 isoforms, which are predominantly 

expressed in cardiac tissue (Figure 1.1 H) [97]. Heart muscle expresses the highest levels of the 

“insulin sensitive” GLUT4 isoform. GLUT1 isoform is an insulin-independent GLUT present in 

high abundance in erythrocytes and at lesser amounts within the heart, allowing the heart to uptake 

glucose in the absence of insulin [112]. GLUT mediated glucose uptake involves serine/threonine 
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kinase, AMPK, which promotes GLUT1 and GLUT4 translocation to sarcolemma [115]. Once in 

the cytosolic compartment of the sarcolemma, glucose is phosphorylated by hexokinase to glucose-

6-phosphate (G-6-P) (Figure 1.1 I). Hexokinase-I is the abundant isoform in the fetal heart, and 

hexokinase-II is the dominant isoform in the adult heart (Figure 1.1 J) [116-118]. Insulin-dependent 

glycolysis results from PI3K (Phosphatidylinositol 3-Kinase)/PDK (phosphoinositide-dependent 

kinase-1)-mediated activating phosphorylation of phosphofructokinase-2 (PFK-2),  generating 

fructose-2-6-bisphosphate (F-2,6-BP) [119], a potent activator of glycolysis [120]. F-2,6-BP 

activates PFK-1 [119], a control node in glycolysis (Figure 1.1 K) [120]. During nutrient 

abundance, pyruvate generated by glycolysis is transformed via three sets of reactions: 1) 

conversion to oxaloacetate or malate via a carboxylation reaction, 2) conversion to lactate, and/or 

3) decarboxylation to acetyl-CoA through the multienzyme complex pyruvate dehydrogenase 

(PDH) (Figure 1.1 L). PDH is regulated by either pyruvate dehydrogenase kinase (PDHK)-

mediated inhibitory phosphorylation on the E1 subunit of PDH or by PDH phosphatase (PDHP)-

induced dephosphorylation of PDH leading to its activation (Figure 1.1 M). Acetyl-CoA derived 

from pyruvate enters the TCA cycle for ATP generation with the concomitant production of H2O 

and CO2. In oxygen-rich conditions, pyruvate is converted to acetyl-CoA, whereas during the 

hypoxic state, pyruvate is converted to lactate by the enzyme lactate dehydrogenase (LDH) (Figure 

1.1 N). Pyruvate and lactate derived from glucose are transported into the mitochondria via 

monocarboxylate carrier [121-123].  

1.3.2 Metabolic inflexibility and insulin resistance in the obese and diabetic heart 

Although FA is the most preferred energy substrate, the heart exhibits extreme dependence 

on glucose consumption amounting to 25-50 g in a 24 h period in humans [97]. In the heart, insulin 

plays a critical role in regulating cellular metabolism, particularly glucose transport, glycolysis, 

glucose oxidation, glycogen synthesis and protein synthesis. Circulating insulin binds to the insulin 

receptor (InsR) in the heart, which acts as a ‘gate-keeper’ of insulin-glucose communication 

between extra- and intra-cellular environments. The InR is a hetero-tetrameric structure consisting 
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of two extracellular α-subunits and two transmembrane β-subunits (Figure 1.1 O) [119]. Two β-

subunits have tyrosine-kinase catalytic activity and facilitate an autophosphorylation cascade upon 

insulin binding on α-subunits (Figure 1.1 P) [119]. InsR activation following autophosphorylation 

leads to InsR-mediated phosphorylation of two indispensable molecular targets: insulin-receptor 

substrate-1 & -2 (IRS-1/2) and Shc [119]. IRS-1 phosphorylation by several tyrosine residues 

induces IRS-1 activation by recruiting SH2-domain containing proteins including Grb2, Nck, and 

lipid kinase PI3K to IRS-1 (Figure 1.1 Q) [124]. Recruitment of PI3K to the plasma membrane 

stimulates its catalytic phosphorylation of phosphatidylinositol (4,5)-diphosphate (PIP2) to 

phosphatidylinositol (3,4,5)-trisphosphate (PIP3) (Figure 1.1 R) [124]. Increases in the PIP3 level 

at the plasma membrane mediates the recruitment of Akt along with PDK1 [124]. Subsequently, 

PDK1 phosphorylates and activates Akt isoforms to relay insulin’s signal to downstream targets, 

facilitating glucose metabolism (Figure 1.1 S). Activated Akt phosphorylates and inhibits Rab-

GTPase-activating protein, TBC1D4 (Akt substrate of 160 kDa, AS160), releasing its inhibitory 

control over GLUT4 translocation and increasing glucose uptake in the myocardium (Figure 1.1 

T) [115,125,126]. Insulin regulated glycogen synthesis is dependent on glycogen synthase (GS) 

enzyme, which is inactivated by glycogen synthase kinase α/β (GSK3α/β) through its 

phosphorylation at Ser641, Ser645, Ser549 and Ser653 (Figure 1.1 U) [127]. Insulin activates Akt, 

which phosphorylates and inactivates GSK3α/β [128], renders GS active, resulting in increased 

glycogen synthesis. In addition to insulin’s control over cardiac glycogen stores, insulin promotes 

cardiac glycolysis. Reduced cardiac glycolysis due to impaired insulin signalling in the mouse heart 

resulted in hypertrophy, fibrosis and reduced cardiomyocyte function [129]. Furthermore, insulin 

augments glucose oxidation by inactivating PDK1 and activating PDHP, renders PDH active for 

facilitating pyruvate conversion to acetyl-CoA.     

In addition to insulin’s effect on glucose metabolism, insulin is an anti-lipolytic hormone, 

inhibiting FA metabolism by reducing FA entry into the cardiomyocytes. Insulin facilitates the 

“selectivity and usage” of substrates within the heart by inhibiting LPL activation and promoting 
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glucose utilization [130]. Notably, cardiac-specific knock-out of LPL switches the cardiac substrate 

selection preference to glucose [131], signifying the competing traits of different substrates. In the 

cardiac muscle, insulin inhibits CPT-1 and subsequent FAO rates by increasing malonyl-CoA [106]. 

In the absence of insulin action, FAs regulate cardiac function by transcriptional regulation of 

peroxisome proliferator-activated receptor α (PPARα), a nuclear receptor in the heart, which 

increases FA uptake, mitochondrial transport and β-oxidation  [132]. Overexpression of PPARα in 

mouse model increases FA uptake, FA oxidation and reduced glucose utilization, producing a 

cardiac phenotype similar to a diabetic or an insulin-resistant heart [133]. The flux of acetyl-CoA 

into mitochondria derived from either glucose or FA acts as the nodal point for substrate 

metabolism, proposed by Randle [99]. During states of nutritional abundance, glucose utilization 

dominates, wherein pyruvate-derived acetyl-CoA is favoured for oxidation by relieving the 

inhibition of PDH by PDHK. However, negative feedback from high matrix acetyl-CoA 

concentrations stimulates PDK and reduces PDH activity. PDHK is also activated in response to 

low insulin levels observed during starvation and during elevation in systemic and intramyocellular 

FA levels. Activation of PDHK inactivates PDH and inhibits glucose oxidation [134], signifying 

the impact of insulin on substrate competition within the heart and the resultant remodeling of 

cardiac metabolism following the loss of insulin or its action. 

Since insulin is the central regulator of the systemic and intracellular flux of glucose and 

FAs, disruptions in insulin signaling result in abnormal substrate utilization, compromising cardiac 

ability to partition nutrients for metabolism. Insulin helps cardiomyocyte maintain “metabolic 

flexibility”, which is the heart's ability to switch back and forth between glucose and FA to generate 

energy based on the demand and availability for contractile function [135]. However, during obesity 

and diabetes, lack of insulin or insulin action triggers “metabolic inflexibility,” which is the 

inability of cardiomyocytes to use glucose, leading to an exclusive dependence on FAs for energetic 

needs. Preclinical and clinical data have confirmed that metabolic health deteriorates as 

mitochondria lose their capacity to switch freely between alternative forms of carbon energy [136]. 
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A chronic manifestation of this metabolic inflexibility is observed in the obese and diabetic heart 

independent of vascular complications, including an imbalance in Ca2+ homeostasis, defects in 

contractility and an increase in fibrosis. Metabolic inflexibility in the obese and diabetic heart 

results in the underutilization of glucose and accumulation of FA metabolites, leading to 

glucotoxicity and lipotoxicity, together with being referred to as “glucolipotoxicity.” Metabolic 

remodeling following “glucolipotoxicity” is manifested at the biochemical, structural, and 

functional level in the cardiomyocyte hypothesized to be causative for inducing metabolic 

cardiomyopathy during obesity diabetes. 

1.3.2.1 Glucolipotoxic stress 

During obesity and diabetes, lack of insulin or insulin function impairs GLUT4 

translocation, leading to inadequate cardiac glucose transport and glucose oxidation, resulting in 

hyperglycemia (Figure 1.2 A). GLUT4 protein expression is reduced in the obese and diabetic 

heart, resulting in impaired glucose uptake and utilization, causing hyperglycemia [137,138]. 

Germline deletion of GLUT4 (GLUT4-null) causes cardiac hypertrophy in 2 to 4 months old mice. 

Furthermore, GLUT4-null mouse hearts demonstrate increases in glucose uptake, resulting from 

enhanced insulin-independent GLUT1 expression [139,140]. Hyperglycemia precipitates 

“glucotoxicity” in the diabetic heart by generating reactive oxygen species (ROS). Excess ROS 

also activates poly (ADP ribose) polymerase (PARP), which subsequently diverts glucose from the 

glycolytic pathway into nonoxidative glucose pathways (NOGPs). These NOGPs include advanced 

glycation end product (AGE) formation, hexosamine biosynthetic pathway (HBP), polyol pathway 

and protein kinase C (PKC) activation, causing glucotoxic signalling cascade in the obese and 

diabetic heart (Figure 1.2 B) [97,141-143].  

 To maintain function in the diabetic heart, adaptive molecular events facilitate 

uninterrupted FA supply and oxidation. Enhanced lipolysis in adipose tissue and higher very-low-

density lipoprotein secretion from the liver dramatically increases systemic FA and lipoprotein 

TAG. This increase in systemic FA and TAG enhances the uptake of FA by cardiomyocytes  
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Figure 1.2 Altered cardiac energy metabolism and utilization in the obese and diabetic heart. 
During cardiac insulin resistance, impaired insulin signaling disrupts glucose utilization redirecting 
glucose intermediates into the HBP, AGEs and PKC, concomitantly increasing ROS production 
(A-B, H). Decreased reliance on glucose is compensated by enhanced cardiac dependence on FAO 
via the Randle cycle. Intracellular FA is processed by ACSL1, generating intermediate fatty acyl-
CoA that is further processed for mitochondrial β-oxidation pathway via CPT1 to generate ATP 
through the TCA cycle. A part of the fatty acyl-CoA is stored as TAG (D), and the rest forms 
lipotoxic intermediates such as DAGs and ceramides (F). Following diabetes or diet-induced 
obesity, increased FA load within the cardiomyocyte activates PPARα, which exacerbates 
maladaptive use of FA by increasing expression of CPT1 (E). FA also augment the expression of 
malonyl CoA decarboxylase (MCD), depleting malonyl-CoA and releasing its inhibition on FAO. 
Additionally, Akt functions as the facilitator of glucose metabolism and myocyte survival is 
inhibited by the lipotoxic DAGs and ceramides (F). Thus, when cardiac insulin signaling is 



19 
 

dysfunctional, glucose oxidation is attenuated and FAO is augmented, leading to metabolic 
inflexibility within the cardiomyocyte and the ensuing accumulation of lipotoxic intermediates 
ceramide and DAG. Ceramide activates JNK1/2, which interacts with Bax on the mitochondrial 
membrane and initiates apoptosis signaling (G). Solid black arrow: indicates the reaction is 
proceeding forward in a single-step; Solid green arrow: indicates the response is pathologically 
increased; Solid red line: indicates the reaction is inhibited. Solid red X: indicates the reaction is 
impaired. 
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(Figure 1.2 C), increasing the activity of TAG synthesizing enzymes and TAG accumulation, 

which is associated with lipotoxicity (Figure 1.2 D) [144]. Elevated intracellular FAs activate 

PPARα (Figure 1.2 E), which increases the transcription of genes involved in FA oxidation (FAO) 

and concomitantly compromising glucose utilization during diabetes [145]. Indeed, cardiomyocyte-

specific PPARα overexpressing mice display mitochondrial ultrastructural abnormalities, 

lipotoxicity and cardiac steatosis, causing systolic dysfunction and cardiomyopathy [133,146]. 

Accumulation of FA also enlarges the pool of intracellular FA metabolites, such as fatty-acyl-CoA, 

ceramides, DAGs (Figure 1.2 F), long-chain acyl CoAs and/or acylcarnitines that are collectively 

referred to as “lipotoxic” intermediates [147]. Furthermore, uncontrolled FAO disrupts the 

mitochondrial inner membrane, releases cytochrome c, leading to overproduction of ROS and 

mitochondrial dysfunction [148].  

The amount of FA and the type of FA influence cardiac metabolism during health and 

disease [149]. In-vivo, saturated (palmitate and stearate) and unsaturated (oleate and elaidate) FAs 

are preferred substrates for oxidation to generate ATP due to their carbon chain length [149]. Prior 

studies on neonatal rat cardiomyocytes have reported that saturated FA but not unsaturated FA are 

lipotoxic to cells [149]. Excess supply of saturated FA, palmitate activates pro-inflammatory 

signaling and provides substrates for synthesizing lipotoxic species such as DAG and ceramides. 

Additionally, palmitate directly or indirectly interferes with insulin signaling via various 

mechanisms, including increased serine/threonine phosphorylation and decreased tyrosine 

phosphorylation of IRS-1, impaired Akt phosphorylation and GLUT4 translocation to the 

sarcolemma [97,150]. Saturated FAs also induce endoplasmic reticulum (ER) stress in pancreatic 

β-cells, cardiomyocytes, hepatocytes and macrophages [151-153]. On the other hand, 

monounsaturated FA (MUFA) oleate is protective against saturated FA-induced lipotoxicity. 

MUFA intake, which is highly enriched in olive oil, is associated with reduced cardiovascular 

complications and improved insulin sensitivity [154-156]. This protective effect of oleate against 

lipotoxicity is likely due to channeling palmitate into the intracellular pool of TAG, suggesting that 
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different FA exhibit different effects on cellular signaling and function. Palmitate-induced 

apoptosis in cardiomyocytes and pancreatic β-cells is ameliorated when palmitate is co-

supplemented with oleate [149,157]. Additionally, polyunsaturated FAs (PUFAs), specifically, 

essential long-chain omega-3 PUFAs such as eicosapentaenoic acid (EPA) and docosahexaenoic 

acid (DHA), are anti-inflammatory and improve insulin sensitivity in animal studies [158,159]. 

However, studies on omega-3 PUFAs in humans suggest no beneficial effects on cardiovascular 

outcomes or glucose homeostasis [158,160]. Taken together, these studies indicate that lipid-derived 

and glucose-derived toxic intermediates precipitate cardiac maladaptation by triggering organelle 

stress such as mitochondrial dysfunction, ER stress, myocardial Ca2+ mishandling and myocardial 

oxidative stress.  

1.4 Glucotoxic and lipotoxic complications in the cardiomyocyte 

1.4.1 Impaired Ca2+ handling  

Cytosolic Ca2+ levels are essential in regulating cellular metabolism, muscle contraction 

and cell signaling. Typically, during excitation-contraction (EC) coupling, the systolic and diastolic 

function of the heart is coordinated by intracellular Ca2+ homeostasis, which involves numerous 

ion channels, transporters and Ca2+ handling proteins [161,162]. The heart's contractile function is 

regulated by EC coupling, leading to rapid changes in intracellular Ca2+ levels. During systole, 

action potential depolarizes the sarcolemma and enables Ca2+ entry into the cytosol through 

voltage-gated L-type Ca2+ channels (LTCC) (Figure 1.3 A). This results in a ~ 10-fold increase in 

cytosolic Ca2+ concentration from the sarcoplasmic reticulum (SR) via ryanodine receptor (RyR2) 

channels (Figure 1.3 B) [163]. Consequently, Ca2+-sensitive myofilament proteins are activated 

wherein Ca2+ binds to troponin C to activate myofilament proteins, resulting in cardiomyocyte 

contraction. Following cardiomyocyte contraction, myocyte relaxation occurs by exporting 30% of 

Ca2+ out of the sarcolemma primarily by Na+-Ca2+ exchanger (NCX) channels (Figure 1.3 C), while 

70% of Ca2+ is pumped back into the SR via the SR Ca2+ ATPase pump 2a (SERCA2a) (Figure 

1.3 D) [164]. The activity of SERCA2a is negatively regulated by phospholamban (PLN) [165],  
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Figure 1.3 Excitation-contraction coupling in the cardiomyocyte. During systole, an action 
potential causes depolarization, allowing the entry of Ca2+ into the cytosol through LTCC (A). This 
results in massive Ca2+ release from the sarcoplasmic reticulum (SR) through RyR2 activation (B). 
The net result is increased cytosolic Ca2+ levels culminating in myocyte contraction (C). During 
diastole, rapid removal of Ca2+ from the cytosol to SR is facilitated by SERCA2a (D), and a small 
amount of Ca2+ also exits through NCX (E). Decreased cytosolic Ca2+ leads to cardiomyocyte 
relaxation (F). 
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which is phosphorylated and inhibited by protein kinase A (PKA) [166]. Defects in EC coupling 

due to abnormal expression and/or function of Ca2+-handling proteins such as SERCA2a, PLB, 

RyR2 and NCX are a hallmark of cardiac dysfunction [161,167-169]. Although initial modifications 

of Ca2+ cycling can be beneficial, a sustained increase in LV pressure leads to compromised Ca2+ 

cycling, eventually progresses to HF pathology [170]. Compromised cardiomyocyte Ca2+ handling 

plays a vital role in causing diastolic cardiac dysfunction and is observed in several animal models 

of T1DM and T2DM [167,171-174]. For instance, streptozotocin (STZ)-induced T1DM mice and 

rats exhibit reduced Ca2+ transient amplitude, prolonged cytosolic Ca2+ clearance and a decline in 

SR Ca2+ load [172,175]. In db/db insulin-resistant mice with T2DM, lower systolic and diastolic 

Ca2+ levels are associated with a reduced decay rate of Ca2+ transient and increased Ca2+ leakage 

from the SR [171]. The molecular changes associated with abnormal Ca2+ handling in the obese and 

diabetic heart include lower SERCA2a and NCX activity, decreased SERCA2a protein levels, 

impaired RyR2 function and reduced PLN phosphorylation. Importantly, abnormal systolic and 

diastolic function normalizes after overexpression of SERCA2a in STZ-induced diabetic mouse 

heart [173]. These Ca2+ handling abnormalities are responsible for defective EC coupling associated 

with metabolic heart disease, which causes impairment in LV function [176]. 

1.4.2 Mitochondrial dysfunction and oxidative stress 

In addition to altered energy metabolism, increased FAO and metabolism during diabetes 

are linked to oxidative stress and mitochondrial dysfunction. It is estimated that ~90% of ROS are 

generated within mitochondria of tissues with high respiration rates, such as cardiomyocytes [177]. 

Under high-fat or high-glucose conditions, there is an increase in electron transfer donors such as 

NADH and FADH2, which enhance the electron flux into the mitochondria through the electron 

transport chain (ETC) [178]. As a result, the mitochondrial membrane potential rises above a 

threshold value, leading to ROS overproduction, a process that can be blunted by detoxifying 

enzymes and uncoupling proteins [179]. In healthy myocardium, ROS production is tightly 

regulated at a low steady-state level by the concerted action of mitochondrial enzymes such as 
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superoxide dismutase, reduced glutathione and catalase [180]. An impairment in this antioxidant 

defense mechanism triggers ROS accumulation, which modifies and damages proteins, lipids and 

DNA. Excess ROS production inactivate ETC complexes and mitochondrial proteins, 

compromising oxidative phosphorylation and inducing mitochondrial dysfunction [141,181]. High 

ROS levels also activates NOGPs, which diverts glucose from glycolytic pathway into AGE 

formation, HBP, activation of HB, polyol and PKC pathways. Activation of these NOGPs cause 

glucotoxic signalling cascade in obese-diabetic heart; all of which could be ameliorated by 

normalizing levels of mitochondrial ROS [97,141-143]. 

1.4.3 Endoplasmic reticulum (ER) stress 

Given the physical and functional interaction between mitochondria and the ER, numerous 

studies have also examined the contribution of ER dysfunction in cardiovascular complications 

during diabetes [182]. Since ER is the origin for the biosynthesis of luminal and transmembrane 

proteins, loss of ER function leads to an accumulation of misfolded or toxic proteins, a condition 

referred to as ER stress [183]. ER acutely activates unfolded protein response (UPR) to clear toxic 

protein accumulation [184,185]. In addition to mitochondrial dysfunction and cellular death, prior 

studies have reported that palmitate-induced lipotoxicity causes alteration in endoplasmic reticulum 

(ER) membrane phospholipids resulting in ER swelling, compromising ER membrane structure 

and integrity [186]. Dietary, pharmacological, and genetic rodent models of diabetes and patients 

with diabetes exhibit upregulation of UPR pathways in the heart [187]. Impairment in the ER stress 

response pathway yields terminally misfolded proteins, which then bind to distinct chaperones. 

Depending on the localization of misfolded proteins, they are retrogradely transported out of the 

ER and subjected to proteasomal degradation [184]. Failure of the proteasome during mild to 

moderate metabolic stress activates compensatory upregulation of lysosomal autophagy pathway 

to achieve maximal protein degradation to maintain cellular homeostasis [184]. Therefore, it is 

plausible that the disruption of lysosomal autophagy culminates in the accumulation of toxic protein 

aggregates, causing “proteotoxicity” and perturbing cellular homeostasis. A notable example of 
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proteotoxicity in obese and diabetic individuals is the accumulation of circulating amylin protein, 

leading to amylin deposition in the heart. Accumulation of amylin oligomers leads to proteotoxic 

stress and apoptosis in multiple organs, including remodeling of cardiomyocyte structure and 

function, causing cardiomyopathy [188]. Therefore, the pathogenesis of cardiomyopathy observed 

during obesity and diabetes is likely an outcome of glucolipotoxicity induced proteotoxicity 

triggered by mitochondrial dysfunction, ROS overload, ER stress. It is also plausible that changes 

in lysosome function impact mitochondrial, ER and nuclear function of the cardiomyocyte in 

obesity, insulin resistance and diabetes. However, limited studies have examined the molecular 

mechanisms by which glucolipotoxicity impacts inter-and intra-lysosomal signaling events. 

1.4.4 Cardiomyocyte cell death  

 The heart maintains a critical balance between cell proliferation and cell death throughout 

its lifetime. A subtle increase in the rate of cardiomyocyte apoptotic cell death leads to detrimental 

consequences in the heart. Glucotoxic and lipotoxic stress induce cardiomyocyte apoptotic cell 

death in the obese and diabetic heart. Importantly, apoptotic cell death has profound cardiac 

consequences such as loss of myocytes that decrease the number of contractile units and remodels 

healthy cells, likely deteriorating cardiac function. A sequence of biochemical events during 

apoptosis includes activation of protein cleavage and cross-linking DNA breakdown, and 

phagocytic recognition. These events are followed by the activation of caspase, an intracellular 

apoptosis-associated protease expressed in an inactive proenzyme form in most cells. Once 

activated, it initiates protease cascade by activating pro-caspases mediated by two independent 

pathways, the “extrinsic” pathway, the death receptor-mediated pathway and the “intrinsic” 

pathway, the mitochondrion-mediated pathway [189]. Briefly, the extrinsic pathway involves the 

binding of apoptotic ligands to membrane-bound death receptors on the target myocytes. These 

receptors include the first apoptosis signal (Fas), tumor necrosis factor (TNF) receptor and TNF-

related apoptosis-inducing ligand receptors (TNFR1). The next step involves the recruitment of 

Fas-associated death domain (FADD) of the adapter protein to the membrane along with pro-
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caspase-8, which then triggers apoptosis by activating pro-caspase-3 protease to cleave target 

proteins. On the other hand, the intrinsic mitochondrial-mediated pathway involves a diverse array 

of non-receptor-mediated stimuli, such as DNA damage and heat shock [190]. The mitochondrial 

initiated events include the opening of mitochondrial permeability transition pore, loss of 

mitochondrial transmembrane potential and release of pro-apoptotic proteins from intermembrane 

space into the cytosol. The cascade is initiated by releasing cytochrome-c from the mitochondria 

by activating caspase-9 and caspase-3 to execute the apoptotic program (Figure 1.2 G) [148]. 

Importantly, the cell death pathway is regulated by Bcl2 family proteins (regulates cytochrome-c 

release), an inhibitor of apoptosis proteins (IAPs, inhibits caspase), and a second mitochondrial 

activator of caspases (Smac) [191]. 

 During obesity and diabetes, chronic excessive caloric intake overwhelms adipocytes' 

ability to store TAG, leading to the uptake of systemic lipids by non-adipose tissues, including the 

heart [157,192,193]. The heart has a limited capacity to accommodate excess TAG, and hence, the 

TAG content of the heart is relatively low [157,192,193]. Prior studies demonstrate that lipid 

accumulation in the cardiomyocyte causes apoptosis and cardiac dysfunction. It is worth noting 

that TAG themselves are non-toxic or harmless; however, they become harmful once they 

hydrolyzed to fatty-acyl-CoA, which subsequently increases the synthesis of the pro-apoptotic 

sphingolipid ceramide [194-196]. Intracellular ceramide is synthesized through several pathways. 

De novo synthesis of ceramide occurs initially from palmitate and serine via the action of serine 

palmitoyltransferase (SPT) [197,198]. Ceramide is also synthesized from sphingomyelin that is 

hydrolyzed by sphingomyelinase [197]. Also, the salvage pathway from sphingosine-1-phosphate 

and the sphingomyelin pathway generate ceramide [197,199]. Ceramide accumulation upregulates 

protein phosphatase 2A, which dephosphorylates Akt at Ser473 and Thr308, inhibiting Akt, 

reducing GLUT4 mRNA expression and impairing glucose metabolism [195,196,200]. Increased 

intracellular ceramide levels also activate JNK1/2, which interacts with pro-apoptotic protein Bax 

on the mitochondrial membrane, resulting in the release of cytochrome-c and triggering myocyte 
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apoptosis [201]. Pharmacologic or genetic inhibition of ceramide synthesis or decreasing ceramide 

levels using SPT-I inhibitor, myriocin, improves cardiac structure, function and metabolism by 

increasing cardiac glucose utilization and protects against cardiac dysfunction [195]. Increased 

availability of glucose increases oxidative stress and decreases the production of antioxidants in 

the cardiomyocyte. Higher oxidative stress in the cardiomyocyte activates NOGPs such as the 

polyol pathway, HBP pathway, AGEs and PKC, which can further exacerbate ROS production 

(Figure 1.2 H), which eventually induces apoptosis and cell death [202].  

1.5 Proteostasis: Balance between protein synthesis and protein degradation 

 Proteostasis plays an important role in maintaining cellular health. Intracellular and 

extracellular proteins are continuously turning over and hydrolyzed into their essential component 

amino acids to be replaced by newly synthesized proteins. Approximately 80-90% of cellular 

proteins, including short-lived, misfolded, native or damaged, are degraded by the ubiquitin-

proteasome pathway (UPP) [203]. On the other hand, short- and long-lived proteins that reside on 

organelle membrane or protein aggregates or damaged organelles are subjected to degradation 

within the lysosome via autophagy [166]. An imbalance between protein synthesis and degradation 

triggers aggregation of misfolded proteins, cell death and organ dysfunction. Every cell has 

developed protein quality control machinery and complex mechanisms to overcome cellular 

proteotoxic stress. These mechanisms include, 1) activation of chaperones, which maintain and 

conserve protein’s tertiary and quaternary structure and conformation, 2) activation of ER-

associated degradation pathway to assist protein refolding, 3) activation of UPP to degrade 

misfolded proteins through proteasome and recycling amino acids and 4) degradation of misfolded 

protein through autophagy-lysosome pathway [166] (Figure 1.4).        
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Figure 1.4 Cellular adaptation to maintain proteostasis in response to cellular stress. 
Perturbation in protein synthesis and degradation triggers the accumulation of misfolded proteins. 
This activates the cell’s protein quality control machinery to overcome proteotoxic stress leading 
to the activation of 1) chaperones to refold proteins into their tertiary and quaternary structure, 2) 
ER-associated degradation pathway to assist protein folding, 3) UPP to degrade misfolded proteins, 
and 4) autophagy-lysosome pathway to sequester organelle and protein aggregates. 
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1.5.1 Ubiquitin proteasome pathway (UPP) 

 Proteins targeted for proteasomal degradation are conjugated to ubiquitin (Ub) by an ATP-

dependent process, which involves the concerted action of three enzymes to tag proteins with 

polypeptide co-factor, Ub [204,205]. These Ub conjugated proteins are then recognized by the 26S 

proteasome, a large multi-catalytic proteasome complex that degrades ubiquitinated proteins to 

short peptides [206]. The first step in this cascade requires the activation of Ub at its C-terminus by 

the Ub-activating enzyme E1 that uses ATP to generate a highly reactive Ub thiolester [207]. Once 

activated, Ub bound to E1 via the thiolester linkage is transferred to a sulfhydryl group of Ub-

carrier or conjugating proteins, E2s, which prepare Ub for conjugation [206]. The activated Ub is 

then transferred onto proteins via E3 Ub-protein ligase, critical for functional UPP. Generally, E3s 

are structurally homologous to either HECT (homologous to E6-AP carboxy-terminus) or RING 

finger domain [208].  

Prior studies have demonstrated that glucolipotoxic milieu in the cardiomyocyte impairs 

protein quality control, induces ER stress, and activates the protein degradation pathway [209]. To 

counter the damaging effects of glucolipotoxicity, UPP-mediated degradation is acutely activated 

to clear the cellular proteotoxic load [210]. Indeed, Ub mRNA levels, caspase-3 and ATP-dependent 

proteasomal degradation are augmented acutely following T1DM, induced after a single dose of 

STZ injection (150 mg/kg body) [210]. However, sustained glucolipotoxicity exacerbates ER stress, 

saturating and impairing proteasomal protein degradation, causing toxic accumulation of misfolded 

proteins [180]. In agreement with this theory, failing hearts from chronically obese humans with 

type-2 diabetes display a significant accumulation of non-degraded proteins [188], suggesting that 

impaired proteasomal degradation in late stages of obesity and diabetes induces a maladaptive 

buildup of cytotoxic proteins, causing and/or exacerbating cardiomyopathy. Recent experimental 

evidence suggests that if the proteasome is impaired, then damaged proteins must be degraded by 

the lysosomal machinery via autophagy to maintain cellular homeostasis [211,212]. Interestingly, 
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increase in ER stress and cell death are observed in insulin-producing islet cells when ob/ob mice 

with impaired proteasomes are treated with lysosomal inhibitors [213]. 

1.5.2 Proteolysis by lysosomal autophagy 

1.5.2.1 Macroautophagy  

Lysosomal autophagy degrades short- and long-lived proteins either via macroautophagy, 

a non-selective degradation or via chaperone-mediated autophagy (CMA), a selective ATP-

dependent degradation process occurring exclusively in the lysosome (Figure 1.5) [214]. 

Macroautophagy is initiated through an ER-derived double membrane-bound organelle, known as 

an autophagosome, which allows the bulk delivery of soluble and insoluble protein load, mid-body 

rings and organelles to lysosomes for degradation proteolysis. Autophagy-related (Atg) proteins 

organize and control various steps of macroautophagy [215,216]. The initiation of macroautophagy 

occurs via the de novo synthesis of an ER-derived isolation membrane known as the omegasome, 

resulting in a cup-shaped structure, termed preautophagosome [217]. This first step in the induction 

of autophagy is initiated by a protein complex consisting of unc-51 like kinase 1 (ULK1), FAK 

family kinase-interacting protein of 200kDa (FIP200) and Atg13 (Figure 1.5 A) [217]. During 

nutrient abundance, serine/threonine kinase mTOR (mammalian target of rapamycin) 

phosphorylates and inactivates ULK1/2 to inhibit autophagy, whereas following nutritional 

deprivation, inactivation of mTOR relieves inhibition on ULK1, leading to the induction of 

autophagy [217]. The class-III PI3K complex consisting of Beclin1, Atg14L, and vacuole protein 

sorting (Vps) 34-vps15 positively regulates PI3P-binding protein (Figure 1.5 B) and double FYVE 

domain-containing protein 1 (DFCP1) localized on the omegasome [217]. Subsequently, the 

isolation membrane elongates to engulf cytoplasmic cargoes by recruiting two parallel ubiquitin-

like conjugation systems essential for autophagosome formation [218]. In mammals, Atg12-Atg5 

conjugate interacts with Atg16L1 to form a multimeric complex of Atg12-Atg5-Atg16L1 (Figure 

1.5 C), which localizes to the outer membrane of the preautophagosomal structure [214]. The 

second ubiquitin-like conjugation system is Atg8-LC3, which targets phospholipid, 
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phosphatidylethanolamine (PE), called Atg8/LC3 “lipidation” [214] (Figure 1.5 D). LC3 is 

synthesized as proLC3, which is cleaved by cysteine protease Atg4B to form LC3I, primarily 

localized to the cytosolic (outer) side of the autophagosome. LC3I is then activated by Atg7 (an E1 

like enzyme) and transferred to Atg3 (an E2 like enzyme) (Figure 1.5 E) and conjugates to PE to 

form LC3-PE conjugation, also referred to as LC3II. LC3II is localized to both the outer and the 

inner membrane of autophagosomes [214]. LC3II on the cytosolic side of autophagosome is de-

lipidated by Atg4B to form LC3I, which is recycled for autophagosomal formation. Therefore, 

Atg4B acts as a de-conjugating enzyme controlling free LC3 content. Autophagosomal membrane 

localized LC3II is essential for the maturation of autophagosome and, therefore, is used as a 

measure of autophagosomal content. Additionally, adaptor proteins such as ubiquitin-binding 

protein p62 (also known as sequestosome 1) (Figure 1.5 F) and NBR1 (Neighbor of BRCA1 gene) 

are recruited to the developing autophagosomal membrane through an LC3-interaction binding 

domain, enabling partial selectivity of the autophagic process [219]. Upon completion and closure, 

the mature autophagosome eventually fuses with a lysosome to form an autolysosome. 

Autolysosomal formation is required for the degradation of protein cargo since autophagosomes 

lack proteases for degrading engulfed content. Following autolysosome formation, the lysosomal 

hydrolases degrade LC3-II and the intra-autophagosomal content [220,221]. This dynamic kinetics 

of autophagosome production and clearance by lysosomes is known as autophagic flux [222,223]. 

Unexpectedly, different models of diabetes exhibit dissimilar regulation of LC3-II content, which 

is influenced by the rate of fusion between autophagosome and lysosome. Notably, calmodulin 

overexpressing OVE26 type-1 diabetic mouse heart decreases LC3-II content, signifying reduced 

autophagosome formation and inhibition of macroautophagy [224]. However, macroautophagy is 

elevated with increases in LC3-II in hearts from fructose-fed insulin-resistant rats [225], Akita type-

1 diabetic mice and STZ-treated mice. These dissimilarities in the regulation of LC3-II content are 

likely due to an outcome of altered autophagic flux, which is governed by the rate of fusion between 

autophagosomes and lysosomes. Indeed, our laboratory and others demonstrate that nutrient  



32 
 

 

Figure 1.5 Proteolysis by lysosomal autophagy. Macroautophagy initiation from the ER occurs 
by de novo synthesis of a preautophagosome with ULK1-Atg13-Fip200-Atg101 protein complex 
(A), which is further propagated forward by the formation of Beclin1-Vps34-Vps15 protein 
complex (B). Recruitment and PE lipidation of LC3B on the developing autophagosomal 
membrane promotes autophagosomal maturation, elongation and closure (D). Cargo receptor P62 
mediates autophagosomal targeting of proteotoxic and organelle load (F). Autophagosomes fuse 
with a lysosome to form an autolysosome, where lysosomal hydrolases induce proteolysis. CMA 
targets intracellular KFERQ-proteins utilizing the Hsc70-Hsp90 chaperone complex (G). Targeted 
protein cargo is transported to the lysosomal lumen through LAMP2A for its degradation within 
the lysosomal lumen (H). Microautophagy involves the sequestration of proteins by lysosomal 
membrane invagination (I).  
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overload in the heart of mice subjected to diet-induced obesity or in H9C2 cells or neonatal/adult 

rat cardiomyocytes significantly suppresses autophagic flux [226].   

Lysosomal autophagy also plays an important role in breaking down lipid droplets (LDs) 

via a process referred to as “lipophagy” [227]. Lipophagy was first described in hepatocytes and is 

indispensable for TAG breakdown as Atg7-/- mice display dysfunctional autophagy, resulting in 

reduced β-oxidation, higher lipid accumulation and hepatic steatosis [40,227]. Additionally, 

macrophages isolated from Atg5-/- mice exhibit impairment in LD delivery to the lysosome for 

lysosomal acid lipase-mediated hydrolysis, suggesting that autophagy is crucial for the lipid 

catabolic process [228]. In addition to lipophagy, mitophagy ensures mitochondrial quality control 

by degrading dysfunctional mitochondria and maintaining functionally-active mitochondria 

[229,230]. Dysfunctional mitochondria that cannot handle ROS overload are targeted for mitophagy 

by a PTEN-induced putative kinase 1 (PINK1)- and Parkin-mediated mechanism [231]. Like 

mitochondria, damaged lysosomes are also subjected to repair or clearance, albeit with assistance 

from ESCRT (endosomal sorting complex required for transport) machinery-dependent sorting 

complex. The process of degrading damaged lysosomes via selective macroautophagy is termed as 

“lysophagy” [232,233].  

1.5.2.2 Chaperone-mediated autophagy (CMA) 

Physiological activation of autophagy is initiated ~ 30 min into starvation and does not last 

more than 8–10 hr. However, CMA begins after 10 h of starvation, and unlike macroautophagy, 

CMA promotes individual and selective degradation of proteins [234]. CMA targets intracellular 

proteins harboring a consensus KFERQ sequence (Lys-Phe-Glu-Asp-Glm) in their amino acid 

sequence, that are being targeted for lysosomal degradation [235]. KFERQ proteins are recognized 

and targeted by the concerted action of a chaperone complex consisting of heat shock cognate 70 

(Hsc70), heat shock protein 90 (HSP90), HSP40, HIP, HOP, and Bag-1 [236] (Figure 1.5 G). 

Transportation of the chaperone complex along intracellular scaffolds is an ATP-intensive process 

and upon arrival at the lysosome, the protein cargo is translocated to the lysosomal lumen via the 
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indispensable lysosome-associated membrane protein 2A (LAMP2A) [235,237] (Figure 1.5 H). 

LAMP2A is the only receptor capable of binding and translocating, a characteristic absent in other 

LAMP isoforms [238]. Following the binding of the targeted proteins-chaperone complex to 

monomeric LAMP2A, LAMP2A is multimerized to a high molecular weight complex, a 

prerequisite for the substrate translocation to luminal side of the lysosome [238]. Once inside the 

lysosomal lumen, protein cargo is unfolded and rapidly degraded by a mixture of lysosomal luminal 

hydrolases [236]. Importantly, levels of LAMP2A at the lysosomal membrane are tightly regulated 

and directly correlate with CMA activity [239]. Furthermore, LAMP2A levels are regulated by 

alterations in its half-life, which rely on the redistribution of LAMP2A between the lysosomal 

membrane and the matrix [238].   

Disruptions in lysosomal CMA are commonly observed in chronic pathologies such as 

aging, neurodegeneration, cancer and obesity [240-242]. Loss-of-function of cytosolic chaperones, 

Hsc70 and Hsp90 and lysosomal CMA receptor, LAMP2A perturb lysosomal homeostasis 

[243,244]. Notably, the heart from patients with Danon's disease carries a mutation in the gene that 

encodes for LAMP2, resulting in toxic accumulation of autophagic vacuoles and cardiomyopathy 

[240,245]. We previously reported the downregulation of lysosomal proteins (Hsc70, Hsp90, 

LAMP2A) in type-1 diabetes and diet-induced obesity and in cardiac cells subjected to 

glucolipotoxicity ex-vivo [226]. Short term exposure of macrophages [246] and more prolonged 

exposure of hepatocytes [241,242] to glucolipotoxic milieu impaired LAMP activity and lysosomal 

autophagy. During an ischemic injury, LAMP2A expression diminishes and sensitizes the 

myocardium to protein aggregation and ROS-induced cell death [247]. These findings suggest that 

LAMP2A expression and activity are crucial in regulating lysosomal autophagy. Since 

macroautophagy and CMA eventually culminate in the lysosome, lysosome content and lysosome 

function are critical in maintaining cellular proteostasis.   
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1.6 Structural and functional organization of the lysosome  

Seminal studies by Duve Laboratory uncovered the lysosome as the cellular compartment 

for the degradation of biological macromolecules [248]. Endocytic [249], autophagic [250] and 

phagocytic [251] pathways facilitate macromolecule degradation within the lysosome. Acid 

hydrolases and lysosomal membrane proteins (LMPs) dictate lysosomal function [252]. The acidity 

of the lysosome stabilizes and mediates the activity of ~60 luminal hydrolytic enzymes. The 

lysosomal limiting membrane harbors ~25 LMPs, including transporters, tracking/fusion 

machinery, ion channels and structural proteins [253], which exert an indispensable role in 

regulating lysosomal pH and function [253]. 

Lysosomal ions and ion channel: Lysosomal ionic gradient is crucial for lysosome 

biogenesis, lysosome motility and membrane contact site formation with ER and mitochondria. 

The lysosomal lumen comprises of various ions, including Ca2+, Na+, K+, Zn2+, H+ and Fe2+. Ionic 

movement is maintained by channels and transporters located on the lysosomal membrane, which 

is pertinent to ensuring proper ionic homeostasis within the lysosomal lumen. There are three 

lysosomal Ca2+ channels in mammals: TRPML1-3 (Transient Receptor Potential Cation Channel, 

Mucolipin subfamily), TPC1-2 (Two-Pore Channel) and P2X4, which play a key role in regulating 

lysosomal activity and function. TRPML belongs to the large superfamily of transient receptor 

potential that consists of three non-selective cation channels, TRMPL1, TRPML2 and TRPML3. 

TRPML channels are permeable to Ca2+, Na+, K+, Fe2+ and Zn2+ [254]. Upon activation, the TRPML 

channel releases Ca2+ from the endo-lysosomal lumen to regulate various physiological processes 

such as endo-lysosomal membrane formation, phagocytosis, lysosome biogenesis, autophagy and 

exocytosis. Increases in reactive oxygen species (ROS) activate TRPML1 channel to facilitate 

lysosomal Ca2+ release, in turn inducing lysosomal autophagy to scavenge ROS [255]. Loss of 

TRPML1 function is reported in Mucolipidosis type IV [256] and Nieman-Pick disease (NP) [257].  

Lysosomal hydrolase: Lysosomes have an abundance of hydrolytic enzymes such as 

proteases, sulfatases, nucleases, lipases, phosphatases, and glycosidases, which degrade complex 
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macromolecules. Lysosomal enzymes have optimal activity at pH 5. Among the sixty lysosomal 

hydrolases, serine cathepsins (A and G), aspartic cathepsins (D and E) and cysteine cathepsins are 

particularly important. Cathepsin cysteine proteases consist of 11 cathepsins (B, C/DPP1, F, H, L, 

K, O, S, V, W and X) [258]. Proteases play an integral role in proteolytic processing, protein 

modification and degradation of low-density lipoproteins [259]. Furthermore, mice with combined 

deficiency of cathepsin B and L display an accumulation of endo-lysosomes in the brain, leading 

to brain atrophy and death in the second and fourth week of life [260]. Cathepsin E assists in 

lysosomal autophagy by regulating lysosomal luminal pH [261]. Indeed, mouse macrophages 

deficient in Cathepsin E accumulate lysosomal membrane proteins with increased lysosomal pH 

[261], phenocopying lysosomal storage disorders. Together, these studies signify that cathepsin 

proteases are essential for structural integrity and the autophagy function of the lysosome. 

Lysosomal proteases such as Atg8, Atg7 and Atg3 also play a significant role in autophagosomal 

closure and maturation [262]. In addition to cathepsin proteases, lysosomal acid lipase plays a 

critical role in energy metabolism, signaling and cellular membrane integrity [263]. Lysosomal acid 

lipase is primarily responsible for hydrolyzing lipoprotein cholesteryl esters and TAG to free 

cholesterol and FAs, respectively. Lysosomal acid lipase hydrolyzes exogenous and endogenous 

neutral lipids delivered mainly to the lysosome either through endocytosis of lipoproteins or 

through autophagy [264]. 

1.7 Role of the lysosome in signalling and metabolism 

1.7.1 The lysosome as a nutrient-sensing machinery 

 The lysosome is purported to be a singular organelle that receives cargo intracellularly and 

extracellularly, positioning them uniquely to sense nutrients and maintain cellular homeostasis. 

Lysosomal nutrient sensing fine-tunes cellular metabolism and growth by physical and functional 

association with the master growth regulator mammalian target of rapamycin complex 1 

(mTORC1) [265]. mTORC1 is localized to the lysosome, where it receives information from 

nutrients or growth factors and activates downstream signaling programs to coordinate cell growth 
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or proliferation [265]. The availability of nutrients translocate mTORC1 to the lysosomal surface 

[265-267]. Growth factors, hormones, amino acids [268], glucose [267] and stress [269,270] are the 

major activators of mTORC1, which turn on anabolic programs such as protein translation and lipid 

biosynthesis [265-267]. The amino acid content of the lysosomal lumen dictates the docking of 

mTORC1 on the lysosomal surface [266]. Importantly, the surveillance of the lysosome nutrient 

content occurs via the lysosomal nutrient sensing machinery (LYNUS), a multi-protein complex 

that is recruited to the lysosomal surface (Figure 1.6 A) [52,271,272]. An important component of 

the LYNUS machinery is mTORC1 complex, which includes mTOR associated regulatory proteins 

such as RAPTOR (regulatory-associated protein of mTOR), mLST8 (mammalian lethal with 

SEC13 protein) and DEPTOR (DEP domain-containing mTOR-interacting protein) [268,271]. The 

LYNUS machinery senses the nutrient status of the lysosomal lumen and relays that information 

to the nucleus [268,273,274]. During nutrient abundance, mTORC1 binds to the LYNUS machinery 

on the lysosomal surface. On the lysosomal membrane, mTORC1 is activated by interacting with 

RAG GTPase (RAGA or RAGB and RAGC or RAGD), which is controlled by the agulator 

complex (Figure 1.6 A) [267,268,271,275]. mTORC1 on the lysosomal membrane is also activated 

by RHEB (growth factor-mediated upregulation of small GTPase RAS homologue enriched in 

brain) protein [276,277]. The second major component of LYNUS machinery is the vATPase 

complex, which senses the amino acid content of the lysosomal lumen. vATPase facilitates the 

interaction between the RAG channel and mTORC1 and participates in nutrient sensing on the 

lysosomal surface [278,279]. In the presence of nutrients, activation of mTORC1 suppresses the 

autophagy-lysosome pathway by direct phosphorylation of the ULK1 complex, resulting in the 

inhibition of catabolic processes [280,281]. However, during starvation, nutrient insufficiency 

inactivates mTORC1 by dissociating mTORC1 from the LYNUS machinery on the lysosomal 

membrane. The inactivation of mTORC1 relieves phosphorylation of the ULK1 complex leading 

to increases in autophagosome biogenesis and autophagy [280,281].  
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Figure 1.6 Nutrient-dependent regulation of TFEB. (A) During nutrient sufficiency, TFEB 
interacts with lysosome nutrient sensing (LYNUS) machinery that senses lysosomal nutrient 
content through the vATPase channel. This results in the activation of mTORC1 on the lysosomal 
membrane that phosphorylates TFEB at Ser142 and Ser211, which is recognized by 14-3-3 protein, 
restricting and inactivating TFEB in the cytoplasm. Cytosolic retention of TFEB decreases the 
nuclear content of TFEB, resulting in inhibition of TFEB-mediated regulation of lysosome 
biogenesis, lysosome function, autophagy and mitochondrial biogenesis. (B) During nutrient 
deprivation, mTORC1 moves away from the LYNUS machinery and releases Ca2+ from the 
lysosomal lumen through MCOLN1, which activates phosphatase calcineurin-mediated 
dephosphorylation of TFEB. Dephosphorylated TFEB dissociates from 14-3-3 protein, enabling 
translocation of TFEB to the nucleus to permit the transcriptional function of TFEB.   
 
 

 

 

 



39 
 

1.7.2 Transcriptional regulation of lysosomal autophagy and function 

Several key proteins have been identified as critical transcriptional effectors and inhibitors 

of autophagy function in recent decades. Particular transcription factors are key regulators of 

proteins involved in the macroautophagy process, such as FOXO3a being a regulator of LC3 and 

nuclear factor erythroid 2-related factor 2 (Nrf2) being a regulator of p62 [282]. Other transcription 

factors implicated in autophagy regulation include hypoxia-inducible factor-1α (HIF-1α) and p53, 

which induce the expression of various genes involved in lysosomal autophagy [283,284]. Most 

importantly, two major transcription factors are critically involved in regulating a network of 

proteins indispensable for autophagic function. The zing finger family DNA-binding protein, 

ZKSCAN3 as the major repressor of autophagic functioning [285]. The microphthalmia-associated 

transcription factor (MiTF) superfamily comprised of TFEB and TFE3, as the major transcriptional 

activator of genes critical for autophagosomal, lysosomal functioning and lysosome biogenesis 

[286]. ZKSCAN3 negatively regulates lysosomal autophagy, biogenesis and function, a process 

sensitive to the nutrient status of the cell. During nutrient deprivation, ZKSCAN3 accumulates in 

the cytoplasm, leading to the inhibition of its activity, whereas nutrient availability promotes 

mTOR-dependent nuclear translocation of ZKSCAN3, allowing inhibition over autophagy [285]. 

On the other hand, the MiTF family of transcription factors, particularly TFEB and TFE3, are 

identified to be an important transcriptional influence over autophagy and lysosomal functioning 

[287]. In response to various stimuli such as starvation, lysosomal stress and pharmacological 

treatment, TFEB binds to the gene network called Coordinated Lysosomal Expression And 

Regulation (CLEAR) elements present in the promoter region of lysosomal and autophagy genes 

[288]. Upon binding to the CLEAR gene network, TFEB increases transcription of genes engaged 

in autophagy, lysosome biogenesis and lysosome function [288]. In addition to ZKSCAN3 and 

MiTF, post-translational modification of histones is implicated in regulating genes involved in 

autophagy. For instance, histone H4K16, demethylation of H3K9 and trimethylation of H3K27 

influence autophagic activity [289]. G9a dimethylates H3K9 and represses autophagy genes, 
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whereas trimethylation of H3K27 inhibits autophagy by upregulating mTOR activity [289]. A 

recent study also identified Bromodomain and Extra-Terminal (BET) family protein Bromodomain 

containing 4 (BRD4), which represses autophagy and lysosomal genes by modifying histones [289].  

1.8 Transcription factor EB (TFEB) and MiTF/TFE family 

1.8.1 Members of MiTF/TFE family 

 The microphthalmia (MiTF)/TFE family of transcription factors include four members, 

namely Microphthalmia-associated transcription factor (MiTF), TFEB, TFE3 and TFEC [290]. 

They are a subfamily of basic/helix-loop-helix/leucine zipper (bHLH-LZ) transcription factors 

[291]. The common feature of MiTF/TFE proteins includes three critically important regions. The 

basic DNA-binding motif, while helix-loop-helix and leucine zipper motifs are critical for protein 

interaction and dimerization [292]. MiTF/TFE proteins bind to a palindromic DNA sequence 

(CACGTG) referred to as E-box, located in the proximal promoter region of its target gene 

[292,293]. MiTF/TFE family members heterodimerize with each other to trigger the expression of 

genes by binding to basic DNA-motif [290], whereas they do not heterodimerize with other 

members of HLH/leucine-zipper family such as MAX, USF and MYC [294]. Additionally, MITF, 

TFEB and TFE3 possess an activation domain (AD) required for their transcriptional activation. 

Conversely, TFEC does not contain AD, and therefore, rather than activation, TFEC inhibits the 

transcription of its downstream target genes (Figure 1.7) [295].  

 MiTF/TFE genes are present in all metazoan organisms. They are also conserved in 

vertebrates and primarily expressed in the retinal pigment epithelia, macrophages, osteoclasts, mast 

cells, melanocytes and natural killer cells [290]. However, invertebrates such as Drosophila and 

Caenorhabditis elegans only have a single family member of the MiTF/TFE family known as Mitf 

HLH-30, respectively [296,297]. The function and regulation of Mitf and HLH-30 appear to be 

similar to that of TFEB [296].  
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Figure 1.7 Relevant TFEB phosphorylation sites and their regulatory role. The various 
domains found in TFEB protein. Gln, glutamine-rich region; AD, acidic domain, bHLH, basic 
helix-loop-helix; LZ, leucine zipper domain; Pro-rich, proline-rich segment. Red P indicates TFEB 
nuclear translocation inhibition by inhibitory phosphorylation, and green P indicates TFEB 
stabilization and nuclear translocation with activating phosphorylation. 
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1.8.2 TFEB regulation of lysosomal biogenesis, autophagy and signalling 

TFEB is a master transcriptional regulator of genes encoding proteins facilitating 

autophagosomal assembly, autophagosomal maturation, autophagosome-lysosome fusion and 

lysosomal biogenesis and lysosome function [298]. TFEB was not fully described until 2009, when 

Sardiello et al. elegantly characterized TFEB’s ability and capacity to regulate cellular degradation 

processes, particularly those involving autophagy and lysosomal proteolysis [288]. Lysosomal 

genes are co-expressed and regulated by common factors leading to the identification of a ten 

palindromic motif (TCACGTGA) in the proximity of their transcription start site [288,299]. The 

DNA binding specificity for the HLH-LZ family is induced by sequences immediately flanking the 

E-box. The MiTF/TFE family favours the GTCACGTGAC consensus sequence known as the 

CLEAR gene network, which stands for coordinated lysosomal expression and regulation [288]. 

CLEAR promoter elements are repetitions of ten base pair motif located within the first 200 base 

pair of numerous lysosomal genes. TFEB-signaling generates more autophagosomes and 

accelerates their delivery to lysosomes by increasing lysosomal number, thereby facilitating protein 

degradation [299]. Upon nuclear entry, TFEB binds to CLEAR promoter sequences of various 

genes such as UVRAG, WIPI, MAP1LC3B, SQSTM1, VPS11, VPS18, Atg9B and vATPase that 

are involved in autophagosomal and lysosomal function [221,288]. TFEB-mediated action 

ultimately dictates autophagosomal assembly/degradation and lysosomal biosynthesis/function by 

directly regulating proteins involved in lysosomal acidification and autophagy. 

1.9 Regulation of TFEB signalling and action 

1.9.1 TFEB phosphorylation and subcellular localization 

 Since the primary site-of-action for any transcription factor is the nucleus, transcription 

factors are regulated by shuttling between cytoplasm and nucleus. The importation of transcription 

factors from the cytosol to the nucleus is facilitated by importin-dependent and importin-

independent mechanisms [300]. The nuclear translocation of TFEB is triggered by a variety of 

stimuli such as nutrient deficiency, pharmacological treatment, chemical stressors and post-
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translation modification. Notably, HeLa cells treated with sucrose induce translocation of TFEB 

from the cytosol to the nucleus, while TFEB remained in the cytosol in cells without sucrose 

treatment [288]. MEFs, Hepatocytes and HeLa cells subjected to amino acid-derived medium show 

increased nuclear translocation of TFEB as early as one-hour post-nutrient insufficiency (Figure 

1.6) [288,299]. Re-feeding cells following starvation shuttles TFEB from the nucleus to the 

cytoplasm within a minute (Figure 1.6) [299]. Consistently, mice subjected to starvation for 24 hr 

increase nuclear localization of TFEB in the liver, muscle and kidney [299].  

 The subcellular localization of TFEB is also influenced by post-translational modification 

through its phosphorylation at serine residues. mTOR-mediated phosphorylation of TFEB is 

dependent on the nutrient status of the cell. During conditions of nutrient surplus, LYNUS 

machinery senses the increased intra-lysosomal amino acid content (Figure 1.6 A) [229,230,273]. 

This results in the localization and tethering of mTOR and TFEB on the lysosomal membrane. At 

the lysosomal membrane, mTOR phosphorylates TFEB at three different serine residues; Ser122, 

Ser142 and Ser211, resulting in the restriction and inactivation of TFEB in the cytosol (Figure 1.6 

A) [286,298,301-303]. Whereas mutations of either Ser142 and Ser211 with alanine (S142A and 

S211A) result in resistance in phosphorylation by mTOR, leading to the constitutive nuclear 

localization of TFEB [302,304]. Additionally, extracellular receptor kinase (ERK) is activated 

during nutrient replete conditions and negatively regulates TFEB through its phosphorylation at 

Ser142, restraining and inactivating TFEB in the cytosol [302]. mTOR-mediated TFEB 

phosphorylation at Ser211 promotes binding of TFEB to YWHA (14-3-3) cytosolic adaptor 

proteins, which restricts mobilization of TFEB to the nucleus (Figure 1.6 A). 14-3-3 proteins retain 

TFEB to the cytosol by masking TFEB’s nuclear localization sequence [286]. While activation of 

mTOR activity promotes cytosolic restriction of TFEB, upregulation of mTORC1 activity in TSC1 

(hamartin)/TSC2 (tuberin) deficient MEFs subjected to starvation promotes nuclear localization of 

TFEB [305]. TSC1/TSC2 complex tightly controls cellular growth and proliferation by inhibiting 

mTORC1 activity. Remarkably, mutation of C-terminal serine-rich motif includes 
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S462/463/466/467/469 with alanine causes cytoplasmic retention of TFEB, whereas mutation of 

aspartate induces constitutive nuclear mobilization of TFEB [305,306].   

 In addition to mTOR and ERK, other kinases such as PKCβ, GSK3, RIP1K and Akt 

regulate TFEB localization through its phosphorylation. A recent study demonstrated that serine-

threonine kinase RIP1K negatively targets TFEB by activating ERK and regulates the autophagy-

lysosome pathway in a breast cancer cell model [307]. RIP1K also plays an essential role in cellular 

pathways related to cell death, such as apoptosis and necroptosis [307]. Interestingly, PKCβ-

mediated phosphorylation of TFEB at multiple serine residues located in the C-terminus in human 

TFEB (Ser462, Ser463, Ser467 and Ser469) does not induce nuclear localization but promotes 

TFEB cytosolic protein stability in osteoclasts (Figure 1.7) [306]. Phosphorylation by GSK3β at 

Ser134 and Ser138 promotes lysosomal localization and cytoplasmic retention of TFEB, whereas 

double mutation of S134A/S138A significantly increases nuclear translocation of TFEB (Figure 

1.7) [308]. TFEB is also phosphorylated by Akt at Ser467, resulting in its cytoplasmic localization, 

whereas treating the cell with autophagy activator, trehalose, inhibits Akt and promotes nuclear 

retention of TFEB (Figure 1.7) [309]. Conversely, TFEB is localized in the nucleus upon 

dephosphorylation.  A prior study demonstrates that upon nutrient deprivation, low levels of intra-

lysosomal nutrients induce Ca2+-mediated activation of calcineurin (CaN) phosphatase, which 

dephosphorylates and induces nuclear intrusion of TFEB and increases transcription of lysosomal 

genes (Figure 1.6 B) [310]. 

TFEB subcellular localization is not only regulated through its phosphorylation but also by 

acetylation at lysine residue 116, acting analogously to phosphorylation by confining TFEB to the 

cytosol [311]. Interestingly, TFEB is activated through deacetylation by sirtuin 1 (SIRT1), 

promoting the nuclear localization of TFEB. Pharmacological treatments such as chloroquine 

(which inhibits fusion of autophagosome and lysosome by neutralizing lysosomal acidity), 

bafilomycin or trehalose induce nuclear translocation of TFEB [301,302,309]. Infections [312], 

bacterial phagocytosis [313], lipopolysaccharide (LPS) treatment [314] and mitochondrial damage 
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[315] promote nuclear importation of TFEB. Remarkably, an increase in physical activity has a 

notable impact on the subcellular localization of TFEB. Mice subjected to progressive increases in 

exercise intensity show significant TFEB nuclear translocation with concomitant depletion in 

cytosolic TFEB content [316] in the muscle. Ubiquitin proteasome pathway (UPP) is also an 

important regulator of lysosomal autophagy through its ability to modulate TFEB functions. 

Indeed, the E3 ubiquitin ligase, STUB1 activates TFEB by directing phosphorylated TFEB for 

proteasomal degradation, thereby increasing nuclear content of TFEB in mouse embryonic 

fibroblasts (MEFs) [317], whereas the E3 ubiquitin ligases, SKP2 (S-phase kinase-associated 

protein 2) and MID1 (Midline1) inhibit nuclear localization of TFEB [318]. Interestingly, 

proteasomal inhibitor MG-132 significantly increases the nuclear mobilization of TFEB in 

hepatocytes [318]. Together, these findings highlight the complex regulation of TFEB by 

controlling its subcellular localization through various mechanisms (Figure 1.8). 

1.9.2 Transcriptional activators and inhibitors of TFEB  

TFEB regulates its expression by binding to the CLEAR network on its promoter region 

as reported in nutrient-deprived MEFs, hepatocytes, HeLa and mouse tissues [299]. This enhanced 

positive feedback of TFEB on its expression during starvation was disrupted in nutrient replete 

conditions [299]. Interestingly, PGC1α and PPARα are direct targets of TFEB that regulate TFEB 

expression. Treating neuronal cells with Gemfibrozil, an agonist of PPARα upregulates TFEB 

mRNA and protein levels by recruiting PGC1α, PPARα and retinoid X receptor α (RXRα) to the 

PPAR-binding site on the TFEB promoter region [319]. TFEB expression is also regulated by 

transcriptional effectors through the recently described farnesoid X receptor (FXR)/cAMP response 

element-binding (CREB) transcription axis [320]. Hepatocytes subjected to starvation with HBSS 

media activate and induce nuclear inclusion of CREB protein, which increases expression of TFEB 

proteins to upregulate autophagy. However, during the nutrient-rich state, activation of FXR protein 

antagonizes CREB-mediated transcriptional activation of TFEB, resulting in inhibition of  
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Figure 1.8 Cellular modifiers of TFEB action. (A) Kinases and (B) repressors that inhibit nuclear 
translocation of TFEB. (C) stimuli and (D) activators that activate and induce nuclear localization 
of TFEB. The primary role of TFEB includes regulating genes involved in (E) lysosome function, 
lysosome autophagy, (F) cellular metabolism such as mitochondrial biogenesis, function and (G) 
cellular survival, including DNA damage repair and immune response. 
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autophagic process [320]. Post-transcriptionally, TFEB mRNA is regulated by micro-RNA 128, 

which targets TFEB mRNA for Argonaut-mediated degradation [321]. A recent study also 

identified a new signaling axis of AMPK-SKP2 (an F-box protein of the SCF E3 ubiquitin ligase 

complex)-CARM1 (co-activator-associated arginine methyltransferase 1), which transcriptionally 

regulates TFEB expression [322]. During starvation, AMPK phosphorylates FOXO3a in the 

nucleus in MEFs, which represses E3 ubiquitin ligase SKP2, a negative regulator of CARM1. 

FOXO3a-mediated repression on SKP2 increases CARM1 levels, increasing the expression of 

TFEB and lysosomal genes (Figure 1.8) [322].    

 Nuclear TFEB is also inhibited by histone deacetylase 5 (HDAC5), through binding and 

inhibition of TFEB’s transcription activity. However, protein kinase-D 1 (PKD1)-mediated 

phosphorylation of HDAC5 induces HDAC5 nuclear export in HEK293 cells, which relieves 

HDAC5-dependent inhibition of TFEB, allowing TFEB to activate the CLEAR network [323]. 

Together, these studies highlight the complex regulation of TFEB and its tight correlation with 

numerous other regulatory hubs controlling cell signalling and metabolism. 

1.9.3 Cooperativity of TFEB with other MiTF family members 

 Both TFEB and TFE3 appear to regulate sets of genes and exhibiting similar biological 

effects in response to gain- and loss-function modifications. Like TFEB, the subcellular localization 

of TFE3 is regulated through its phosphorylation. During nutrient-rich conditions, mTORC1 

phosphorylates TFE3, resulting in the cytosolic retention of TFE3 [287]. Furthermore, cell 

starvation with amino acid-deficient medium or treatment with Torin-1 (mTORC1 inhibitor) or 

cells incubated with chloroquine to induce lysosomal stress trigger nuclear translocation of TFE3.  

Like TFEB, TFE3 binds to the CLEAR gene network present in the promoter region of proteins 

involved in lysosome biogenesis [287]. Recent studies have investigated redundancy and 

cooperation between TFEB and TFE3 transcription factors using single and double knock-out (KO) 

mouse models. Interestingly, whole-body TFEBKO mice die during embryonic development, 

whereas TFE3KO mice exhibit no apparent phenotype [324]. Loss-of-function of TFE3 study 
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reveals that TFE3 plays a key role in regulating whole-body glucose homeostasis, glycogen 

homeostasis, lipid metabolism, mitochondrial function and metabolic homeostasis. Remarkably, 

TFE3 overexpression in TFEBKO mice abolishes the obese phenotype [324]. Liver-specific TFEB 

and TFE3 double KO mice exhibit exacerbation in obese phenotype compared to singular deletion 

of TFEB or TFE3 alone. These findings suggest that both TFEB and TFE3 play an important role 

in regulating lipid and glucose homeostasis and combined depletion of both transcription factors 

result into additive alterations in cellular metabolism and function. 

 TFEB is also implicated in regulating the innate immune response. Mice with conditional 

deletion of TFEB in macrophages exhibit decreased expression of genes encoding pro-

inflammatory cytokines and chemokines. Furthermore, macrophage-specific TFEB deletion 

impairs autophagy and lysosome biogenesis, leading to defective anti-bacterial response [314]. The 

impairment in innate immune response due to the loss of TFEB in macrophages is exacerbated by 

the added depletion of TFE3. These findings collectively suggest that both TFEB and TFE3 

regulate very similar genes and exhibit cooperativity in multiple tissues.  

1.10 Physiological roles of TFEB 

1.10.1 Role of TFEB in cellular proliferation and pro-survival 

 MiTF/TFE family of transcription factors regulate multiple cellular physiological 

processes, including organelle biogenesis, cell proliferation, cell differentiation and survival 

[306,325]. Additionally, TFEB also participates in regulating nutrient sensing, energy metabolism 

and cellular clearance [299,326]. Prior study has demonstrated that TFEB-mediated increases in 

lysosome biogenesis are crucial for osteoclast differentiation [306]. Mice with TFEB silencing 

exhibit defective bone resorption due to the suppression of lysosomal content and function [306]. 

TFEB is also involved with other physiological processes such as regulating the expression of genes 

encoding critical metabolic regulators [299,316] and activation of the innate immune system [314].  

Additionally, TFEB is also essential for placental vascularization [325]. Notably, the aberrant 

expression of TFEB is associated with different types of human cancers, such as renal carcinomas 
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[327], breast cancer [328] and pancreatic ductal adenocarcinoma [329]. Recent evidence indicates 

that TFEB and TFE3 are activated in response to mitochondrial and ER stress, suggesting a more 

generic role while responding and adapting to stress to maintain cellular survival and homeostasis. 

1.10.2 TFEB and cellular energy metabolism  

 In addition to its canonical role of regulating genes involved in autophagy, lysosome 

biogenesis and lysosome function, TFEB engages nutrient-sensing pathways to remodel cellular 

energy metabolism. In the liver, transcriptome analysis reveals that TFEB overexpression in the 

liver upregulates the expression of genes engaged in FA oxidation, lipophagy and ketogenesis [299]. 

Whereas TFEB overexpression downregulates genes associated with anabolic processes, including 

steroid, lipid and isoprenoid biosynthesis [299]. Furthermore, mice with liver-specific TFEB 

deletion, subjected to a high-fat diet, show excess accumulation of LDs in the liver, indicating 

defective lipid degradation during diet-induced obesity. Conversely, TFEB overexpression in the 

liver improves lipid catabolic profile and attenuates hepatic steatosis during diet-induced obesity. 

These findings further reveal that TFEB-mediated regulation of lipid metabolism in the liver also 

requires a functional lipophagy pathway. Notably, TFEB regulates genes involved in lipid 

metabolism through its effect on PGC1α and PPARα. Subsequent study also indicates that TFEB 

directly governs PGC1α gene expression by binding to the CLEAR sequence in its promoter [299].  

In the skeletal muscle, loss of TFEB significantly impacts cellular metabolism [316]. 

Genome-wide analysis reveals that several genes involved in cellular metabolism, including 

glucose homeostasis, lipid homeostasis, mitochondrial biogenesis and oxidative phosphorylation, 

are upregulated in muscle-specific TFEB overexpressing mice and downregulated in skeletal 

muscle with TFEB deletion [316]. Gain- and loss-of-function studies in the skeletal muscle unveil 

that TFEB regulates mitochondrial biogenesis and glucose homeostasis independent of its effect on 

PGC1α. Interestingly, muscle-specific TFEB overexpression enhances high-intensity exercise 

training performance in mice, whereas TFEB-deficient muscle decreases metabolic flexibility and 

intolerance during exercise training [316]. Exercise-induced TFEB expression upregulates genes 
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associated with glucose transports (GLUT1 and GLUT4), hexokinase-I/II, TBC1D1 and GYS, 

leading to glycogen accumulation to sustain energy production. 

In addition to liver and skeletal muscle, TFEB overexpression in adipocytes enhances 

metabolic rate and white adipose tissue browning by upregulating uncoupling protein 1 (UCP1), 

an essential protein for regulating thermogenesis [330]. As observed in skeletal muscle, metabolic 

phenotypes of TFEB overexpression in adipocytes are PGC1α dependent. Whereas TFEB 

overexpression in macrophages attenuates ventricular dysfunction by upregulating the lysosomal 

acid lipase gene to increase lipophagy, likely indicating TFEB’s involvement in governing lipid 

metabolism through autophagy [330]. However, the exact role of TFEB in regulating cellular energy 

metabolism in the heart, specifically the cardiomyocyte, remained unexplored.  

1.11 Adipostatic and anti-inflammatory role of TFEB 

Liver-specific TFEB KO mice gain more weight compared to their control mice [298]. 

These mice also display an increase in peripheral adiposity, indicating that modulation of TFEB 

levels in the liver also affects peripheral fat metabolism. Conversely, TFEB overexpression by 

injecting mice with helper-dependent adenoviral vector (HDad) that expresses human TFEB 

(HDAd-TFEB) arrests the development of obesity phenotype and decreases peripheral adiposity, 

circulating leptin, TAG and cholesterol compared to mice with control virus injection. Similarly, 

viral-mediated delivery of TFEB in leptin-deficient ob/ob mice significantly reduces circulating 

TAG, cholesterol, improves glucose tolerance test and overall metabolic phenotype syndrome 

[298]. 

Like the liver, TFEB overexpression in adipocytes protects against diet-induced obesity. 

This protective effect of TFEB overexpression is attributed to reducing peripheral adiposity in both 

male and female mice [330]. These mice also exhibit decreased gonadal white adipose tissue and 

inguinal white adipose tissue weight compared to control mice; however, no change in brown 

adipose tissue weight is observed [330]. Furthermore, adipocyte-specific TFEB overexpression also 

improves glucose tolerance and insulin sensitivity and protects mice against hepatic steatosis, 
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indicating TFEB overexpression rescues metabolic complications in diet-induced obesity [330]. 

Together, these findings suggest that gain- or loss-of-function of TFEB in liver and adipose tissue 

protect against diet-induced obesity by influencing whole-body metabolism and peripheral fat 

metabolism.      

Loss of TFEB is implicated in several cardiovascular diseases and in multiple cell types, 

given the hetero-cellularity of the heart. For instance, the autophagy-lysosome pathway within 

macrophages plays a vital role during atherosclerosis to clear dysfunctional proteins and organelles 

[331]. Macrophage-specific autophagy is also important for lipid clearance [331], whereas 

autophagy-deficient macrophages remodel to be atherogenic in murine and human atherosclerotic 

lesions [331,332]. Overexpressing TFEB or treatment with the natural sugar trehalose which 

activates TFEB, augments the lysosome-autophagy pathway in macrophages and reverses 

autophagic dysfunction, attenuating macrophage apoptosis and pro-inflammatory IL-1β levels 

[331,332]. Using a cell culture model of atherosclerosis, macrophages with high levels of oxidized-

LDL and cholesterol crystals display an increase in lysosome pH, suppression of lysosomal 

proteolytic capacity and lysosomal dysfunction [333]. Macrophage-specific TFEB overexpressing 

transgenic mice exhibit increased lysosome biogenesis and proteolytic capacity in macrophages 

with atherogenic lipids [333]. Furthermore, mice with ischemia-reperfusion injury and in cardiac 

macrophages of humans with ischemic cardiomyopathy, loss of TFEB and dysfunction of 

lysosome-autophagy pathway is observed [334]. Transgenic mice with macrophage-specific TFE-

B overexpression attenuate ventricular dysfunction and IL-1β secretion post-ischemia-reperfusion 

injury. This effect is attributed to increased lipophagy, secondary to the augmented expression of 

lysosomal acid lipase, a direct target of TFEB [334]. These findings emphasize that TFEB is a 

central coordinator of not only cellular energy metabolism but also functions as an adipostat and 

attenuates inflammation. However, it is still unclear whether TFEB modulates similar cellular 

metabolism pathways in the heart. Another group of disorders in which TFEB deficiency and 

suppression in the autophagy-lysosome pathway observed are neurodegenerative diseases, 
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including Parkinson’s, Huntington’s and Alzheimer’s disease, as well as other tauopathies [335-

337]. TFEB attenuation and defective lysosomal function are also observed in lysosomal storage 

disorders (LSDs) such as multiple sulfatase deficiency, mucopolysaccharidosis type-IIIA, Batten 

disease, Pompe disease, Gaucher disease, Tay–Sachs disease and cystinosis [338]. Whereas 

overexpression of TFEB in cellular and mouse models of LSDs is beneficial in reducing substrate 

accumulation by upregulating the autophagy-lysosome pathway and attenuating LSD 

complications [335,336]. These findings indicate that TFEB is beneficial in vast majority of 

diseases.  

1.12 Regulation of TFEB by nutrients and metabolites 

 Recent studies indicate that cellular nutrients play a key role in regulating the 

transcriptional activity of TFEB. Cells such as MEFs, hepatocytes and HeLa cells deprived of 

amino acids induce nuclear translocation of TFEB, whereas supplementing cells with growth media 

induces cytosolic retention of TFEB [299]. Given that TFEB regulates genes associated with lipid 

metabolism and glucose homeostasis, it is plausible that glucose and lipid availability influence 

TFEB activity. Similar to amino acids, glucose deprivation in HT29 cells translocate TFEB to the 

nucleus and activate its target genes [326], whereas re-feeding cells export TFEB from the nucleus 

within 30 minutes [326]. A recent study also identified a glucose-mediated transcriptional 

regulation of TFEB mediated by AMPK-SKP2-CARM1 signaling axis in MEFs [322]. In addition 

to glucose, a non-reducing natural disaccharide, trehalose (α,α-1,1-glucoside), synthesized 

endogenously by non-mammalian organisms such as insects, crustaceans and plants, is implicated 

in regulating TFEB levels in macrophages [332]. Trehalose treatment increases TFEB content to 

the nucleus and augments its activity, reducing atherogenic lipid-induced polyubiquitinated protein 

accumulation in macrophages [332]. Furthermore, trehalose-induced augmentation of TFEB 

activity is also investigated in-vivo. ApoE-null mice subjected to high-fat diet for six weeks to 

develop atherosclerotic lesions, are given i.p. administration of trehalose for two-weeks. Splenic 

macrophages derived from trehalose-treated mice exhibit enhanced TFEB nuclear importation, 
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increases in transcription of genes involved in autophagy and lysosome pathway and protect mice 

from atherosclerosis compared to vehicle-treated mice [331,332]. On the contrary, non-reducing 

disaccharide sucrose and reducing disaccharide maltose do not affect TFEB activity compared to 

trehalose [331,332].  

 Notably, studies from our laboratory reported the role of different FAs-mediated regulation 

of TFEB. We demonstrated that saturated FA palmitate depletes TFEB and induces cell death in 

H9C2 cells and primary cells of neonatal or adult rat cardiomyocytes [226]. In contrast, 

monounsaturated FA, oleate does not affect cellular TFEB content and maintains cardiomyocyte 

viability. Similar to oleate, monosaccharide glucose does not affect cardiomyocyte TFEB content. 

However, a combination of glucose and palmitate treatment significantly reduces TFEB expression 

in the cardiomyocyte and suppresses cardiomyocyte viability. These findings collectively suggest 

that TFEB is a nutrient-sensitive target and its activity depends on the availability of types and 

carbon chain length of different nutrients. 
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Thesis hypothesis and objectives 

The prevalence of CVD is increased among obese and diabetic patients. Current therapies for 

obesity- and diabetes-related CVD are limited to exerting glycemic control. However, merely 

controlling hyperglycemia is inadequate in improving cardiovascular function in obese and diabetic 

patients. Identifying and characterizing novel targets and pathogenic pathways contributing to 

obesity- and diabetes-induced cardiovascular complications are critical to developing new and 

effective therapies.  TFEB-autophagy/lysosome pathway-cellular metabolism is a relatively novel 

signaling axis reported to be dysregulated in several metabolic disorders. Loss of TFEB has been 

implicated in numerous diseases like neurodegeneration, LSDs, cancer, obesity, and heart diseases 

such as ischemia-reperfusion injury, atherosclerosis, hypertrophy and DOX-induced cardiotoxicity. 

Since lysosomal autophagy enables cellular waste clearance and TFEB is a central coordinator of 

metabolism, inflammation and adiposity, selective targeting of cellular TFEB in the obese diabetic 

heart could prevent or ameliorate obesity- and diabetes-related metabolic heart disease. We 

reported that nutrient overload during obesity and diabetes decreases TFEB content with a 

concomitant reduction in lysosomal proteolytic activity and increased cardiomyocyte injury [226]. 

These findings highlight the pro-survival role of TFEB in influencing cardiomyocyte viability and 

function. However, the underlying mechanisms by which loss of TFEB engages in the nutrient-

sensing pathway to remodel cardiac energy metabolism remain unanswered.  In this thesis, I 

examined the central hypothesis that constitutive nuclear restoration of TFEB attenuates nutrient 

overload-induced cardiomyocyte injury, lysosomal dysfunction, impairment in cardiomyocyte 

energy metabolism and function. Chapters 2-5 contain experiments that investigate this hypothesis 

through the following objectives: 

1. To examine how nutrient overload negatively targets TFEB in the heart and if TFEB levels are 

altered temporally in the heart of mice fed high-fat high sucrose (HFHS) diet   

2. To elucidate whether TFEB inactivation is necessary and sufficient to disrupt lysosome integrity 

and autophagy causing injury in the obese and diabetic heart in-vivo and ex-vivo  
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3. To assess whether preventing the decline of TFEB ameliorate lipid overload-induced lysosome 

dysfunction and cardiomyocyte injury  

4.  To determine whether loss-of-function of TFEB in-vivo remodels cardiomyocyte metabolism, 

cell death, Ca2+ dynamics and contractile function 
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Chapter 2: Effect of fatty acid overload on TFEB content and lysosome function in the 

cardiomyocyte   

This chapter contains materials (sections 2.4, figure 2.1 B, F, J, N and figure 2.3 A-D) 

originally published in:  

Trivedi, P.C.; Bartlett, J.J.; Perez, L.J.; Brunt, K.R.; Legare, J.F.; Hassan, A.; Kienesberger, P.C.; 

Pulinilkunnil, T. Glucolipotoxicity diminishes cardiomyocyte TFEB and inhibits lysosomal 

autophagy during obesity and diabetes. Biochim Biophys Acta 2016, 1861, 1893-1910 [226].  

Remaining figures and portions of the text present in this chapter have been reproduced 

with the copyright permission from Elsevier and edited as appropriate: 

Trivedi, P.C.; Bartlett, J.J.; Mercer, A.; Slade, L.; Surette, M.; Ballabio, A.; Flibotte, S.; Hussein, 

B.; Rodrigues, B.; Kienesberger, P. C.; Pulinilkunnil, T. Loss of function of transcription factor EB 

remodels lipid metabolism and cell death pathways in the cardiomyocyte. Biochim Biophys Acta 

Mol Basis Dis 2020, 1866 (10):165832 [339].  

 Lipidomic analysis data (Table 2.1 and 2.2) was generated by Angella Mercer, 

Kienesberger lab. 

  

2.1 Rationale and objectives  

 During obesity and diabetes, chronic nutrient overload inhibits cellular protein quality 

control and protein degradation precipitating ER stress in multiple tissues like the heart, adipose 

and liver [226,340,341]. Acute response to nutrient overload hyperactivates proteasomal machinery 

to clear cellular protein aggregates [342]. However, during sustained nutrient-overload, proteasomal 

insufficiency ensues, triggering activation of lysosomal autophagy to facilitate the clearance of 

proteotoxic load [342,343]. Experimental evidence suggests that if damaged proteins evade 

degradation by the proteasome, these proteins must be degraded by the process of lysosomal 

autophagy to maintain cellular homeostasis [343]. Genes encoding lysosomal structure and function 

are under the transcriptional control of TFEB [298]. Transcriptional activity of TFEB encodes genes 
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involved in autophagosome formation and accelerates its delivery and clearance by lysosomes via 

increases in lysosomal biogenesis [288,304]. It is plausible that changes in TFEB content and 

associated lysosomal dysfunction could significantly impact cellular function during obesity, 

insulin resistance and diabetes. Numerous studies have provided evidence that TFEB is necessary 

to maintain cardiomyocyte function. Notably, a prior study from our laboratory demonstrated 

cardiomyocytes exposed to doxorubicin (DOX) [344] and glucolipotoxic stress [226] diminish 

nuclear TFEB content, renders lysosome dysfunctional and induces cardiomyocyte death. For 

instance, the severity of ischemia-reperfusion injury is sensitive to TFEB action, as viral 

overexpression of TFEB in neonatal rat cardiomyocytes (NRCMs) protects against hypoxia-

induced cell death [247]. Another study examined the role of TFEB in zebrafish and mouse hearts 

following amyloid deposition, wherein increases in TFEB expression improves cardiac outcome in 

zebrafish and mice hearts [345]. Despite the above studies highlighting the critical role of TFEB in 

influencing cardiomyocyte viability and function, how TFEB is inhibited remains unclear. 

Moreover, if bioactive metabolites, nutrients and inflammatory mediators directly target TFEB 

content, localization, and activity merits investigation. However, the mechanism by which the time-

dependent changes in TFEB reprograms myocyte signaling, metabolism and function during 

obesity and diabetes remains unexplored. Therefore, the first objective of this thesis was to examine 

in rodents and humans if changes in myocyte TFEB content and action during nutrient overload 

are temporally associated with lysosomal dysfunction and abnormal lipid metabolism.  

 
2.2 Materials and methods  
 
2.2.1 Animal studies:  

All protocols involving rodents were approved by the Dalhousie University, Institutional 

Animal Care and Use Committee (Protocol #18-114, #18-115, #18-116). Mice were maintained in 

a temperature- and humidity-controlled animal-care facility, with a 12 h light/dark cycle with food 

and water provided ad libitum.  
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Diet-induced obesity: Nine to ten weeks old male C57BL/6J mice (Jackson Laboratory: Stock 

number; 000664) were housed in a 12 h light-dark cycle. Mice were randomly assigned to groups 

fed either chow diet (5001; Lab diet, St Louis, MO, USA; with 13.5 kcal% from fat) or high fat-

high sucrose (HFHS) diet (12451; Research Diets, New Brunswick, NJ, USA; with 45 kcal% from 

fat and 17 kcal% from sucrose) for 4, 8, 12 and 16 weeks.  Bodyweight gain was recorded weekly 

by taking the differences in body weight before starting the diet and every week after starting the 

diet. After 4, 8, 12 and 16 weeks of chow and HFHS diet feeding, mice were subjected to 1 h food 

withdrawal before euthanasia. Tissues were collected and stored at - 80̊C for biochemical analysis. 

2.2.2 Tissue homogenization  

The frozen heart was powdered using pestle and mortar, followed by homogenization using 

polytron homogenizer in ice-cold buffer containing 20 mM Tris-HCl, pH 7.4, 5 mM EDTA, 10 

mM Na4P2O7 (567540; Calbiochem, EMD Chemicals, Gibbstown, NJ, USA), 100 mM NaF, 1% 

Nonidet P-40, 2 mM Na3VO4, 10 µl/ml of protease inhibitor (P8340, Sigma, St Louis, MO, USA; 

contains AEBSF - [4-(2-Aminoethyl)benzenesulfonyl fluoride hydrochloride],  aprotinin, bestatin 

hydrochloride, E-64 – [N-(trans-Epoxysuccinyl)-L-leucine-4-guanidinobutylamide], leupeptin 

hemisulfate salt and pepstatin A) and 10 µl/ml of phosphatase inhibitor (524628, Calbiochem; 

contains bromotetramisole oxalate, cantharidin and calyculin A, Discodermia calyx). Homogenate 

was centrifuged at 1000 x g for 10 min at 4 C̊ to obtain a ‘1000 x g pellet’, which is composed of 

nuclear membrane proteins. The supernatant obtained was then transferred to another microfuge 

tube, consisting of soluble proteins in the cytosolic compartment. The 1000 x g pellet was sonicated 

using nucleus extraction buffer containing 1 mM EGTA, 1 mM EDTA, 10 mM HEPES, 1.25 g 

glycerol, 412 mM NaCl, 1.5 mM MgCl2, 1mM DTT (0281; Amresco, OH, USA), a protease 

inhibitor (P8340, Sigma, St Louis, MO, USA; 10 µl/ml) and phosphatase inhibitor (524628, 

Calbiochem, EMD Chemicals, Gibbstown, NJ, USA; 20 µg/ml) and pH was adjusted to 7.5. The 

resulting lysate was then centrifuged at 10,000 x g for 10 min at 4 C̊, and supernatant (consisting 

of nuclear membrane proteins) was collected in a microfuge tube. The protein concentration of the 
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lysate for the cytosolic compartment was determined using the BCA protein assay kit (23255; 

Pierce, Thermo Fisher Scientific, Waltham, MA, USA), and protein concentration from the nuclear 

membrane was determined using Bradford protein assay reagent (500205; Quick Start Bradford 

Dye Reagent, BioRad, Mississauga, Ontario, Canada). Lysates were stored at -80 ̊C for subsequent 

biochemical analysis.  

2.2.3 Cardiac lipidomic analysis  

For targeted lipidomic analysis in the heart, total lipids of weighed heart tissue (10–15 mg) 

were spiked with 10 μl of 100 μM internal standards (ISTD, DG 14:0/14:0, TAG 15:0/15/0/15:0 

and TAG 17:0/17:0/17:0 Avant Polar Lipids) per sample. Heart tissues were homogenized in 

methanol using polytron homogenizer. Homogenate was transferred into a glass tube filled with 

UPLC grade methanol. Extraction was performed using 5 mL of meth-tert-butyl ether (MTBE) 

[346] with continuous shaking for 60 min at room temperature (RT). Following the addition of 1.2 

mL ddH2O, samples were vortexed and spun at 1000 ×g for 10 min on RT to establish phase 

separation. The upper organic phase was collected. MTBE, methanol and ddH2O were added to the 

remaining aqueous phase, and samples were vortexed and spun to establish phase separation. 

Combined organic phases of the double-extraction were dried under a stream of nitrogen, and lipids 

were reconstituted in 1:1 of CHCl3: MeOH. The extract was re-suspended and diluted 20× using 

2:1:1 isopropanol:acetonitrile:ddH2O for UPLC-MS ESI+ analysis. The interphase was dried, lysed 

using 300–500 μl NaOH/SDS (0.3 N/0.1%), and proteins were quantified using BCA assay. 

Chromatographic separation was modified [347] using an AQUITY-UPLC system (Waters 

Corporation) and XEVO TQSμ Tandem Mass Spectrometer equipped with a Waters CSH (2.1 × 

100 mm, 1.7 μm; CSH pre-column). The extract was diluted (For phase A; 10 mM ammonium 

formate and 0.1% formic acid (40:60, ddH2O:acetonitrile) and for phase B; 10 mM ammonium 

formate and 0.1% formic acid (10:90, actetonitrile:isopropanol)) and injected for quantification as 

shown previously [347]. Lipid species/groups were analyzed by using multiple reaction monitoring 

(DG: [MNH4] + to [RCOO+58] + of the respective esterified fatty acid; TAG: [MNH4] + to [DG-
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H2O] + of the respective DG). Data were acquired with Target Lynx Software. Data were 

normalized for recovery, extraction, and ionization efficacy by calculating analyte/ISTD ratios 

(AU) and expressed as AU/mg tissue protein. 

2.2.4 Obesity Post-Operative Surgical Outcome (OPOS) trial Study  

Patients participating in this study were scheduled to undergo elective, first-time cardiac 

surgery at the New Brunswick Heart Centre in Saint John, NB and the Maritime Heart Centre 

(MHC) in Halifax, NS. Patients of normal weight and BMI of 18.5–24.9 kg/m2 were considered as 

the control group (N-O; non-obese), BMI 25.0-29.9 kg/m2 as pre-obese (P-O) and BMI 30.0–34.9 

kg/m2 as obese class-I (OC-I). To eliminate the effect of age, patients who were older than 75 years 

of age were not included in this study to exclude the effect of frailty on the physical ability for 

recovery. We are currently amending OPOS studies to account for frailty as an important variable 

to incorporate this variable into a comprehensive and complete assessment of surgical fitness. 

Patients who fulfilled the criteria were approached by the research coordinator and consented 

before surgery. During the surgery, right atrial appendage cardiac tissues were isolated by clean-

cut punch of the atria and stored in -80℃ freezer for further analysis. Atrial appendages were 

homogenized and processed for western blot analysis. All protocols involving human subjects were 

approved by the Ethics Review Board of the Saint John Regional Hospital, New Brunswick 

(Protocol # 2014-2006) and the Ethics Review Board of the Dalhousie University, Nova Scotia.  

2.2.5 Cell Culture 

2.2.5.1 H9C2 cardiomyoblast culture 

H9C2 rat embryonic cardiomyoblast (CRL-1446; ATCC) cells were cultured at a cell 

density of 4 x 105 in 60 mm plates and maintained in Dulbecco’s modified Eagle’s high-glucose 

medium (SH30243.01; DMEM-HG; Hyclone Laboratories, UT, USA) supplemented with 10% 

fetal bovine serum (1400-500; FBS, Seradigm) for 48 hr. H9C2 cardiomyoblasts were allowed to 

differentiate for 48 h in DMEM-1X medium (11966025; Thermo Fisher Scientific, MA, USA) 

supplemented with 0.5% FBS and 5 mM glucose. After 48 h of differentiation, cells were exposed 
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to high concentrations of glucose, palmitate and a combination of glucose and palmitate as 

described in section 2.2.5.4. Cells were then harvested in phosphate-buffered saline (0780; 

Amresco), followed by centrifugation at 10,000g for 10 min at 4˚C to pellet down the cells. Cell 

pellets were sonicated using lysis buffer (composition as described in tissue homogenization 

section 2.2.2., followed by centrifugation at 1500 x g for 10 min at 4˚C. The supernatant was 

transferred to another microfuge tube and protein concentrations were determined using the BCA 

protein assay kit (23255; Pierce, Thermo Fisher Scientific, Waltham, MA, USA). Lysates were 

stored at -80  ̊C for subsequent analysis.  

2.2.5.2 Adult mouse cardiomyocyte isolation 

Adult mouse cardiomyocytes (AMCMs) were isolated from male C57BL/6 mice 

anaesthetized using sodium pentobarbital 65 mg/kg as described previously [226,344]. Isolated 

hearts were perfused retrogradely by the non-circulating Langendorff method using the perfusion 

buffer (113 mM NaCl, 4.7 mM KCl, 0.6 mM KH2PO4, 0.6 mM Na2HPO4, 1.2 mM MgSO4.7H2O, 

12 mM NaHCO3, 10 mM KHCO3, 10 mM HEPES, 30 mM Taurine, 10 mM BDM and 5.5 mM 

glucose, pH 7.4). The isolated ventricular myocytes were exposed to increasing concentrations of 

Ca2+ (100 μM, 400 μM and 900 μM) to render myocytes Ca2+ tolerant. Cardiomyocytes were plated 

on laminin-coated plates at a density of 40-60 x 103 cells/plate and incubated at 37°C. The media 

was changed to cardiomyocyte culture media (Minimum Essential Media containing 0.1% BSA, 

10 mM BDM, 100 U/ml penicillin, 2 mM glutamine and 2 mM ATP) after 3 h of plating.   

2.2.5.3 Preparation of bovine serum albumin complexed fatty acid 

Bovine serum albumin (BSA, 68700-100, Proliant Biologicals) complexed fatty acid (FA) 

solution was prepared in DMEM-1X media using the BSA/fatty acid molar ratio of 3.9. 120 mM 

stock solution of sodium oleate (O7501; Sigma) and sodium palmitate (P9767; Sigma) was 

prepared separately in DMEM-1X media. For preparing the stock solution of 120 mM FA: briefly, 

250.5 mg of palmitate or oleate was added to 15 ml of DMEM-1X media. Palmitate or oleate media 

was then placed into a boiling water bath. After five minutes, palmitate and oleate media were 
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vortexed and aliquoted into 1.5 ml Eppendorf tube and stored at -80℃. BSA and FA complexation 

involved: preparing 2% FA free-BSA in pre-warmed DMEM-1X media at 37℃. BSA media was 

dissolved by centrifuging the media at 2000 g for 5 min and warming the media at 50℃ for 15 

mins. The resulting stock solution of FAs was mixed with 2% FA free-BSA (126575; Sigma 

Aldrich) solution to achieve the desired FA concentration. Subsequently, FA and BSA solutions 

were kept at 37 ̊ C dry bath for 30 min to form complex. After 30 min, the media was sterile filtered 

using a 2 µm filter to treat cells. Polyunsaturated fatty acids (PUFA; arachidonic acid (AA), 

eicosapentaenoic acid (EPA) and linoleic acid (LA) were dissolved in 95% ethanol to prepare a 

stock concentration of 50 mM. PUFAs at a final concentration of 50 µM and 0.1% ethanol as 

vehicle control were complexed with 2% BSA prior to cell treatment. PUFAs were purchased from 

Nu-Check Prep (Elysian, MN) and were stored at -80̊ C under nitrogen gas phase.  

2.2.5.4 Cell culture treatment and harvesting 

H9C2 cells were incubated with either 2% BSA (68700-100, Proliant Biologicals), glucose 

(G; 30 mM; DX0145; EMD Chemicals), palmitate (P; 1.2 mM) or fructose (F; 5, 30 and 50 mM, 

F3510, Sigma), a combination of fructose/palmitate (FP; 30/0.8 and 30/1.2 mM), a combination of 

glucose/palmitate (GP; 30/1.2 mM) or polyunsaturated fatty acids (AA, EPA or LA; 50 µM) for 16 

h. Following 16 h of incubation with different substrates, cells were harvested in cold 1 X 

phosphate-buffered saline (20-031-CV, Corning), followed by centrifugation at 10,000 g for 10 

min at 4˚C to pellet down cells. The cell pellet was sonicated using a lysis buffer and centrifuged 

at 1500 g for 15 min at 4˚C. Subsequently, the supernatant was collected, and protein concentrations 

were determined using the BCA protein assay kit (23255; Pierce, Thermo Fisher Scientific, 

Waltham, MA, USA). Lysates were stored at -80 ̊C for subsequent biochemical analysis. 

2.2.6 Immunoblot analysis  

Heart lysates containing 20-30 μg of proteins were subjected to sodium dodecyl sulfate-

polyacrylamide (SDS) gel electrophoresis. Proteins were transferred onto a nitrocellulose 

membrane. Blotted proteins were visualized using reversible Coomassie stain (24580; MemCode 
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Reversible protein Stain, Pierce, Thermo Fisher Scientific, Waltham, MA, USA) and targets probed 

using the primary antibodies: anti-LC3B (2775S; Cell Signaling, Beverly, MA, USA), anti-LAMP-

2A (18528; Abcam, Toronto, ON, Canada), anti-Cleaved Caspase-3 (9664; Cell Signaling), anti-

Bcl2 (SC-7351; Santa Cruz Biotechnology), anti-TFEB (A303-673a-T; Bethyl Labs), anti-HA 

(2362; Cell Signaling), anti-MYC (132500; Life Technologies.), anti-KLF15 (NBP2-24635; Novus 

Biologicals), anti-PPARα (P0369; Sigma Aldrich), anti-CD36 (NB400-144; Novus Biologicals), 

anti-Pan Actin (sc-1616; Santa Cruz Biotechnology, TX, USA), anti-JNK Thr183/Tyr185 (9251; Cell 

Signaling), anti-p62 (03-GP62-C; American Research), anti-RAN GTPase and anti-Atg7 (2631; 

Cell Signaling.). Immunoblots were developed using the Western Lightning Plus-ECL to enhance 

chemiluminescence substrate (NELI05001EA; Perkin Elmer, Waltham, MA). Densitometric 

analysis was performed using Image Lab software (Bio-Rad), and protein levels were corrected to 

protein stain.  

2.2.7 Cathepsin B Activity  

Cathepsin B is a lysosomal cysteine proteases enzyme that hydrolyzes proteins and cleaves 

substrates at the carboxyl side of the Arg-Arg bond. The substrate N-Suc-Leu-Leu-Val-Tyr-7-AMC 

(S6510; Sigma, MA, USA) was used for the fluorometric detection of cathepsin B activity. The 

fluorescence of the free aminomethyl coumarin released was measured. Cathepsin B activity was 

measured in tissue or cellular lysates. A standard curve was prepared in the range of 300 nM to 

12.5 nM using 7-Amino-4-Methylcoumarin (26093-31-2; Enzo, Alfa Aesar). Briefly, standards, 

samples and cathepsin B enzyme (BML-SE198-0025; Enzo life sciences, NY, USA) were added 

into 96 well microtiter plates. Following the addition of standards, samples and cathepsin B, 

activation buffer L-Cysteine (prepared in a buffer containing 352 mM potassium phosphate 

monobasic, 48 mM sodium phosphate dibasic and 4.0 mM EDTA at 40 ̊C, pH 6.0) was added to 

get the final concentration of 8.0 mM. The volume of each well was made up to 150 µl by adding 

0.1% of Brij 35 solution (0281; Amresco, OH, USA, 0.1% V/V of 30% w/v Brij solution in water). 

Lastly, the fluorogenic substrate at a final concentration of 0.006 mM was added into the sample 
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and control wells, and the plate was mixed immediately using thermo mixture. The intensity of 

fluorescence was measured in triplicate using the Synergy H4 fluorescence plate reader at the 

excitation wavelength of 360 nm and the emission wavelength of 440 nm from 0-60 min time point 

at 37̊C. Data are presented as RFU/min/µg of proteins. 

2.2.8 Statistical Analysis 

Results are expressed as mean ± SEM. A pairwise comparison between groups was 

performed using unpaired two-tailed Student’s t-test. Comparisons between multiple groups were 

performed using one- or two-way ANOVA followed by a Bonferroni or Tukey post hoc test, as 

appropriate. All statistical analysis was performed using Prism (GraphPad Software). P-values of 

less than 0.05 were considered statistically significant. For animal studies, “n” refers to the number 

of mice used, unless otherwise specified. For cell culture studies, experiments were performed in 

triplicates and data are from at least three independent experiments. 

 

2.3 Results 

2.3.1 Time-dependent decline in nuclear TFEB content in the heart from high-fat 
high-sucrose (HFHS)-fed mice  
 

Using a murine mouse model of diet-induced obesity, previously, our laboratory 

demonstrated a significant depletion of nuclear TFEB content in the heart of mice fed HFHS diet 

at 16 weeks [226]. However, the onset of TFEB depletion during the progressive feeding of the 

HFHS diet and whether changes in TFEB content were associated with altered lysosome function 

were not ascertained. To assess the longitudinal changes in cardiac TFEB levels, we subjected 

C57BL6J mice subjected to progressive feeding of HFHS diet for 4, 8, 12 and 16 weeks.  

Cellular lipid content and type of lipids are crucial for the lysosomal membrane lipid 

composition, necessary for the stability of lysosomal membrane proteins such as lysosome-

associated membrane protein 2A (LAMP-2A), an indicator of lysosomal abundance and function 

[348]. We first examined if diet-induced obesity negatively affected proteins involved in lysosome-
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dependent proteolysis. We observed that LAMP-2A protein content was significantly increased 4 

(1.5 fold) and 8 weeks (1.6 fold) post-HFHS diet-feeding compared to chow-fed mouse heart, 

whereas this increase was modest post 12 weeks (1.2 fold) of HFHS-feeding (Figure 2.1 A, C, D 

and E). Furthermore, LAMP-2A content was significantly decreased in mice hearts after 16 weeks 

(-0.43 fold) of HFHS-feeding [226] (Figure 2.1 B and F). Progressive decline in cardiac LAMP-

2A abundance during diet-induced obesity also corresponded with changes in the lysosomal 

proteolytic capacity as examined by measuring cathepsin B activity, a readout of lysosomal 

function (Figure 2.1 G-J). We observed a robust increase in cathepsin B activity in mice heart post 

4 (1.35 fold) and 8 weeks (2.26 fold) of HFHS diet-feeding compared to chow-fed mice heart, while 

a negligible increase in the activity was observed post 12 weeks (1.01 fold) of HFHS diet-feeding 

(Figure 2.1 G, H and I). Importantly, cathepsin B activity was significantly suppressed at 16 weeks 

(-0.71 fold) post-HFHS diet-feeding compared to chow diet-feeding [226] (Figure 2.1 J). 

Surprisingly, despite the early increase in myocardial lysosomal content and function following 

exposure to HFHS diet, nuclear TFEB content decreased progressively from 8 (-0.87 fold), 12 (-

0.78 fold) and 16 weeks (-0.71 fold) in HFHS diet-fed mouse heart when compared to the 

corresponding chow-fed group (Figure 2.2 A, B, K, L, M and N). These findings indicate that 

lysosomes adapt to an acute nutrient overload (4 weeks) by augmenting lysosomal content and 

function independently of changes in TFEB levels. However, prolonged nutrient overload (8-16 

weeks) precipitates a decline in TFEB levels, leading to loss of lysosomal adaptation to augment 

lysosome content and function in the mouse heart (Figure 2.2).  

2.3.2 Increased myocardial triacylglycerol accumulation in the heart of mice fed 

HFHS diet 

We next examine whether the gradual decline in TFEB level is associated with changes in 

lipid utilization in mice hearts with chronic nutrient overload. We performed the lipidomic analysis  
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Figure 2.1. Progressive decline in nuclear TFEB content of the heart of mice fed high-fat high 
sucrose (HFHS)-fed diet. (A and B) Immunoblot and densitometric analysis of protein expression 
of cytosolic (C, D, E and F) LAMP-2A and (G, H, I and J) cathepsin B activity in the heart from 
C57BL6J male mice fed either chow or HFHS diet for 4, 8, 12 and 16 weeks. (A and B) Immunoblot 
and densitometric analysis of protein expression of nuclear (K, L, M and N) TFEB and (O) total 
TAG levels in the heart from C57BL6J male mice fed either chow or HFHS diet for 4, 8, 12 and 
16 weeks. Graph represents mean ± S.E.M., n = 3 to 5 to 5, *P < 0.05 Vs Chow diet was performed 
using Student's t-test. A.U.; arbitrary unit, P Stain; Protein stain. 
 

  

 

 
Figure 2.2. Progressive decline in nuclear TFEB content in the heart of mice fed high-fat high 
sucrose (HFHS)-fed diet.  
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to evaluate the lipid utilization in the mouse heart during DIO. Cardiac lipidomic analysis revealed 

a global increase across most triacylglycerol (TAG) species (50:3 (18:1), 52:2, 52:4, 54:3 and 56:5, 

52:3, 54:4 (18:1), 54:4 (18:2), 50:3 (16:0), 54:2 (18:1)) post 16 weeks of HFHS-feeding compared 

to chow-fed diet (Table 2.1). Furthermore, the heart from 12 weeks of HFHS diet-fed mice 

exhibited significantly increased levels of TAG acyl chains such as 50:3 (18:1), 52:2, 52:4, 54:3 

and 56:5 (Table 2.1).  Not only distinct species of TAG but also total TAG content in the mouse 

heart were significantly increased post 12 and 16 weeks of HFHS diet feeding compared to chow-

fed mouse heart (Figure 2.1 O). Notably, most diacylglycerol (DAG) species were significantly 

decreased in the heart of the mouse fed HFHS diet for 4 and 8 weeks compared to chow-fed mouse 

heart (Table 2.2). Whereas DAG species with acyl chain length of 32:1, 36:1 and 38:5 were 

significantly increased in 16 weeks of HFHS diet-fed mouse heart compared to chow-fed (Table 

2.2). These data suggest an accumulation of distinct species of TAG and DAG in the mouse heart 

at different times following HFHS diet-feeding. Furthermore, these data reveal that in the obese 

mouse heart, a decline in nuclear TFEB content and impaired lysosomal function are associated 

with marked elevation of specific lipid species questioning the causal or effector role of TFEB in 

regulating cardiac lipid metabolism. 

2.3.3 TFEB content is decreased in hearts of Class-I Obese patients 

We next determined if our preclinical data extended to the human population, specifically 

in obese and diabetic patients with CVD. We measured TFEB protein expression in atrial 

appendages from patients with increased severity of obesity and diabetes. All patients involved in 

OPOS (Impact of Obesity on Prospective Outcomes following cardiac Surgery, TCPS-2–2014) 

trial study were registered to undergo cardiac surgery [349]. Patients scheduled to undergo cardiac 

surgery were stratified as per their body mass index (BMI) as non-obese (N-O, BMI 18.5-24.9 

kg/m2), pre-obese (P-O, BMI 25-29.9 kg/m2) and obese class-I (OC-I, BMI 30-34.9 kg/m2) (Figure 

2.3 A). We observed a significant decline in TFEB expression in atrial appendages from OC-I 

patients compared to both N-O and P-O patients (Figure 2.3 B-C). Furthermore, the decrease  
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Figure 2.3 TFEB expression in atrial appendage from obese class-I patients negatively 
correlates with BMI. (A) Classification of body mass index (BMI). (B) Immunoblot and 
densitometric analysis of protein expression of (C) TFEB from total lysate in atrial appendage from 
non-obese (N-O), pre-obese (P-O) and obese class-I (OC-I) individuals. (D) Linear regression 
curve of TFEB protein expression vs BMI of N-O, P-O and OC-I individuals. Graph represents 
mean ± S.E.M., n=3 to 4 patients per group, *P<0.05 vs non-obese (N-O) and +P<0.05 vs pre-
obese (P-O); one-way ANOVA; A.U.; arbitrary unit. 
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in TFEB expression was inversely correlated with the patient’s BMI (Figure 2.3 D). These findings 

from our clinical study suggested that, as the severity of obesity and diabetes progresses, TFEB 

levels decrease in the human heart. 

2.3.4 The saturated fatty acid palmitate depletes TFEB and suppresses proteolytic activity in 

a concentration- and time-dependent manner in H9C2 cells   

Previously our laboratory demonstrated that cardiomyocytes exposed to 1.2 mM palmitate 

decreased cellular TFEB protein content with a marked reduction in the lysosomal function [226]. 

We next tested whether palmitate declines TFEB content in a time- and concentration-dependent 

manner. Treatment of H9C2 cells with 0.8 mM palmitate for 16 h decreased cellular TFEB levels 

compared to the BSA control group, whereas 1.2 mM significantly decreased TFEB levels 

compared to BSA, 0.2 mM and 0.4 mM palmitate (Figure 2.4 A and B). Since TFEB is a master 

regulator of lysosomal content and function, we then assessed the lysosomal function by measuring 

the lysosomal proteolytic activity of the cathepsin B enzyme. We observed that a decrease in 

cellular TFEB content was associated with suppression in cathepsin B activity in a concentration-

dependent manner at 0.4 mM, 0.6 mM, 0.8 mM and 1.2 mM palmitate treatment compared to 0.2 

mM palmitate and BSA control group (Figure 2.4 C). We next sought to determine the 

concentration of palmitate, which was sufficient to induce activation of stress and cell death 

pathways in H9C2 cells. We observed concentration-dependent activation of stress-activated 

protein kinase Jun amino-terminal kinase (JNK) 1 and 2 by 0.4 mM, 0.6 mM, 0.8 mM and 1.2 mM 

palmitate compared to the BSA control group, demonstrated by increased phosphorylation of 

JNK1/2 at Thr183 and Tyr185 residues (Figure 2.4 A, D). Since activation of JNK has been 

reported to initiate apoptotic cellular death processes [350], we examined the protein expression of 

cleaved caspase-3, an executor of cellular apoptosis [351]. Indeed, the expression of cleaved 

caspase-3 was significantly increased with palmitate treatment at concentrations of 0.6 mM, 0.8 

mM and 1.2 mM when compared with 0.2 mM palmitate and BSA control group (Figure 2.4 A, 

E). Furthermore, 1.2 mM palmitate treatment significantly increased cleaved to total caspase-3 
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Figure 2.4 Saturated fatty acid palmitate depletes TFEB content in a concentration-
dependent manner in H9C2 cells. H9C2 cells were incubated with either BSA or 0.2 mM, 0.4 
mM, 0.6 mM, 0.8 mM and 1.2 mM palmitate for 16 h. (A) Immunoblot and densitometric analysis 
of protein expression of (B) TFEB and cathepsin B activity (C) in H9C2 cells treated with different 
concentrations of palmitate. (A) Immunoblot and densitometric analysis of (D) phosphorylated 
JNKThr183/Tyr185, (E) cleaved caspase-3 and (E) cleaved/total caspase-3 ratio in H9C2 cells treated 
with different concentrations of palmitate. Graph represents mean ± S.E.M., n = 3, *P < 0.05 vs 
BSA, ^P < 0.05 vs 0.2 mM palmitate, +P < 0.05 vs 0.4 mM palmitate and #P < 0.05 vs 0.6 mM 
palmitate and @P < 0.05 vs 0.8 mM palmitate, one-way ANOVA; A.U.; arbitrary unit. 
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ratio compared to BSA control and 0.2 mM, 0.4 mM, 0.6 mM and 0.8 mM palmitate (Figure 2.4 

A, E).   

Furthermore, to assess if palmitate’s effect on regulating TFEB is species-specific, we 

utilized HL-1 cells, an atrial tumor cell line derived from adult female mice [352,353]. Unlike H9C2 

cells, HL-1 cells exhibit augmented sensitivity to the effects of palmitate. We noticed that palmitate 

treatment at a concentration as low as 0.4 mM to 0.6, 0.8 and 1.2 mM for 16 h decreased TFEB 

levels and increased cleaved to total caspase-3 ratio compared to BSA control and 0.2 mM palmitate 

(Figure 2.5 A-B). Our laboratory previously reported a comparable reduction in TFEB content in 

neonatal rat ventricular cardiomyocytes (NRCMs) following treatment with 0.4 mM palmitate for 

16 hr [226]. Furthermore, in HL-1 cells, despite a reduction in TFEB levels after 0.4 mM palmitate 

treatment, cathepsin-B activity was suppressed only at 0.8 mM and 1.2 mM concentration of 

palmitate (Figure 2.5 D), suggesting that a decrease in TFEB primes the myocyte to suppress 

proteolytic activity. In addition to cell lines, we also recapitulated in vitro data in a primary cell 

culture model of adult mouse cardiomyocytes (AMCM), wherein AMCM exposed to 1.2 mM 

palmitate for 12 h decreased TFEB levels, an effect not observed at 8 h (Figure 2.5 E-F). Together, 

these data using in vitro and ex-vivo cell culture models definitively establish that palmitate 

decreases TFEB content in a concentration- and time-dependent manner. 

2.3.5 Polyunsaturated fatty acids and fructose do not alter TFEB content in H9C2 cells 

Since glucose, oleate, and palmitate exerted differential effects on TFEB levels, autophagy 

induction and cellular viability [226], we also determined the effect of polyunsaturated fatty acids 

(PUFAs) such as arachidonic acid (AA), eicosapentaenoic acid (EPA) and linoleic acid (LA) on 

TFEB levels and autophagy induction. Given that PUFAs play a pivotal role in cellular signaling 

more so than metabolism, we chose a concentration of 50 µM PUFA that is reported to trigger a 

myriad of biological effects [354]. To examine the impact of PUFA on myocyte autophagy and 

autophagic flux, we examined the conversion of pre-autophagosome bound microtubule protein 

LC3B-I to the autophagosome-bound lipidated form of LC3B-II in the presence or absence of 
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lysosomal de-acidifier, CQ. Unlike palmitate [226], we observed that H9C2 rat embryonic 

cardiomyoblast cells treated with AA, EPA and LA for 16 h did not alter baseline autophagy 

compared to its BSA control group (Figure 2.6 A-B, E-F and I-J). We observed that in the absence 

of autophagy inhibitor chloroquine (CQ), LC3BII/I ratio did not change in response to AA, EPA 

and LA exposure for 16 h compared to their respective BSA control group (Figure 2.6 A-B, E-F 

and I-J). Furthermore, CQ treatment elicited a higher response of autophagosome accumulation in 

cells treated with AA (9.66 vs 7.67 fold, Figure 2.6 A-B) and EPA (6.9 vs 5.91 fold, (Figure 2.6 

E-F) as measured by an increase in LC3BII/I ratio at 16h post-PUFA exposure. Unlike AA and 

EPA, LA did not potentiate autophagosome accumulation following CQ treatment (4.89 vs 4.86 

fold, Figure 2.6 I-J) when compared to the BSA group. Notably, EPA treatment significantly 

increased caspase-3 cleavage in H9C2 cells (Figure 2.6 G-H). In contrast to EPA, AA and LA 

treatment did not increase cleaved caspase-3 content in H9C2 cells (Figure 2.6 C-D and K-L). 

Since TFEB transcriptionally regulates proteins involved in autophagy flux, we next ascertained 

whether PUFA treatment for 16 h alters TFEB protein levels in H9C2 cells. Strikingly, H9C2 cells 

treated with PUFA did not display alterations in cellular TFEB content (Figure 2.6 C-D, G-H and 

K-L), suggesting that PUFA-induced changes in myocyte autophagy is likely independent of TFEB 

action and fatty acid’s effect to downregulate TFEB is likely specific to saturated FA, palmitate. In 

addition to FAs, we also assessed whether different carbohydrates alter TFEB protein content. We 

have previously demonstrated that monosaccharide, glucose did not alter TFEB levels, lysosomal 

autophagy and lysosome function compared to the control group [226]. In the present study, similar 

to glucose, fructose alone or in combination with glucose did not alter cellular TFEB content 

(Figure 2.7 A-B). Whereas fructose, in conjunction with palmitate exacerbated palmitate-induced 

decrease in TFEB levels, similar to the effect observed with a combination of glucose and palmitate 

treatment (Figure 2.7 C-D). Together, these data suggest that unlike palmitate, TFEB content is 

unaltered when myocytes are exposed to either PUFA or fructose alone. 
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Figure 2.5 Saturated fatty acid, palmitate depletes TFEB content in a concentration-
dependent manner in HL1 cells and adult mouse cardiomyocytes. HL1 cells were incubated 
with either BSA or 0.2 mM, 0.4 mM, 0.6 mM, 0.8 mM and 1.2 mM palmitate for 16 h. (A) 
Immunoblot and densitometric analysis of protein expression of (B) TFEB, (C) cleaved caspase-3, 
(C) cleaved/total caspase-3 ratio and (D) cathepsin B activity in HL1 cells treated with different 
concentrations of palmitate. Graph represents mean ± S.E.M., n = 3, *P < 0.05 vs BSA, ^P < 0.05 
vs 0.2 mM palmitate, +P < 0.05 vs 0.4 mM palmitate and #P < 0.05 vs 0.6 mM palmitate, one-way 
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ANOVA; A.U.; arbitrary unit. Adult mouse cardiomyocytes treated with either BSA, 0.8 mM or 
1.2 mM palmitate for 8 h or 12 h. (E) Immunoblot and densitometric analysis of (F) TFEB protein 
expression. Graph represents mean ± S.E.M., n = 3, *P < 0.05 vs BSA and 0.8 mM palmitate was 
performed using one-way ANOVA; A.U.; arbitrary unit. 
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Figure 2.6 AA and EPA but not LA increase autophagic flux in H9C2 cardiomyoblasts 
independent of changes in TFEB content. H9C2 cells were incubated with either BSA, 
arachidonic acid (AA, 50 μM), eicosapentaenoic acid (EPA, 50 μM) or linoleic acid (LA, 50 μM) 
for 16 h. After 16 h, cells were treated with either vehicle or chloroquine (CQ; 200 µM) for 3 h in 
the presence of nutrient-deprived media, EBSS to assess autophagic flux. (A, C, E, G, I and K) 
Immunoblot and densitometric analysis of protein expression of (B, F and J) LC3B, (D, H and L) 
cleaved caspase-3 (CC-3) and (D, H and L) TFEB. *P<0.05 performed using student’s t-test; A.U.; 
arbitrary unit, P Stain; protein stain.  
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Figure 2.7 TFEB protein expression is unaltered by fructose in H9C2 cells. H9C2 cells 
incubated with either BSA, glucose (GL; 30 mM), fructose (FR; 5, 30, 50 mM), palmitate (PA; 0.8 
or 1.2 mM), a combination of fructose/glucose (FG; 5/5, 15/15 or 25/25 mM) or a combination of 
palmitate/fructose (PF; 30/0.8 or 30/1.2 mM) for 16 h. (A and C) Immunoblot and densitometric 
analysis of protein expression of (B and D) TFEB. Graph represents mean ± S.E.M., n = 3, *P<0.05 
performed using one-way ANOVA; A.U.; arbitrary unit.  
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2.4 Discussion 

Nutrients exhibit a distinct effect on proteins involved in the autophagy machinery in the 

heart [226,355], skeletal muscle and liver [354,356]. We reported decreased autophagic flux and 

lysosome function in the cardiomyocyte exposed to palmitate [226], which is in contrast to a prior 

study, wherein, palmitate augments autophagy in U2OS (osteosarcoma) cells [354,357]. However, 

our findings on PUFA (AA and EPA) in cardiomyoblasts agree with previous reports, wherein 

PUFA increased autophagic flux upon chloroquine incubation in U2OS cells [354,357]. 

Furthermore, saturated fatty acid, palmitate alone downregulated TFEB in cardiomyoblasts and 

cardiomyocytes in a concentration- and time-dependent manner. Moreover, the suppression in 

TFEB levels was associated with concentration-dependent augmentation of stress and cell death 

pathways. We did not observe changes in TFEB levels upon exposure to unsaturated fatty acid, 

oleate [226] and PUFA such as AA, EPA and LA. In contrast to our finding, in U2OS 

(osteosarcoma) cells, AA and palmitate increased nuclear TFEB levels [357]. Not only fatty acids 

and amino acids but also carbohydrate exerts (monosaccharide vs disaccharide) a distinct effect on 

autophagy and TFEB. In the cardiomyocytes, monosaccharide sugars such as glucose and fructose 

had a negligible impact on the autophagic process and TFEB content in the absence of fatty acid 

co-incubation. Unlike monosaccharides, disaccharide sugar trehalose increased TFEB protein 

content in macrophages [332]. The heterogeneity of autophagic responses to nutrients across 

different studies can be attributed to the type, concentration and duration of carbohydrate and FA 

treatment and the cell type employed in the study. These inconsistencies are also compounded due 

to the lack of information on lysosomal content and proteins in regulating lysosome signaling, 

metabolism and function. Our data also imply that different FAs, depending on their carbon chain 

length, exhibit distinct effects on lysosomal autophagy and function, an effect dependent or 

independent of TFEB. 

Accumulating evidence supports a robust association between increased accumulation of 

myocardial lipids and cardiac dysfunction in rodents and humans [358-360]. We examined whether 
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the alteration in TFEB levels in-vivo is dependent on progressive changes in myocyte lipidome. 

Lipidomic analysis revealed a significant increase in DAG and TAG species in the mouse heart 

following chronic nutrient overload (16 weeks), but not after acute fat feeding (4 weeks). Sustained 

nutrient overload for 16 weeks revealed an abundance of acyl TAG species with 54 carbons (54:2, 

54:3, 54:4 (18:1) and 54:4 (18:2)) and DAG species (32:0, 32:1, 36:1 and 38:5). A prior study from 

Bruneck cohort identified plasma TAG 54:2 as a strong predictor for cardiovascular disease [360]. 

In addition to DAG and TAG, acylcarnitine [361,362], ceramides [363], phosphatidylcholine (PC), 

phosphatidylethanolamine (PE) and sphingomyelin (SM) species are among the lipid classes 

identified as potential biomarkers associated with changes in cardiac function during obesity and 

diabetes [364,365]. Strikingly, following the short-term feeding of HFHS diet, lysosomal content 

and proteolytic activity were augmented in the mouse heart, changes preceding the onset of cardiac 

dysfunction. However, long-term feeding of HFHS diet suppressed lysosomal function and 

downregulated TFEB in the heart. In support of our finding, a prior study showed altered lysosomal 

membrane lipid composition and autophagosome-lysosome fusion in the liver of mice subjected to 

chronic high-fat-diet (60% Kcal fat) [366], highlighting the impact of excess intracellular lipid 

loading in perturbing lysosome function. Furthermore, our preclinical findings were recapitulated 

in the heart from patients with class-I obesity, suggesting that TFEB levels are negatively correlated 

with cardiovascular comorbidity progression during obesity and diabetes. Collectively, our data 

suggest that during acute nutrient overload, lysosome function is upregulated to accommodate the 

increasing burden of myocyte nutrient intake; however, following chronic caloric surplus, 

downregulation of TFEB and ensuing lysosomal dysfunction render cardiomyocytes susceptible to 

metabolic remodeling and failure.  

Impaired proteostasis and resulting proteotoxicity is a hallmark of the failing heart [188]. 

In agreement with our findings, a prior study demonstrated decreases in TFEB protein expression 

and defective lysosome function in heart from patients with amyloid cardiomyopathy [345]. We 

theorize that impaired protein degradation within the lysosome in the early stages of obesity and 
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diabetes could initiate maladaptive buildup of cytotoxic proteins precipitating cardiac dysfunction. 

Indeed, lysosomal dysfunction and inhibition of autophagy are observed in ischemia-reperfusion 

injury [247], obesity and diabetes-related cardiomyopathy [226,355,367], doxorubicin-induced 

cardiotoxicity [344] and in hearts from patients with mutations in proteins regulating protein quality 

control [345,368]. Our laboratory [226] and others [369,370] demonstrated that injury to 

cardiomyocytes via nutrient overload or hypoxic stress decreases nuclear TFEB content, increases 

inhibitory phosphorylation of TFEB with a concomitant decline in lysosomal content and 

proteolytic activity. We also demonstrated that loss of TFEB and lysosomal insufficiency are 

among the earliest insults to cardiomyocytes following metabolic stress, which results in ER stress, 

dysregulation of autophagy, cell death, causing myocyte dysfunction. 
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2.5 Tables  
Table 2.1: 
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Table 2.1 Levels of triacylglycerol (TAG) species in the heart of mice fed HFHS or chow diet for 
4, 8, 12 and 16 weeks. Graph represents mean ± S.E.M., n = 5 to 8, ⁎P < 0.05 Vs Chow diet was 
performed using Student's t-test. 
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Table 2.2: 
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Table 2.2 Levels of diacylglycerol (DAG) species in the heart of mice fed HFHS or chow diet for 
4, 8, 12 and 16 weeks. Graph represents mean ± S.E.M., n = 5 to 8, ⁎P < 0.05 Vs Chow diet was 
performed using Student's t-test. 
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Chapter 3: Ventricular transcriptome analysis of mice with constitutive cardiomyocyte-

specific TFEB deletion 

All figures and portions of the text present in this chapter have been reproduced with the 

copyright permission from Elsevier (Appendix 1) and edited as appropriate: 

Trivedi, P.C.; Bartlett, J.J.; Mercer, A.; Slade, L.; Surette, M.; Ballabio, A.; Flibotte, S.; Hussein, 

B.; Rodrigues, B.; Kienesberger, P. C.; Pulinilkunnil, T. Loss of function of transcription factor EB 

remodels lipid metabolism and cell death pathways in the cardiomyocyte. Biochim Biophys Acta 

Mol Basis Dis 2020, 1866 (10):165832 [339].  

RNA Sequencing and transcriptome analysis for cardiomyocyte-specific TFEB-/- mice 

colony were performed by Dr. Rodrigues laboratory and Stephane Flibotte.  

 

3.1 Rationale and objectives  

TFEB promotes transcription by binding to the CLEAR motif in the promoter region of 

genes involved in the lysosomal biogenesis and function [288,304] and metabolism [298,316]. Loss 

of TFEB action, impaired autophagy, and increased proteotoxicity are observed in numerous 

diseases like neurodegeneration [371], cancer [372],  renal diseases [373], non-alcoholic fatty liver 

diseases [374], obesity and more importantly, heart disease [247,344,369,370,375]. It was 

demonstrated that TFEB gain- or loss-of-function influences liver function and whole-body energy 

metabolism; however, a similar role of TFEB in the heart was never explored prior [299]. In chapter 

2, I demonstrated that nutrient overload-induced depletion in TFEB content is associated with 

suppressed lysosomal proteolytic activity in the mouse heart. Furthermore, saturated fatty acid, 

palmitate downregulated TFEB in the cardiomyocyte in a time- and concentration-dependent 

manner. Despite these findings from other laboratories and ours highlighting the critical role of 

TFEB in influencing cardiomyocyte viability and function, underlying mechanisms by which loss 

of TFEB engages nutrient-sensing pathways to remodel cardiac energy metabolism and function 

remain unclear. Outstanding questions I tested in this thesis chapter include; 1) elucidating 
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signaling pathway networks impacted by TFEB specifically in the cardiomyocyte by employing 

cardiomyocyte transcriptome analysis in a mouse model of TFEB deletion and 2) examining 

whether constitutively activating TFEB or preventing loss of TFEB in the cardiomyocyte improves 

lysosome function and survival under a lipotoxic stress challenge.  

 
3.2 Materials and methods  
 
3.2.1 Generation of constitutive cardiomyocyte-specific TFEB-/- mice 

Mice bearing TFEB-floxed alleles (TFEBfl/fl, Stock # 400102) provided by Dr. Andrea Ballabio 

were crossbred with transgenic mice expressing Cre under the control of myosin heavy chain 

promoter (αMHC-Cre, Stock: 009074) to generate cardiomyocyte-specific Tcfeb knockdown 

(TFEB-/-) mice. Genomic DNA isolated from TFEBfl/fl and MHC-Cre mice was subjected to PCR 

analysis using the primers as listed in Table 3.1. All mice were male and maintained on a C57BL/6J 

background strain. For all experiments involving TFEB-/- mice, the control mice were TFEBfl/fl mice 

that did not carry αMHC-Cre transgene and are referred to as wild-type (WT) mice. Mice were 

maintained in a temperature- and humidity-controlled animal-care facility, with a 12 h light/dark 

cycle with food and water provided ad libitum.  

3.2.2 Cell culture 

3.2.2.1 Adult mouse cardiomyocyte isolation 

 Adult mouse cardiomyocytes were isolated as described in section 2.2.5.2.   

3.2.2.2 H9C2 cardiomyoblast culture  

 H9C2 cardiomyoblast cells were cultured as described in section 2.2.5.1. 

3.2.2.3 Neonatal rat ventricular cardiomyocyte isolation 

Neonatal rat ventricular cardiomyocytes (NRCMs) were isolated from 2-day old Sprague-

Dawley rat pups. Briefly, hearts were excised, RBC and atria were discarded, and ventricles were 

collected. Ventricles were then minced into small pieces and thoroughly washed with ice-cold 1X 

PBS. Minced ventricles then digested repeatedly using proteolytic enzymes collagenase- type 2 



88 
 

(2% W/V; LS004176; Worthington Biochemical Corporation), Deoxyribonuclease-I (0.5% W/V; 

LS002007; Worthington Biochemical Corporation) and trypsin (2% W/V; LS003707; Worthington 

Biochemical Corporation) (Worthington Biochemical Corporation) with gentle stirring to 

dissociate tissues into single cells. Following digestion, cells were collected and centrifuged to 

obtain a cell pellet. After the digestion, the cell pellet was re-suspended using plating media which 

composed of DMEM/F12 HAM (D6421; Sigma), 10% FBS, 15 % horse serum, 1% penicillin-

streptomycin (30-002-CI, Corning, NY, USA) and 50 µg/ml gentamycin (30-005-CR; Corning) 

and subjected to differential plating for 2 h to eliminate non-cardiomyocytes such as fibroblasts. 

Supernatant from differential plating containing cardiomyocytes was collected and suspended in a 

growth medium containing DMEM/F12 HAM (D6421; Sigma), 10% FBS, 10 µM cytosine-β-D-

arabinofuranoside (C1768; ARAC, Sigma), Insulin-Transferrin-Selenium (25800-CR, ITS, 

Corning), 1% penicillin-streptomycin (30-002-CI, Corning, NY, USA) and 50 µg/ml gentamycin 

(30-005-CR; Corning) and plated at a density of 5 x104 using 35 mm primaria cell culture plates. 

The following day, cells were washed in DMEM 1X media and cultured in serum-free DMEM-1X 

medium containing 10 µM ARAC, 50 µg/ml gentamycin, 1% penicillin-streptomycin and 10 mM 

glucose for 24 h. After 24 h, cells were treated with low and high concentrations of different 

substrates, as described in section 2.2.5.4. 

3.2.2.4 Adenoviral transduction  

H9C2 cells or neonatal rat cardiomyocytes were transduced with either HA-tagged human 

TFEB (SKU: ADV-225358, Lot:20140903T9) or Myc-tagged human phosphorylation-resistant 

mutant TFEB (S142A) (courtesy of Dr. Shawn Ferguson laboratory) or FLAG-tagged human 

phosphorylation-resistant mutant TFEB (S211A) or CMV-mCherry (SKU: 1060, Lot: 

20161220T5), CMV-GFP (20160126T6) or Scramble-RNAi (SKU: 1122, Lot: 20150210T14) or 

rat TFEB-ShRNA (shADV-294304, Lot: 20140930T3) for 48 hr. All adenoviral vectors were 

obtained from Vector Biolab, unless specified. Following adenoviral transduction, cells were 
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treated with different substrates such as BSA (B), glucose (G), palmitate (P) and a combination of 

glucose/palmitate (GP) as described in section 2.2.5.4.   

3.2.2.5 Preparation of bovine serum albumin (BSA) complexed fatty acid  

 BSA complexed fatty acids media were prepared as described in section 2.2.5.3. 

3.2.3 RNA sequencing and analysis  

RNA sequencing and analysis were performed as described previously [376]. Total RNA 

from 12 to 14 weeks old TFEBfl/fl and TFEB-/- adult mouse cardiomyocytes were isolated using 

TRIzol. Sequencing libraries were prepared from 400 ng total RNA using the TruSeq Stranded 

mRNA Sample Preparation kit (Illumina, San Diego, CA). Samples were assessed for quality using 

a Bioanalyzer (Agilent, Paulo Alto) and quantified using a Qubit fluorometer. Libraries were then 

multiplexed and sequenced over one rapid run lane on the NextSeq 500 Sequencing System 

(Illumina), collecting a total of 409 million read pairs (2 x 75 bases). The number of read pairs per 

sample ranged from 14-75 million (median 21). Multiple analysis pipelines (STAR-DESeq2, 

kallisto-DESeq2, salmon-DESeq2 and hisat2-stringtie-DESeq2) were applied, and results 

combined. Briefly, for reading alignment, we used both STAR and HISAT2. We also used the 

pseudo aligners kallisto and Salmon. Quantification was performed directly with STAR, kallisto 

and Salmon or with RSEM and StringTie for the pipelines producing real alignments. The mouse 

reference genome and transcriptome from version GRCm38 were downloaded from the Ensembl 

web site (http://www.ensembl.org). In-house Perl scripts were used to sum the read counts at the 

transcript level for each gene and create a matrix comprising the read counts for all of the genes for 

all of the samples.  

Statistical analysis of differential gene expression: Differential expression analysis was 

performed on the matrix data using the R package DESeq2 and edgeR. Each sample was assessed 

using the quality-control software RSeQC and the PtR script from the trinity suite. The output for 

each pipeline was a list of genes ranked by the p-value for differential expression after correction 

for multiple testing. A combined list was obtained by ranking the genes according to their median 

http://www.ensembl.org/
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rank from the various analysis pipelines. Genes with differential expression with inconsistent 

values between different analysis pipelines were eliminated from that combined list. P-value 

adjustment for multiple comparisons was made with the FDR of Benjamini Hochberg. The 

threshold for statistical significance chosen was FDR 0:05; further filtering was performed by 

selecting genes with an absolute fold change_1:5 for both increased (upregulated genes) and 

decreased (downregulated genes) expression levels. The ventricular transcriptome data from TFEB-

/- mice have been deposited in NCBI's Gene Expression Omnibus (GEO) and are accessible through 

accession number GSE138470. 

3.2.4 Quantitative polymerase chain reaction  

RNA was extracted from adult mouse cardiomyocytes using RIBOZOL (N580-CA; 

Amresco) and chloroform (C2432; Sigma Aldrich) according to the manufacturer’s instruction. 

The RNA pellet was re-suspended in 20-50 μl of nuclease-free water (10977-015; Life 

Technologies). The RNA integrity and quantity of RNA were assessed using Qiaxel Advanced 

system. cDNA was synthesized using qScript cDNA supermix (CA101414-104; Quanta 

Biosciences) from 1 µg of RNA. qPCR reactions were carried out in 96-well plates on a ViiA7 

Real-time PCR machine (Thermo Fisher Scientific). Each well contained 2 μl of cDNA template, 

5µL of SYBR green Low ROX PCR supermix (AB1323A, Thermo Fisher Scientific), 0.25 µl of 

each forward and reverse primer and nuclease-free water in a total of 10 µl per reaction mixture. 

Primer sequences are summarized in Table 3.1. mRNA levels were determined using Biogazelle 

qbase+ software and normalized to two reference genes and presented as fold change.   

3.2.5 Immunoblot analysis 

Immunoblot analysis was performed as described in section 2.2.7.  

3.2.6 Cathepsin B activity 

 Cathepsin B activity in TFEB-/- and TFEBfl/fl cardiomyocytes was performed as described 

in section 2.2.8. 
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3.2.7 Immunostaining 

 Cells were plated on sterile coverslips. Following differentiation, adenoviral transduction 

and treatment, cells were fixed using 4% paraformaldehyde (PX0055-3; EMD) at room temperature 

for 15 minutes and then washed with PBS. Cells were permeabilized/blocked by incubating them 

in blocking buffer (3% BSA in 1X-PBS-0.1%-Triton-X) for 60 mins at room temperature. 

Subsequently, cells were incubated with the primary antibody, anti-TFEB at room temperature for 

1 hr in a humidified chamber. Following incubation, cells were then washed 3X with PBS and 

incubated with Alexa conjugated secondary antibody Alexa 488 (A11008; Life Technologies) or 

Alexa 564 (A21428; Life Technologies) in a dark, humidified chamber for 1 h. After the incubation 

with secondary antibody, cells were again washed 3X with PBS. Eventually, coverslips were 

mounted on slides in the dark using Vectashield with DAPI (H-1200; Vector Laboratories) in PBS 

to stain the nuclei for 15 minutes. Cell images were captured using the ZEISS microscope with 

filter sets for DAPI, Alexa 488 or Alexa 564. 

3.2.8 Statistical Analysis 

Results are expressed as mean ± SEM. Pairwise comparison between groups was 

performed using unpaired two-tailed Student’s t-test. Comparisons between multiple groups were 

performed using one- or two-way ANOVA followed by a Bonferroni or Tukey post hoc test, as 

appropriate. All statistical analysis was performed using Prism (GraphPad Software). P-values of 

less than 0.05 were considered statistically significant. For animal studies, “n” refers to the number 

of mice used, unless otherwise specified. For cell culture studies, experiments were performed in 

triplicates, and data are from at least three independent experiments. 
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3.3 Results 

3.3.1 Cardiomyocyte-specific transcriptome analysis in mice with constitutive cardiomyocyte-

specific TFEB deletion  

Prior study from our laboratory demonstrated depletion of TFEB content in response to ex-

vivo and in-vivo glucolipotoxic stress in the cardiomyocyte and in the mouse heart, respectively 

[226]. Furthermore, loss of TFEB impairs lysosomal proteolysis to degrade cellular waste, 

rendering cardiomyocytes susceptible to cell death and toxicity. However, the identity of 

underlying pathways that are engaged following the loss of TFEB in the heart and the mechanisms 

by which these pathways signal and reprogram cardiac metabolism and function during obesity and 

diabetes remains unclear.  

To ascertain the network of metabolic, signaling and functional pathways following the 

loss of TFEB in-vivo, we used a loss-of-function approach based on a knockdown mouse model to 

explore the physiological role of TFEB. By breeding TFEB floxed mice with CRE expressing mice 

under the control of cardiomyocyte-specific α-myosin heavy chain (Myh6) promoter, we generated 

mice with cardiomyocyte-specific TFEB deletion (TFEB-/-) (Figure 3.1 A). TFEB deletion in the 

cardiomyocyte was first confirmed by measuring TFEB mRNA expression using qPCR (Figure 

3.1 B). Alternately, we confirmed TFEB deletion both in cytosol and nucleus of cardiomyocytes 

from TFEB-/- mice compared to their TFEBfl/fl mice (Figure 3.1 C, D, E and F). To decipher the 

signaling pathways impacted by the loss of TFEB, we performed a transcriptome analysis in 

cardiomyocytes isolated from TFEB-/- and TFEBfl/fl mice. Transcriptome analysis revealed that of 

~ 45,000 transcripts analyzed, approximately 25% of differentially expressed genes (DEGs) were 

enriched in myocytes lacking TFEB. Following TFEB deletion in cardiomyocytes, 70% 

(1122/1606 genes) genes were upregulated, and 30% (484/1606 genes) were downregulated 

(Figure 3.2 A). To gain an understanding of the possible effects of transcriptomic changes on 

biological processes in TFEB-/- mice, we clustered DEGs according to their function using a 

threshold for statistical significance (false discovery rate (FDR<0:05) (Figure 3.2 B). We observed  
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Figure 3.1 Cardiomyocyte-specific constitutive TFEB deletion mouse model. (A) Breeding 
strategy to generate cardiomyocyte-specific TFEB-/- mouse. (B) Quantification of TFEB mRNA 
from adult cardiomyocytes isolated from TFEB-/- and TFEBfl/fl mice. TFEB mRNA expression was 
corrected to reference genes HPRT1 and RPL27, and data presented as fold change. Graph 
represents mean ± S.E.M., n = 3, *P<0.05 was performed using Student’s t-test. (C and E) 
Immunoblot and densitometric analysis of protein expression of (D and F) TFEB from cytosolic 
soluble protein fraction and nuclear membrane protein fraction in cardiomyocytes from TFEB-/- or 
TFEBfl/fl mice. Graph represents mean ± S.E.M., n = 3, *P<0.05 vs TFEBfl/fl was performed using 
Student’s t-test.  
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Figure 3.2 Ventricular myocyte transcriptome analysis in the mice with cardiomyocyte-
specific constitutive TFEB deletion. (A) The inset describes the percentage of differentially 
expressed genes that were up-or down-regulated from RNA-Seq analysis of cardiomyocytes 
isolated from TFEBfl/fl and TFEB-/- mice. (B) Cardiomyocyte RNA from TFEBfl/fl and TFEB-/- mice 
were sequenced, and differentially regulated genes (padj < 0.05 and significant in at least 5 out of 
the 10 analysis pipelines used) were clustered according to the function and ranked based on FDR. 
n=3, the expression level of genes involved in pathways is indicated as a log2 fold change.  
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alterations in several pathways involved in cellular metabolism (220 genes), ER stress, 

apoptosis/cell death (140 genes), DNA replication (20 genes)/cell cycle (90 genes), 

proteolysis/lysosome function (62 genes) and cardiac function (35 genes) in TFEB-/- mice (Figure 

3.2 B).  

3.3.2 Influence of TFEB deletion on lysosome function and autophagy in the cardiomyocyte  

Given the role of TFEB in governing lysosome biogenesis and function pathways [288,304], 

we next analyzed the impact of TFEB ablation on genes encoding lysosomal function, lysosome 

biogenesis and autophagy in the cardiomyocyte.  

Transcriptome analysis revealed 66 genes involved in macroautophagy, mitophagy and 

lysosome function (Figure 3.3 A), which constituted a small portion (total 4 % of genes) of DEGs 

in TFEB-/- cardiomyocytes. Strikingly, 73.6 % of genes related to lysosome function were 

upregulated, and 26.3 % were down-regulated in TFEB-/- cardiomyocytes (as indicated by $ mark 

in Figure 3.3 B). Glycosidases, Hexb and proteases, Ctsc, which are a direct target of TFEB [288], 

were downregulated in cardiomyocytes lacking TFEB (Figure 3.3 B). Contrary to our expectation, 

lysosomal hydrolases such as cathepsin proteases (Ctsz, Ctsk and Ctsh), beta glycosidases (Gba 

and Gba2) and lipase (Lipa) were significantly upregulated in TFEB-/- cardiomyocytes (Figure 3.3 

B and C). We next examined genes related to vATPase activity, which is crucial in governing 

lysosomal luminal acidification and important for regulating lysosomal proteolytic activity 

[288,377]. We observed the upregulation of lysosomal function genes such as those involved in 

vATPase activity, including Atp6v0a1, Atp6v1d and Atp6v0e2 (Figure 3.3 C). Strikingly, 71.5 % 

of genes responsible for fusion machinery and autophagy were upregulated (Sqstm1, Atg13, Vps53 

and Map1a), whereas 28.5 % were downregulated by loss of TFEB in the cardiomyocyte (Figure 

3.3 C). These findings are reflected in increased p62/SQSTM1 protein content in the 

cardiomyocytes from TFEB-/- mice (Figure 3.3 D and E). Concurrent with the transcriptome data, 

Cathepsin B proteolytic activity, an indicator of lysosomal function, remained unchanged in 
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Figure 3.3 Impact of TFEB deletion on autophagy genes and lysosomal proteolytic activity in 
the cardiomyocyte. (A) The inset describes the percentage of differentially expressed genes 
involved in lysosome function and autophagy from RNA-Seq analysis of cardiomyocytes isolated 
from TFEBfl/fl (n=3) and TFEB-/- (n=3) mice. (B and C) Heatmap of differentially expressed genes 
involved in lysosome function and autophagy in cardiomyocytes from TFEBfl/fl and TFEB-/- mice. 
(D) Immunoblot and densitometric analysis of protein expression of (E) p62 in cardiomyocytes 
from TFEB-/- or TFEBfl/fl mice. Graph represents mean ± S.E.M., n = 3, *P<0.05 was performed 
using Student’s t-test. (F) Cathepsin B activity in cardiomyocytes isolated from TFEB-/- and 
TFEBfl/fl mice. Graph represents mean ± S.E.M., n = 3, *P<0.05 vs TFEBfl/fl was performed using 
Student’s t-test. 
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in TFEB-/- cardiomyocytes compared to TFEBfl/fl cardiomyocytes (Figure 3.3 F). Despite prior 

studies demonstrating that lysosomal proteolytic machinery is significantly impacted by the loss of 

TFEB action in the liver [299], skeletal muscle [316], pancreas [378] and brain [379], our studies in 

the cardiomyocyte did not yield similar findings. Together, our results suggest that loss of TFEB 

in the cardiomyocyte differentially affected subsets of genes in pathways of lysosome function and 

autophagy.    

3.3.3 Constitutive localization of nuclear TFEB content attenuates palmitate-induced 

suppression of lysosomal proteolytic activity 

We previously demonstrated that doxorubicin- and glucolipotoxicity-induced 

cardiomyocyte injury resulted in depletion of TFEB content, impaired lysosome biogenesis and 

function in the cardiomyocyte [226]. Therefore, we next examined if preventing TFEB decline in 

cardiomyocytes attenuate glucolipotoxicity-induced impairment in lysosome content and function.  

To ascertain the physiological importance of TFEB, we employed an in-vitro model of 

differentiated H9C2 cardiomyoblast cells. H9C2 cells are derived from embryonic rat heart and are 

one of the preferred cell types for myocyte experiments, as it simulates signaling profile and 

functionality of a primary cardiomyocyte [380]. H9C2 cells were transduced with adenovirus 

overexpressing either wild type (WT) human TFEB or constitutively active phosphorylation 

resistant human TFEB (S142A and S211A) followed by treatment with different substrates such as 

glucose (G), palmitate (P), glucose/palmitate (GP) combination or BSA control. We first assessed 

the subcellular localization of TFEB post adenovirus transduction using immunostaining analysis. 

We found that H9C2 cells transduced with S142A or S211A adenoviruses revealed a robust 

increase in nuclear translocation of TFEB as indicated with white arrows (Figure 3.4). Next, we 

determined the effect of constitutive nuclear localization of TFEB on lysosome content by 

measuring LAMP2A protein levels. We observed an increase in LAMP-2A content upon treatment  
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Figure 3.4 Constitutive nuclear localization of TFEB in H9C2 cells. Immunofluorescence image 
showing TFEB (Green or Orange), GFP (Green) or mCherry (Red) and nuclei stained with Hoechst 
33342 (Blue) in H9C2 cells transduced with adenoviruses overexpressing either human 
phosphorylation resistant mutant TEFB (S142A or S211A) or viral control GFP/mCherry. White 
arrow showing TFEB localization in the nucleus.  
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Figure 3.5 Increased nuclear TFEB localization and content attenuate nutrient overload-
induced suppression of lysosomal proteolytic activity in H9C2 cells. H9C2 cells transduced with 
adenovirus overexpressing either human WT TFEB, mutant TFEB (S142A or S211A) or viral 
control GFP/mCherry, followed by treatment with BSA, glucose (G; 30mM), palmitate (P; 1.2 
mM) or a combination of glucose/palmitate (GP; 30/1.2 mM) for 16 h. (A, C and E) Immunoblot 
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and densitometric analysis of protein expression of (B, D and F) LAMP-2A. Graph represents mean 
± S.E.M., n = 3 from three independent sets of experiments, *P<0.05 vs BSA, #P<0.05 vs G and 
+P<0.05 vs respective viral control was performed using two-way ANOVA; A.U.; arbitrary unit, 
P Stain; protein stain.    
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Figure 3.6 Increased nuclear TFEB localization and content attenuate nutrient overload-
induced suppression of lysosomal proteolytic activity in neonatal rat cardiomyocytes. 
Neonatal rat cardiomyocytes transduced with adenovirus overexpressing either human WT TFEB, 
mutant phosphorylation resistant TEFB (S142A) or viral control GFP followed by treatment with 
BSA, glucose (G; 30 mM), palmitate (P; 1.2 mM) or a combination of glucose/palmitate (GP; 
30/1.2 mM) for 16 h. (A) Immunoblot and densitometric analysis of protein expression of (B) 
LAMP-2A and (C) cathepsin B activity in neonatal rat cardiomyocytes. Graph represents mean ± 
S.E.M., n = 3 from three independent sets of experiments, *P<0.05 vs BSA, #P<0.05 vs G and 
+P<0.05 vs respective viral control was performed using two-way ANOVA; A.U.; arbitrary unit, 
P Stain; protein stain.    
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Figure 3.7 Silencing TFEB did not exacerbate nutrient overload-induced suppression in 
lysosomal content. H9C2 cells transduced with adenoviruses overexpressing TFEB-ShRNA or 
ShRNA control followed by the treatment with BSA, glucose (G; 30mM), palmitate (P; 1.2 mM) 
or a combination of glucose/palmitate (GP; 30/1.2 mM) for 16 h. (A) Immunoblot and 
densitometric analysis of protein expression of (B) TFEB and (C) LAMP-2A. Graph represents 
mean ± S.E.M., n = 3 from three independent sets of experiments, *P<0.05 vs BSA, #P<0.05 vs G 
and +P<0.05 vs respective viral control was performed using two-way ANOVA; A.U.; arbitrary 
unit, P Stain; protein stain.  
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with different substrates such as BSA, glucose, palmitate and a combination of glucose/palmitate 

when H9C2 cells were transduced with WT TFEB or mutant TFEB (S142A and S211A) compared 

to their respective viral control (Figure 3.5 A-B, C-D and E-F). Findings in H9C2 cells were 

recapitulated in neonatal rat cardiomyocytes (NRCM), wherein WT or phosphorylation-resistant 

TFEB (S142A) overexpression attenuated palmitate- and GP-induced decrease in LAMP-2A levels 

compared to the GFP control group (Figure 3.6 A and B). We further assessed the effect of TFEB 

restoration on lysosomal proteolytic capability by measuring the activity of the cysteine protease 

enzyme, cathepsin B. We reconfirmed our prior findings that NRCMs treated with either palmitate 

or a combination of GP significantly suppressed cathepsin B activity compared to cells treated with 

either BSA or glucose (Figure 3.6 C). Furthermore, cathepsin B activity was significantly 

increased in BSA or glucose incubated NRCMs transduced with either WT or phosphorylation 

resistant TFEB (S142A) compared to viral control GFP (Figure 3.6 C). TFEB restoration in 

NRCMs also attenuated palmitate- or GP-induced suppression in cathepsin B activity (Figure 3.6 

C). Alternatively, we examined the effect of TFEB silencing on lysosomal content. In contrast to 

our finding from in-vivo TFEB-/- cardiomyocyte, we observed that acute silencing of TFEB in H9C2 

cells using short hairpin RNA (shRNA)-TFEB (TFEBKD) significantly decreased LAMP-2A 

levels following treatment with all substrates compared to their shRNA control group (Figure 3.7 

A, B and C). These data suggest that the impact of acute (cell culture-short term genetic 

manipulation of TFEB) versus chronic (constitutive TFEB deletion in mouse cardiomyocytes) loss 

of TFEB might have distinct effects on lysosomal signaling and function. Furthermore, in the 

cardiomyocytes, profound effects on lysosomal proteolytic machinery are more evident following 

overexpression of TFEB than compared to TFEB silencing.   
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3.4 Discussion 

Prior report from our laboratory demonstrated that simulating nutrient overload in in-vivo, 

ex-vivo and in-vitro negatively targets TFEB to suppress autophagy, lysosome function and 

proteolytic activity in the cardiomyocyte [226]. TFEB-mediated regulation of lysosome biogenesis, 

lysosome autophagy and lysosome function are tested in several cellular and mouse models of 

human diseases, especially resulting from the accumulation of non-degraded proteotoxic 

aggregates [288,299,304]. Mice with TFEB overexpression in the liver and macrophages positively 

regulates the expression of genes involved in lysosome function and autophagy [299] [333,334]. 

Conversely, both skeletal muscle- and adipocytes-specific TFEB overexpressing mice did not 

upregulate lysosome and autophagy-related genes [316,330]. Remarkably, in the current study, 

transcriptome analysis in the cardiomyocyte from mice with constitutive cardiomyocyte specific 

TFEB deletion revealed that loss of TFEB did not exert expected inhibition on lysosomal and 

autophagic pathways. In fact, lack of TFEB in the cardiomyocyte rather induced a striking 

upregulation of genes required for lysosome function (Ctsz, Ctsk, Ctsh, Gba and Gba2), 

autophagosome formation and fusion machinery (Sqstm1, Atg13 and Map1a), findings distinct 

from prior published models of genetic inactivation of TFEB [298,299].  

In addition to in-vivo mouse model with cardiomyocyte-specific TFEB-/-, we employed the 

ex-vivo model to modulate TFEB levels and examine its role in regulating lysosome function and 

biogenesis. Interestingly, the gain-of-function of TFEB increases lysosome content and proteolytic 

activity, whereas loss-of-function of TFEB yielded the opposite outcome in an ex-vivo model of 

cardiomyocytes. Our data agree with the prior finding, which suggests that TFEB regulates 

lysosome function and biogenesis in the cardiomyocyte. Indeed, forced expression of TFEB in the 

cardiomyocyte increases lysosome biogenesis and autophagosome processing and attenuates 

BNIP3-induced cell death [369]. In a separate study, myocardial TFEB signaling is impaired in 

cardiac proteinopathy, whereas TFEB overexpression improves the autophagic-lysosomal pathway 
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and protects against proteotoxicity in the cardiomyocyte [381]. Likewise, TFEB overexpression in 

HUVEC cells induces transcription of lysosome and autophagy genes.     

Disparate findings on the role of TFEB in regulating lysosome function and lysosome 

biogenesis could likely be time-dependent. For instance, an in-vivo mouse model with constitutive 

(since birth) deletion of TFEB in the cardiomyocyte versus an acute loss of TFEB ex-vivo. 

Importantly, the impact of lack of TFEB in-vivo on lysosome function and autophagy in the 

cardiomyocyte was investigated at baseline or in unchallenged mice. It is also likely any residual 

TFEB in TFEB-/- cardiomyocytes will promote transcription of TFEB targeted genes involved in 

autophagy and lysosome pathway. Since TFEB and TFE3 share overlapping functions, it is unclear 

in the current study whether TFE3 compensates for the loss-of-function of TFEB in the 

cardiomyocyte and upregulates genes associated with lysosome function. It is plausible that 

pathways of autophagy and lysosome function are upregulated in the cardiomyocyte to compensate 

for the loss-of-action of genes involved in other pathways and help promote the survival of mice at 

birth. We speculate that subjecting TFEB-/- mice to metabolic stress can lead to loss of the 

compensatory upregulation of lysosome pathways in the cardiomyocyte and likely triggering 

cardiac remodeling and hypertrophy. 
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3.5 Tables 

Table 3.1: List of mouse primers and sequences   

Primer Primer Sequence (5’ to 3’) 

Mouse-TFEB F (Genotyping) GTAGAACTGAGTCAAGGCATACTGG 

Mouse-TFEB R (Genotyping) GGGTCCTACCTACCACAGAGCC 

Mouse-LoxP CTTCGTATAATGTATGCTATACGAAG 

Mouse-LAR3 CAACGGGTTCTTCTGTTAGTCC 

Mouse-ET-188 F GCC CTGGAAGGGATTTTTGAAGCA 

Mouse-ET-189 R ATGGCTAATCGCCATCTTCCAGCA 

Mouse-ET-190 F GATCTCCAGCTCCTCCTCTGTC 

Mouse-ET-191 R GGTCAGCCTAATTAGCTCTGT 

Mouse-TFEB F GTCTAGCAGCCACCTGAACGT 

Mouse-TFEB R ACCATGGAGGCTGTGACCTG 

Mouse-HPRT1 F CAGTCCCAGCGTCGTGATTA 

Mouse-HPRT1 R GGCCTCCCATCTCCTTCATG 

Mouse-RPL27 F ACGGTGGAGCCTTATGTGAC 

Mouse-RPL27 R TCCGTCAGAGGGACTGTCTT 
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Chapter 4: Loss of TFEB remodels lipid metabolism and cell death pathways in the 

cardiomyocyte 

  All figures and portions of the text present in this chapter have been reproduced 

with the copyright permission from Elsevier (Appendix 1) and edited as appropriate: 

Trivedi, P.C.; Bartlett, J.J.; Mercer, A.; Slade, L.; Surette, M.; Ballabio, A.; Flibotte, S.; Hussein, 

B.; Rodrigues, B.; Kienesberger, P. C.; Pulinilkunnil, T. Loss of function of transcription factor EB 

remodels lipid metabolism and cell death pathways in the cardiomyocyte. Biochim Biophys Acta 

Mol Basis Dis 2020, 1866 (10):165832 [339].  

 

4.1 Rationale and objectives  

Prior research has demonstrated that autophagy is activated during starvation to perform a 

lysosome-dependent catabolic process and resulting break down products are used as the source of 

energy to ensure cell survival and homeostasis. On the other hand, increased TAG and lipid droplet 

content are observed when autophagy is inhibited, highlighting a critical role of autophagy in 

regulating lipid metabolism [382]. Furthermore, autophagy is also important in shuttling lipid 

droplets to the lysosome, where they are hydrolyzed into free FAs and glycerol through the action 

of lysosomal acid lipase [383]. These observations indicate the close relationship between 

intracellular lipid metabolism and the lysosomal-autophagic pathway. Interestingly, in chapter 3, 

our transcriptome data in the cardiomyocyte from TFEB-/- mice revealed that among DEGs, 

majority of genes are associated with cellular metabolism pathways. However, the process by 

which TFEB-autophagy-lipid metabolism is coordinated in cardiomyocytes to reprogram 

metabolism remained to be examined.    

In addition to cellular metabolism, transcriptome analysis also indicated alteration of genes 

involved in cell death and cell survival pathways due to the loss of TFEB in the cardiomyocyte. 

Indeed, numerous studies have established the role of TFEB in influencing cardiomyocyte viability 

and function. Ischemia-reperfusion and hypoxic injuries in the heart are exacerbated following the 
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loss of TFEB function, an effect dependent on BNIP3-induced cell death [369,370]. Data from our 

laboratory showed that cardiomyocytes exposed to doxorubicin (DOX) [344] and glucolipotoxicity 

[226] diminish nuclear TFEB content and concomitantly induces cell death.  

Despite the above studies highlighting the critical role of TFEB in influencing 

cardiomyocyte viability and function, underlying mechanisms by which loss of TFEB engages 

nutrient-sensing pathways to remodel cardiac energy metabolism remain unclear. Therefore, the 

objective of this thesis chapter is to examine 1) the metabolic pathways remodeled in response to 

the loss of TFEB action and whether this metabolic switch impacts cardiac energy metabolism, 2) 

whether TFEB-dependent regulation of cardiac metabolism requires autophagy, 3) whether cell 

death and cell survival pathways impacted due to the cardiomyocyte TFEB depletion, 4) whether 

an alteration in TFEB levels ameliorate or exacerbate glucolipotoxicity-induced cardiomyocyte 

injury and 5) putative upstream regulators of TFEB in the cardiomyocyte. 

 
4.2 Materials and Methods  
 
4.2.1 Cell culture  

4.2.1.1 Adult mouse cardiomyocyte isolation 

 Adult mouse cardiomyocytes were isolated as described in section 2.2.5.2.   

4.2.1.2 H9C2 cardiomyoblast culture  

 H9C2 cardiomyoblast cells were cultured as described in section 2.2.5.1. 

4.2.1.3 Neonatal rat ventricular cardiomyocyte isolation 

Neonatal rat ventricular cardiomyocytes (NRCMs) were isolated as described in section 

3.2.2.3. 

4.2.1.4 Adenoviral transduction  

Adenoviral transduction of Myc-tagged human KLF15 (SKU: ADV-213183, Lot: 

20161122T3), HA-tagged human TFEB (SKU: ADV-225358, Lot:20140903T9), Myc-tagged 

human phosphorylation-resistant mutant TFEB (S142A) (courtesy of Dr. Shawn Ferguson 
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laboratory), FLAG-tagged human phosphorylation-resistant mutant TFEB (S211A), CMV-GFP 

(20160126T6), Scramble-RNAi (SKU: 1122, Lot: 20150210T14), rat TFEB-ShRNA (shADV-

294304, Lot: 20140930T3) or CMV-mCherry (SKU: 1060, Lot: 20161220T5) were performed as 

described in section 3.2.2.3.  

4.2.1.5 Cell transfection  

H9C2 cells were plated at a density of 0.25 x 106 in 35 mm plates. Cells were transfected 

in a serum-free medium of DMEM 1X (1196600-025, Thermo Fisher Scientific) at a confluency 

of 80% after the plating. For transfection, 9 µl of Lipofectamine RNAiMAX reagent (13778150; 

Thermo Fisher Scientific) was diluted in Opti-MEM medium (31985-062; Gibco by Life 

Technologies). In a separate set of tubes, SiRNA against Atg7 (259550; Thermo Fisher Scientific) 

and SiRNA negative control (4390844; Thermo Fisher Scientific) Opti-MEM medium were 

diluted. In a ratio of 1:1, diluted SiRNA was mixed with diluted Lipofectamine RNAiMAX reagent. 

The mixture was incubated for five minutes to form SiRNA-lipid complex. Finally, 250 µl of 

SiRNA-lipid complex was added to cells with a concentration of 10 nM of SiRNA per plate. After 

24 hr of cell transfection, medium serum-free medium was replaced with H9C2 growth medium. 

24 hr following the medium replacement, cells were treated with different substrates as described 

in section 2.2.5.4. 

4.2.1.6 Preparation of bovine serum albumin (BSA) complexed fatty acid  

 BSA complexed fatty acids media was prepared as described in section 2.2.5.3. 

4.2.2 Immunoblot analysis 

Immunoblot analysis was performed as described in section 2.2.6. 

4.2.3 Immunostaining  

Immunostaining for KLF15 (NBP2-24635; Novus Biologicals) and TFEB (A303-673a-T; 

Bethyl Laboratories) was performed as described in section 3.2.7. 
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4.2.4 Oil Red O staining 

H9C2 cells were plated on 60 mm plates with a coverslip at a density of 0.5 x 106 and 

treated with BSA or 1.2 mM oleate for 20 h to induce lipid droplet formation. Oil Red O stock 

solution was prepared by dissolving 300 mg of Oil Red O powder (O0625; Sigma Aldrich) in 100 

ml of 100% isopropanol. Oil Red O working solution was prepared by adding 3 parts of Oil Red O 

stock solution to 2 parts of water, following which the solution was filtered through Whatman filter 

paper (1001-150; Whatman Filter Papers). Cells were washed 2X with PBS and fixed using 10% 

formalin for 30 mins. After fixing, cells were washed twice with PBS and incubated with 60% 

isopropanol for 5 mins. After 5 mins, isopropanol was discarded, and cells were covered evenly 

with the Oil Red O working solution for 20 mins. Cells were then washed with water carefully to 

discard the excess stain and incubated with hematoxylin (72704; Thermo Fisher Scientific) for 1 

min to stain the nuclei. Following hematoxylin staining, cells were washed and cover with water to 

view under the ZEISS microscope with brightfield view. The area of lipid droplets from 80 to 150 

images (300 to 400 nuclei) was quantified using Image J software. In the Image J software, lipid 

droplets were separated using the Threshold color from the Adjust program. Lipid droplets were 

analyzed from the Analyze Particles menu, and lipid droplets size was restricted from 20 to 30 

infinity. Results were exported to an excel file and presented as %Area/Nuclei.   

4.2.5 Caspase-3 activity 

H9C2 cells were plated in 24 well plates. Cells were differentiated for 48 h and transfected 

using adenoviruses for 48 h. Subsequently, cells were treated with either BSA, glucose, palmitate 

or a combination of glucose/palmitate for 16 h and caspase-3 activity was measured using a 

caspase-3 activity assay kit (5723, Cell Signaling). Briefly, following treatment, the cell plate was 

spun at 300g for 10 min, media was removed, and cells were rinsed with ice-cold PBS by spinning 

the plate at 300g for 10 min. Lysis buffer was added, and the plate was left on ice for 5 min. In a 

separate 96 black well plate appropriate for fluorescent assay, 25 µl of AMC (7-amino-4-

methylcoumarin) and 200 µl of assay buffer was added, which served as a positive control. For 
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samples, 200 µl of Ac-DEVD-AMC fluorescent substrate and 25 µl of lysate solution was added. 

The plate was incubated at 37°C in the dark, at least for 1h. The relative fluorescence unit (RFU) 

was measured by using the Synergy H4 fluorescence plate reader with the excitation wavelength 

of 380 nM and the emission wavelength of 420– 460 nM.    

4.2.6 Statistical Analysis 

Results are expressed as mean ± SEM. Pairwise comparison between groups was performed using 

unpaired two-tailed Student’s t-test. Comparisons between multiple groups were performed using 

one- or two-way ANOVA followed by a Bonferroni or Tukey post hoc test, as appropriate. All 

statistical analysis was performed using Prism (GraphPad Software). P-values of less than 0.05 

were considered statistically significant. For animal studies, “n” refers to the number of mice used, 

unless otherwise specified. For cell culture studies, experiments were performed in triplicates and 

data are from at least three independent experiments. 

 

4.3 Results 

4.3.1 Differential expression of energy metabolism pathway genes in cardiomyocyte with 

TFEB deletion    

In addition to TFEB’s canonical role in governing the autophagy-lysosome pathway, it 

remains unclear which other pathways have been remodeled due to the loss of TFEB in the 

cardiomyocyte. Transcriptome data depicted the modulation of genes engaged in cellular 

metabolism in TFEB-/- cardiomyocytes.    

We first analyzed genes associated with carbohydrate metabolism. Transcriptome analysis 

depicted that from DEGs associated with cellular metabolism, ~20% were related to carbohydrate 

metabolic processes in TFEB-/- cardiomyocytes (Figure 4.1). Amongst these, ~ 8% and ~ 3% genes 

represented pathways related to glucose metabolism and gluconeogenesis, respectively (Figure 4.1 

A). Genes involved in processing glucose through glycolysis such as Pfkp, Gpd1, slc37a4, hk1,  
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Figure 4.1 TFEB regulates genes involved in energy metabolism pathways in the 
cardiomyocyte. (A) The inset describes the percentage of differentially expressed genes involved 
in cellular metabolic processes from RNA-Seq analysis in cardiomyocytes from TFEBfl/fl (n=3) and 
TFEB-/- (n=3) mice. (B and C) Heatmap of differentially expressed genes involved in glucose 
metabolism and fructose metabolism from RNA-Seq analysis in cardiomyocytes from TFEBfl/fl 
(n=3) and TFEB-/- (n=3) mice.    

 



115 
 

Pdk3 and Pgm5 were significantly upregulated in TFEB-/- cardiomyocytes (Figure 4.1 B). 

Additionally, genes involved in processing fructose and aldehyde sugars such as Akr1b8, Akr1b3, 

Akr1e1, Aldob, and Fbp2 were differentially expressed in TFEB-/- cardiomyocytes (Figure 4.1 C). 

Among genes associated with metabolic processes, ~72% were involved in pathways related to 

lipid, phospholipid, and cholesterol transport, lipid storage and metabolism and fatty acid 

metabolism and biosynthesis (Figure 4.1 A). Additionally, genes essential for processing lipid 

intermediates (cholesterol, phospholipid, sphingolipid) such as Decr2, Acsf2, Lipa and Stard3 were 

significantly upregulated in cardiomyocytes lacking TFEB (Figure 4.2 A and B). Surprisingly, 

lipid transport and metabolism gene such as Cd36 were downregulated in TFEB-/- cardiomyocytes 

(Figure 4.2 D-E). Additionally, the decrease in CD36 transcript was also confirmed by immunoblot 

analysis wherein CD36 protein levels were significantly decreased in cardiomyocytes from TFEB-

/- mice (Figure 4.2 B). Transcriptional regulator of lipid metabolism, PPARα, was also decreased 

in myocytes lacking TFEB (Figure 4.2 C and D), suggesting that fatty acid oxidation processes 

are dampened in TFEB-/- cardiomyocytes. Genes that are located on the surface of the LD and 

regulate LD accumulation such as Plin2 and Plin5 were upregulated and downregulated, 

respectively (Figure 4.2 B). Whereas genes involved in fatty acid biosynthesis (Fasn, Mlycd) and 

TG hydrolysis (Lpl) were upregulated (Figure 4.2 A and B), signifying a plausible flux of FA from 

oxidation into storage in myocytes lacking TFEB.   

4.3.2 Loss of TFEB action increases lipid deposition in the cardiomyocyte 

Our transcriptome data suggested that loss of TFEB in the cardiomyocyte upregulates 

genes involved in lipid storage processes, suggesting that TFEB is crucial in regulating lipid 

metabolism in the cardiomyocyte. Therefore, we next examined the potential impact of the loss of 

TFEB on lipid droplet formation in cardiomyocytes.  

To examine the effect of TFEB on lipid droplet (LD) formation, we first modulated TFEB 

levels by transducing H9C2 cells with adenoviruses that overexpress either human TFEB mutated 

at Ser211 (S211A) or silence TFEB using short hairpin RNA or their respective viral control.  
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Figure 4.2 TFEB alters genes involved in lipid metabolism pathways in the cardiomyocyte. 
Log2 fold change of differentially expressed genes of (A) lipid breakdown, (A) lipid biosynthesis, 
(B) lipid metabolism regulators and (B) lipid transporters. (F) Immunoblot and densitometric 
analysis of protein expression of nuclear and cytosolic (G) PPARα and CD36, respectively, in adult 
mouse cardiomyocytes isolated from TFEB-/- and TFEBfl/fl mice. Graph represents mean ± S.E.M., 
n = 3, *P<0.05 vs TFEBfl/fl was performed using Student’s t-test. A.U.; arbitrary unit, P Stain; 
Protein stain. 
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Subsequently, cells were treated with oleate or BSA control for 24 hr to induce LD formation. 

Following oleate treatment, LDs were stained with Oil Red O and the area of LD formation was 

examined. We found that in oleate treated H9C2 cells, adenoviral-mediated TFEB knockdown 

(TFEBKD) not only resulted in higher LD accumulation but also enlarged LD size compared to 

shRNA control (Figure 4.3 A and B). Alternatively, TFEB overexpression (S211A) resulted in 

decreased LD formation compared to mCherry viral control (Figure 4.3 A and C). Since autophagy 

plays an important role in lipid catabolism, we next assessed whether TFEB-mediated lipid 

breakdown requires the macroautophagy pathway. To examine whether lysosomal autophagy is 

required for lipid breakdown in the cardiomyocyte, we inhibited autophagy by targeting Atg7. Atg7 

is essential in forming two ubiquitin-like conjugation complex such as Atg12-Atg5 and LC3II-PE 

conjugation, which are important for the maturation of autophagosome [214]. We transfected H9C2 

cells with Atg7 SiRNA (Atg7KD) or siRNA control to inhibit macroautophagy, followed by 

treatment with oleate to induce LD formation. Atg7 silencing was confirmed using immunoblot 

analysis (Figure 4.4 A-B). Atg7KD significantly increased LD formation in H9C2 cells compared 

to its SiRNA control (Figure 4.4 C-D). Importantly, the decrease in oleate-induced LD formation 

following TFEB overexpression persisted in cells lacking Atg7 (Figure 4.4 C-D). These data 

suggest that TFEB-dependent regulation of cardiomyocyte lipid utilization is largely independent 

of the macroautophagy pathway. Furthermore, TFEB exerts a non-canonical role in regulating lipid 

metabolism by affecting FA delivery, transport, oxidation and storage, and plausibly remodeling 

glucose utilization (Figure 4.5).  

4.3.3 TFEB regulates cell death pathways and viability in the cardiomyocyte   

Studies from our laboratory have demonstrated that loss of TFEB during glucolipotoxic 

stress increases caspase-3 cleavage and induces cell death in the cardiomyocyte [226]. Analysis of 

the transcriptome data revealed that in addition to genes involved in cellular metabolism, genes 

associated with cell death and apoptotic processes (Figure 4.6 A) were differentially enriched in 

cardiomyocytes with TFEB deficiency. Genes involved in the apoptotic process (Sgpl1, Tnfrsf1a  
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Figure 4.3 Oleate-induced lipid droplet formation is increased following TFEB silencing in 
H9C2 cells. (A, B and C) Lipid droplet staining using Oil Red O in H9C2 cells transduced with 
adenoviruses either overexpresses human mutant TFEB (S211A), rat TFEB shRNA or their 
respective control viruses, following their treatment with oleate (1.2 mM) or BSA for 16 hr. Graph 
represents mean ± S.E.M., n = 300 to 400 (80 to 100 images per group) nuclei from five technical 
replicates, *P<0.05 performed using one-way ANOVA. 
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Figure 4.4 TFEB-mediated effect on lipid metabolism is independent of macroautophagy in 
the cardiomyocyte. (A) Immunoblot and densitometric analysis of protein expression of (B) Atg7 
in H9C2 cells transfected with Atg7 siRNA or siRNA control for 48 h. Graph represents mean ± 
S.E.M., n = 3, *P < 0.05 was performed using Student's t-test. (C-D) Lipid droplet staining using 
Oil Red O in H9C2 cells transduced with adenoviruses overexpressing human mutant TFEB-
S211A, rat TFEB shRNA or their respective viral controls and transfected with Atg7 siRNA or 
siRNA control following their treatment with oleate (1.2 mM) or BSA for 16 h. Graph represents 
mean ± S.E.M., n = 300 to 400 (80 to 100 images per group) nuclei from five technical replicates, 
*P < 0.05 was performed using One-Way ANOVA. 
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Figure 4.5 A probable mechanism for TFEB-dependent regulation of lipid and glucose 
metabolism in cardiomyocytes. (A) Intracellularly, glucose is processed to its end-product 
pyruvate through the sequential action of hexokinase 1 (HK1) and phosphofructokinase-1 (PFK-1) 
enzymes. The glycolytic end-product pyruvate is transported into the mitochondrial matrix and 
converted by PDH complex to form acetyl-CoA, which is processed via the TCA cycle to generate 
ATP. Within the mitochondria, citrate generated during the TCA cycle translocates to the cytosol 
to form malonyl-CoA, which is eventually converted back into acetyl-CoA by the action of 
malonyl-CoA decarboxylase (MCD) enzyme. LPL-derived FAs enter the myocardium via the 
concerted action of FA transporters. Intracellular FAs are processed by fatty acyl-CoA synthetase 
(FACS), generating intermediate fatty-acylcarnitine (FAC) that is further processed via a 
mitochondrial β-oxidation pathway to generate ATP through the TCA cycle. Activation of PPARα 
upregulates genes involved in FA oxidation. Additionally, activation of PPARα increases the MCD 
enzyme activity and decreases malonyl-CoA levels, augmenting FA oxidation. An increase in 
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malonyl-CoA levels can inhibit mitochondrial β-oxidation of FAs, redirecting FA incorporation 
into TAG. (B) Low levels of TFEB in the cardiomyocyte augment glucose utilization through the 
glycolytic pathway, as shown with the green dotted line. Furthermore, TFEB depletion in the 
cardiomyocytes decreases PPARα levels and MCD expression, likely increasing malonyl-CoA 
levels. Consequently, increases in malonyl CoA inhibits FA utilization, as shown in dotted red 
dotted lines and diverts FAs to TAG formation. The green dotted line signifies an upregulated 
pathway, and the red dotted line indicates the downregulated pathway due to the loss of TFEB in 
the cardiomyocytes. 
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Figure 4.6 TFEB regulates the cell death pathway in the cardiomyocyte. (A) The inset 
describes the percentage of differentially expressed genes involved in apoptosis and cell death 
processes from RNA-Seq analysis in cardiomyocytes from TFEBfl/fl (n = 3) and TFEB−/− (n = 3) 
mice. Heatmap of differentially expressed genes in cardiomyocytes encoding (B) apoptotic process, 
(C) induction of apoptosis and (D) cell death. 
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and Lgals1) and cell death (UCP2, Clu and Pmp22) were upregulated in the cardiomyocyte lacking 

TFEB (Figure 4.6 B, C and D). Since genes engaged in apoptosis and cell death pathways were 

increased in response to TFEB deficiency in cardiomyocytes, we postulated that TFEB is essential 

for cardiomyocyte survival. We further assessed the role of TFEB in regulating cell survival and 

whether preventing TFEB decline resisted glucolipotoxicity-induced cell death in the 

cardiomyocyte. We next ascertain whether gain- or loss-of-function of TFEB prevent or exacerbate 

glucolipotoxicity-induced cellular stress. We transduced H9C2 cells with adenoviruses 

overexpressing human WT TFEB or phosphorylation resistant mutant TFEB (S142A and S211A) 

or TFEB short hairpin RNAi or GFP/mCherry/ShRNA control viruses. Subsequently, H9C2 cells 

were treated with different substrates. We first reconfirmed our prior findings and observed that 

H9C2 cells treated with palmitate or a combination of glucose/palmitate (GP) augmented caspase-

3 cleavage compared to BSA control and glucose alone (Figure 4.7 A-B, D-E and G-H). 

Importantly, WT TFEB or constitutively active phosphorylation resistant mutant TFEB (S142A 

and S211A) attenuated palmitate- or GP-induced increase in caspase-3 cleavage (Figure 4.7 A-B, 

D-E and G-H). Next, we also ascertained whether anti-apoptotic proteins were involved in TFEB-

mediated suppression of palmitate- and GP-induced caspase-3 activation. We did not observe a 

significant alteration in expression of anti-apoptotic protein B-cell lymphoma 2 (Bcl2) in response 

to palmitate and GP treatment in H9C2 cells (Figure 4.7 A, C and D, F and G, I). Importantly, 

TFEB overexpression augmented Bcl2 content in H9C2 cells treated with all different substrates 

compared to their respective viral control group (Figure 4.7 A, C and D, F and G, I).  

We further examined whether TFEB knock-down exacerbates or attenuate caspase-3 

cleavage. We first confirmed TFEB deletion using western blot analysis when H9C2 cells were 

transduced with adenovirus overexpressing TFEB ShRNA (Figure 4.8 A and B). Furthermore, 

TFEBKD significantly increased caspase-3 cleavage in H9C2 cells treated with palmitate or GP 

compared to BSA control and glucose alone (Figure 4.8 A and C). Notably, TFEBKD did not 

exacerbate caspase-3 cleavage when H9C2 cells were treated with palmitate and GP compared to  
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Figure 4.7 is continued on the next page 
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Figure 4.7 Preventing TFEB decline attenuates the nutrient overload-induced increase in 
caspase-3 cleavage and activity. H9C2 cells transduced with adenoviruses overexpressing either 
human WT-TFEB, phosphorylation-resistant mutant TFEB (S142A and S211A) or control 
GFP/mCherry virus, followed by treatment with BSA (B), glucose (G; 30 mM), palmitate (P; 1.2 
mM) or a combination of glucose and palmitate (GP; 30/1.2 mM) for 16 h. (A, D and G) 
Immunoblot and densitometric analysis of protein expression of (B, E and H) cleaved caspase-3 
and (C, F and I) Bcl2. Graph represents mean ± S.E.M., n = 3 from three independent sets of 
experiments, *P < 0.05 vs BSA, #P < 0.05 vs G and +P < 0.05 vs their respective control virus, 
two-way ANOVA; A.U.; arbitrary unit, P Stain; protein stain.  
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Figure 4.8 TFEB silencing did not exacerbate caspase-3 cleavage following nutrient overload 
in H9C2 cells. H9C2 cells transduced with adenoviruses overexpressing TFEB-ShRNA or ShRNA 
control followed by the treatment with BSA, glucose (G; 30mM), palmitate (P; 1.2 mM) or a 
combination of glucose/palmitate (GP; 30/1.2 mM) for 16 h. (A) Immunoblot and densitometric 
analysis of protein expression of (B) TFEB, (C) cleaved caspase-3 and (D) Bcl2. Graph represents 
mean ± S.E.M., n = 3 from three independent sets of experiments, *P<0.05 vs BSA, #P<0.05 vs G 
and +P<0.05 vs respective viral control was performed using two-way ANOVA; A.U.; arbitrary 
unit, P Stain; protein stain.  
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their respective ShRNA viral control group (Figure 4.8 A and C). We next assessed the effect of 

TFEBKD on Bcl2 protein expression. We observed that TFEBKD significantly decreased Bcl2 

levels in H9C2 cells treated with BSA, glucose, palmitate or a combination of glucose/palmitate 

compared to their respective ShRNA control group (Figure 4.8 A and D). We further recapitulated 

our findings from the ex-vivo H9C2 model in the primary cell culture of neonatal rat 

cardiomyocytes (NRCMs). We demonstrated that NRCMs treated with palmitate, and a 

combination of glucose/palmitate significantly increased cleaved to total caspase-3 ratio (Figure 

4.9 A and B). NRCMs transduced with WT-TFEB or mutant-TFEB (S142A) adenoviruses 

ameliorated the palmitate- and GP-induced increase in cleaved to total caspase-3 ratio (Figure 4.9 

A and B). Additionally, overexpression of phosphorylation-resistant TFEB (S142A) ameliorated 

palmitate- or GP-induced increase in caspase-3 activity in H9C2 cells (Figure 4.9 C). These data 

infer that glucolipotoxicity adversely affects TFEB’s action, rendering cardiomyocytes susceptible 

to cellular stress and injury, an effect reversed by restoring TFEB content in the nucleus (Figure 

4.9 D).  

4.3.4 Intramyocellular TFEB is modulated by changes in KLF15 expression 

TFEB plays an essential role in regulating lipid metabolism through its effects on PPARα in the 

liver and skeletal muscle [299,316]. In the current study, we have provided evidence that TFEB 

remodels lipid metabolism in the cardiomyocyte. Kruppel-like family (KLF15) of transcription 

factors are also master regulators of FA and glucose metabolism [384-386]. Recently, a link between 

KLF4 and autophagy was reported in C. elegans [387]. Since both TFEB and KLF15 govern lipid 

metabolic processes through the common axis of PPARα [299,316,385], we hypothesized if TFEB 

and KLF15 regulate each other to alter myocyte metabolism. H9C2 cells were transduced with 

adenovirus overexpressing either human KLF15 or its viral control mCherry followed by treatment 

with different substrates. KLF15 overexpression increased TFEB content and prevented palmitate-

induced depletion of TFEB levels in H9C2 cells compared to the viral control cells  
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Figure 4.9 TFEB restoration ameliorates nutrient overload-induced increase in caspase-3 
cleavage in neonatal rat cardiomyocytes (NRCMs). NRCMs transduced with adenovirus 
overexpressing either human WT-TFEB, mutant TFEB-S142A or control GFP adenovirus, 
followed by treatment with different substrates for 16 h. (A) Immunoblot and densitometric 
analysis of protein expression of (B) cleaved/total caspase-3 ratio. Graph represents mean ± S.E.M., 
n=3 from three independent sets of experiments, *P<0.05 vs BSA, +P<0.05 vs P-GFP and #P<0.05 
vs GP-GFP was performed using Student's t-test. A.U.; arbitrary unit. (C) Caspase-3 activity in 
H9C2 cells transduced with adenoviruses overexpressing either human phosphorylation-resistant 
TFEB (S142A) or CMV-GFP control followed by the treatment with BSA, glucose (GLU; 30 mM), 
palmitate (PA; 0.8 or 1.2 mM) or a combination of glucose/palmitate (GP; 30/0.8 or 30/1.2 mM) 
for 16 h. Graph represents mean ± S.E.M., n = 3 from three independent sets of experiments, 
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*P<0.05 vs BSA, #P<0.05 vs glucose, ^P<0.05 vs 0.8 palmitate and  +P<0.05 vs respective viral 
control was performed using two-way ANOVA. (D) Possible molecular mechanism of nutrient 
overload-induced myocyte injury. Nutrient overload decreases nuclear TFEB content in the 
cardiomyocyte, leading to an increase in caspase-3 cleavage and activity, causing cardiomyocyte 
injury. Restoration of TFEB in cardiomyocytes increases the nuclear translocation of TFEB and 
attenuates the nutrient overload-induced increase in cell death, offering protection from cellular 
injury. 
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Figure 4.10 KLF15 alters TFEB protein content in the cardiomyocyte. H9C2 cells transduced 
with adenoviruses either overexpressing human KLF15 or control mCherry, followed by treatment 
with BSA, glucose (G; 30 mM), palmitate (P; 1.2 mM) or a combination of glucose/palmitate (GP; 
30/1.2 mM) for 16 h. (A) Immunoblot and densitometric analysis of protein expression of (B) 
KLF15 and (C) TFEB. (D) Immunofluorescence image showing TFEB (green) and KLF15 (green), 
mCherry (red) and nuclei stained with Hoechst 33342 (blue) in H9C2 cells transduced with 
adenoviruses overexpressing either human KLF15 or mCherry. The white arrow indicates TFEB 
localization. Graph represents mean ± S.E.M., n = 3 from three independent sets of experiments, 
*P < 0.05 performed using two-way ANOVA; A.U.; arbitrary unit.  
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(Figure 4.10 A, B and C). Additionally, high glucose did not significantly alter TFEB content; 

however, high glucose combined with palmitate exacerbated TFEB decline compared to the BSA 

control group (Figure 4.10 A, B and C). Alternatively, KLF15 overexpression abrogated 

glucose/palmitate-induced decline in TFEB expression (Figure 4.10 A, B and C). Immunostaining 

analysis revealed a marked increase in nuclear translocation of TFEB in H9C2 cells transduced 

with human KLF15 adenovirus compared to mCherry viral control (Figure 4.10 D). Our data 

support the role of KLF15 in augmenting TFEB and nuclear translocation in the cardiomyocyte.   

 

4.4 Discussion 

Transcriptome analysis was performed to interrogate the role of TFEB in engaging 

metabolic and signaling networks in the cardiomyocyte. Ventricular transcriptome data from 

constitutive cardiomyocyte-specific TFEB-/- mice indicated that TFEB regulates a network of genes 

involved in glucose (Pfkp, Gpd1, slc37a4, hk1, Pdk3 and Pgm5) and fructose (Akr1b8, Akr1b3, 

Akr1e1, Aldob, and Fbp2) metabolism. Notably, acute overexpression of fructose-bisphosphatase 

2 (Fbp2; a bifunctional enzyme catalyzing the synthesis and degradation) in the cardiomyocytes 

countered detrimental effects of hypoxia by augmenting glycolysis. Whereas chronic Fbp2 

overexpression caused cardiac dysfunction [388], signifying that in myocyte with TFEB deletion, 

perturbations in fructose flux could likely precipitate cardiac dysfunction. Furthermore, a notable 

decrease in malonyl CoA decarboxylase (Mlycd) gene expression was observed in TFEB-/- 

cardiomyocytes, implying reduced malonyl CoA degradation. Malonyl CoA inhibits CPT1 and 

directs fatty acids away from oxidation towards triacylglycerol formation and concomitantly 

relieving inhibition of fatty acids on glucose metabolism [389]. Indeed, Mlycd silencing in human 

skeletal muscle myotube, rodent and porcine hearts increase malonyl CoA levels and stimulates 

glucose uptake and glucose oxidation and simultaneously inhibits FA oxidation [389-391]. In 

contrast to our findings from TFEB-/- cardiomyocytes, in a murine model of skeletal muscle-

specific TFEB overexpression, glucose metabolizing genes, GLUT1, GLUT4, hexokinase I and II 
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and TBC1 domain family member 1 (TBC1D1) were significantly increased [316], suggesting that 

TFEB regulation of energy metabolism is not comparable between cardiac and skeletal muscle. 

Since the expression of glycolytic genes (Pfkp, Gpd1, Hk1 and Pgm5) were also increased in TFEB 

deficient cardiomyocytes, we theorized that lipid utilizing genes in TFEB depleted cardiomyocytes 

might be remodeled or impaired and hence, likely activating pathways using glucose through 

glycolysis. 

Besides glucose and fructose metabolism, TFEB deletion affected several steps of lipid 

metabolic processes, such as lipid transport (Cd36), lipid storage (Plin2, Plin5 and Mlycd), FA 

biosynthesis (Fsn) and FA metabolism (Lpl). Importantly, TFEB overexpression in liver 

upregulated genes involved in monocarboxylic acid, fatty acid and cellular ketone metabolic 

processes and downregulated several gene categories related to lipid biosynthesis [299]. 

Furthermore, a study in the liver also suggests that PGC-1α mediates the TFEB function of 

regulating lipid metabolism by controlling the activity of PPARα [299]. Conversely, TFEB acts 

independently of PGC-1α to regulate glucose homeostasis and mitochondrial functions in skeletal 

muscle [316]. In cardiomyocytes, TFEB-dependent regulation of lipid metabolism was evident by 

depletion in PPARα protein expression. However, in cardiomyocytes, it remains to be determined 

whether TFEB is directly engaged in governing lipid metabolism independently from PGC-1α. On 

the other hand, TFEB overexpression in macrophage upregulates lysosomal lipid metabolizing 

genes, notably lysosomal acid lipase, to attenuate ischemia reperfusion-induced remodeling in the 

mouse heart [334]. Furthermore, loss of TFEB action led to a significant accumulation of LD, while 

TFEB overexpression decreased LD size and accumulation. Our finding was in agreement with the 

prior study, wherein mice with liver-specific TFEB deletion, when subjected to high-fat diet, 

exhibit large, pale and lipid vacuoles, filled hepatocytes, whereas livers from TFEB overexpressed 

mice show reddish-brown oxidative phenotype with markedly reduced lipid content [299]. 

Additionally, livers from adipocyte-specific TFEB overexpressed mice fed a western diet showed 

reduced TAG content [330]. Together, these findings suggest that TFEB plausibly remodel lipid 
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metabolism in the cardiomyocyte. Furthermore, these observations also indicate that networks of 

genes regulated by TFEB are stimuli- and tissue-specific, supporting distinct metabolic functions. 

Increasing evidence also suggests that autophagy is important in maintaining the 

homeostasis of intracellular LD by either regulating the biogenesis, FAs mobilization or 

degradation in in-vivo and ex-vivo studies. In a murine genetic model of obesity such as ob/ob mice, 

excessive lipid overload inhibits autophagy, whereas enhancing liver autophagy ameliorates their 

metabolic phenotype [392]. The role of autophagy in governing lipid metabolism was further 

demonstrated in liver-specific Atg7 or Atg5 knockdown mice, which display an increase in lipid 

droplet, cholesterol and TAG formation in the liver [382,393]. Since TFEB is a key player in 

controlling autophagy by directly regulating lysosomal and autophagy genes, we next determined 

whether TFEB dependent regulation in lipid metabolism in the cardiomyocyte involves 

macroautophagy. Despite Atg7 deficiency in cardiomyocytes, TFEB overexpression significantly 

reduced lipid droplet formation. Unlike the observation from the liver studies, in which TFEB 

overexpression with Atg7 deficient liver did not rescue hepatic steatosis [299], the finding in 

cardiomyocytes yielded the opposite outcome. Our data in the cardiomyocyte demonstrate that 

TFEB-mediated regulation of lipid metabolism is largely independent of the macroautophagy 

pathway to degrade lipids. Moreover, it is likely that TFEB’s regulation on lipid storage or lipid 

catabolism is mediated through its effect on PGC1α and PPARα in the cardiomyocyte.  

In addition to TFEB’s role in governing cellular energy metabolism in the cardiomyocyte, 

our transcriptome analysis identified upregulation of genes encoding apoptosis (Tnsfrsf1a, Sgpl1, 

Cib1 and Lgals1) and cell death (UCP2, Clu and Pmp22) pathways in response to the loss of TFEB 

in the cardiomyocyte. Indeed, a recent report demonstrated that TNFα-induced activation of 

receptor-interacting protein 1 (RIP-1) and necroptosis in cardiomyocytes was abolished by RIP-1 

inhibitor, necrostatin in a TFEB-dependent manner [394]. Alternatively, augmenting nuclear 

localization of TFEB rescued lipotoxicity-induced increase in caspase-3 activity and protein levels, 

indicating that cardiomyocyte deficient in TFEB is triggering molecular events leading to cell 
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death. Our finding agrees with a pro-survival role of TFEB. Indeed, activation of TFEB protects 

cardiomyocyte from ischemia-reperfusion-induced cell death. The pro-survival role of TFEB has 

also been confirmed in the cardiomyocyte model of proteinopathy [381]. Forced overexpression of 

TFEB in neonatal rat cardiomyocytes expressing mutant αβ-crystallin (missense (R120G) 

CryABR120G) blunted proteotoxicity by attenuating CryABR120G-induced accumulation of 

ubiquitinated proteins, caspase 3 cleavage and cell death [381]. Indeed, using a Dox-induced 

cardiotoxicity model, a prior study from our laboratory reported that DOX exposure in 

cardiomyocytes resulted in the loss of TFEB content, lysosomal dysfunction and associated cell 

death, whereas constitutive localization of nuclear TFEB ameliorated DOX-induced cytotoxicity 

[344]. Collectively, our findings indicate that TFEB is critical for regulating cardiomyocyte cell 

survival and protects against stress-induced cardiac injury.  

Given the central role of TFEB in regulating cellular metabolism and survival, numerous 

tissue-specific upstream regulators have been characterized. STUB1 (E3 ubiquitin ligase) targets 

phosphorylated TFEB for proteasomal degradation and induces nuclear translocation of non-

phosphorylated TFEB in HEK293 cells and mouse embryonic fibroblast [317]. Paternally 

Expressed Gene 3 (PEG3) is required for TFEB nuclear translocation via VEGFR2- and AMPK-

dependent manner in HUVEC cells [395]. In the current study, we found that overexpression of 

KLF15 not only increases TFEB protein content but also induces nuclear translocation of TFEB. 

Recently, a link between KLFs and autophagy was uncovered, wherein nematode lifespan control 

by KLF3 and vascular aging by KLF4 [387] were observed to be dependent on autophagy. Our 

findings suggest that the effects of KLF15 on metabolism and autophagy most likely involves 

modulation of myocyte TFEB, mechanisms for which still merits investigation.    

In summary, data from this thesis chapter definitively established 1) TFEB as a key player 

in regulating genes involved in lipid metabolism in the cardiomyocyte, 2) loss of TFEB in 

cardiomyocytes impairs lipid catabolism, 3) TFEB engages pathways of cellular survival in the 

cardiomyocyte and 4) increase in cardiomyocyte TFEB attenuates glucolipotoxicity-induced 
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cardiomyocyte injury. Together, our findings suggest that TFEB alterations reprogram lipid 

metabolism and cell survival pathways in the cardiomyocyte. However, whether the loss of TFEB-

mediated changes in lipid breakdown and cell death signaling pathways impacts the cardiomyocyte 

function remained unexplored. Therefore, we next assessed the functional importance of TFEB 

alterations in the cardiomyocyte.  
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Chapter 5: Cardiomyocyte Ca2+ dynamics is altered in mice with constitutive cardiomyocyte-

specific TFEB deletion  

5.1 Rationale and objectives  

  Our transcriptome data from chapter 3 revealed that amongst the differentially expressed 

genes following the loss of TFEB in the cardiomyocyte included genes associated with 

cardiomyocyte Ca2+ signaling and function. Furthermore, prior studies also demonstrated that 

overexpression of TFEB protected against amyloidogenic immunoglobulin light chain (AL-LC)-

induced cardiomyocyte contractile dysfunction and decreased Ca2+ transient amplitude in zebrafish 

[345]. A separate study demonstrated that adeno-associated virus-mediated transduction of TFEB 

in transgenic mice with αβcrystallin R120G mutant attenuates the progression of the fatal 

cardiomyopathic manifestations and improves LV ejections performance, reduced LV end-systolic 

diameter and hypertrophy [368]. In macrophages, overexpression of TFEB rescues ventricular 

dysfunction after ischemia/reperfusion injury [247]. However, if the loss of TFEB impacts 

contractile function and Ca2+ signaling in the cardiomyocyte was unexplored. Therefore, the 

objective of this chapter is to examine whether the loss of TFEB in the cardiomyocyte alters 1) 

contractile properties and 2) Ca2+ dynamics and signaling.  

 
5.2 Materials and methods  
 
5.2.1 Sarcomere length measurement 

Adult mouse cardiomyocytes (AMCM) were isolated, as described in section 2.2.5.2. 

Sarcomere length was measured using a cell shortening analysis system from HORIBA. Inc. 

Briefly, cells were mounted in the stage of an inverted microscope with a buffer containing: 131 

mM NaCl, 4 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 10 mM glucose, 10 mM HEPES, at pH 7.4. 

The cells were field stimulated with a suprathreshold voltage at a frequency of 0.5, 1, 1.5 and 2 Hz, 

for 30 sec duration, using a pair of platinum wires placed on the side of the chamber connected to 
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a Myopacer (Myopacer Field Stimulator, Ion Optix). The myocyte being studied was displayed on 

the computer monitor using Grabber camera (ZEISS microscope), which rapidly scans the image 

area at every 8.3 msec. The amplitude and velocity of contraction and relaxation is recorded with 

good fidelity. The FelixGX software was used to capture changes in cell length during contraction 

and relaxation. Cardiomyocyte contraction and relaxation were assessed using the following 

indices: Min represents contraction (shortening), Max represents relaxation (relengthening) and SL 

represents sarcomere length. Min SL (peak shortening) which indicates sarcomere length during 

peak ventricular contractility; Max SL (peak relengthening) indicates sarcomere length during peak 

ventricular relaxation; ∆SL which indicates a change in sarcomere length from the peak of 

contraction to the peak of relaxation; ∆SL (%) which indicates % change in sarcomere length from 

peak ventricular contraction to peak relaxation; -dSL/dtmin and +dSL/dtmax indicate the rate of 

velocity of a peak contraction and relaxation, respectively; Time to Min SL indicates time to reach 

peak ventricular contractility. After altering stimulus frequency (from 0.5 - 2 Hz), the steady-state 

contraction of myocyte was achieved (usually after the first five to six beats) before sarcomere 

length was recorded. Myocytes with obvious sarcolemmal blebs or spontaneous contractions were 

excluded from mechanical recording. All measurements were performed at 25–27̊C. Sarcomere 

length was analyzed using Matlab software.  

5.2.2 Intracellular Ca2+ transient measurement  

Both intracellular Ca2+ and sarcomere length were measured simultaneously in the same 

set of myocytes. Myocytes were loaded with Fura-2AM (1 mM) for 15 min at room temperature in 

the dark, and fluorescence measurements were recorded with a dual-excitation fluorescence 

photomultiplier system. In brief, AMCM was placed on a ZEISS inverted microscope equipped 

with a temperature-controlled Warner chamber and imaged through a Fluor640 oil objective. 

Myocytes were exposed to light emitted by a 75W lamp and passed through either a 360 or a 380 

nm filter while being electrically paced at 0.5, 1, 1.5 and 2 Hz. Fluorescence emissions were 

detected between 480–520 nm by a photomultiplier tube after first illuminating the cardiomyocytes 
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at 360 nm then at 380 nm for 30 sec. The qualitative changes in intracellular Ca2+ ([Ca2+]i) 

concentration was inferred from the ratio of the fluorescence intensity at two wavelengths 

(360/380). Intracellular Ca2+ was measured using the following indices: min indicates relaxation; 

max indicates contraction; [Ca2+]imin indicates [Ca2+]i during ventricular relaxation; [Ca2+]imax 

indicates [Ca2+]i during ventricular contraction; ∆[Ca2+]i indicates Ca2+ transient amplitude (change 

in intracellular Ca2+ from peak of relaxation to peak of contraction); +dCa/dtmax indicates maximum 

rate of Ca2+ transient; -dCa/dtmin indicates maximum rate of Ca2+ removal, 50% Ca2+ Tau and 80% 

Ca2+ Tau indicate time to 50% and 80% Ca2+ decay, respectively and time constant (T) of [Ca2+]i 

decay.  

5.2.3 Statistical Analysis 

Results are expressed as mean ± SEM. Pairwise comparison between groups was 

performed using unpaired two-tailed Student’s t-test. A comparison between multiple groups was 

performed using analysis of variance one-way ANOVA or Two-way ANOVA followed by Tukey 

test using GraphPad Prism software. P values of less than 0.05 were considered statistically 

significant. 

 

5.3 Results 

5.3.1 Loss of TFEB increased Ca2+ transient amplitude in the cardiomyocyte      

Transcriptome analysis from cardiomyocytes lacking TFEB revealed alterations in genes 

associated with cardiomyocyte Ca2+ signaling and cardiomyocyte contractility. Therefore, we first 

investigated the impact of the loss of TFEB on cardiomyocyte Ca2+ dynamic.   

We first analyzed genes associated with cardiomyocyte contraction. Genes involved in 

cardiomyocyte contraction such as Myh7 and Tnnc1 were upregulated, whereas Tpm2 was 

downregulated due to the loss of TFEB in the cardiomyocyte (Figure 5.1 A and B). Additionally, 

genes associated with cardiomyocyte Ca2+ cycling such as Ca2+ channel genes (Cacna1s, Cacnb1),  
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Figure 5.1 Loss of TFEB modulates genes associated with cardiomyocyte Ca2+ signaling and 
contraction. (A and B) Heatmap of differentially expressed genes involved in cardiomyocyte Ca2+ 
signaling and contraction from TFEBfl/fl and TFEB-/- mice. 
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Na+/Ca2+ exchanger (NCX) channel (Slc8a2), and SR Ca2+ ATPase pump 1 (Atp2a1) were 

upregulated in TFEB-/- cardiomyocytes (Figure 5.1 A and B). Notably, the Camk2b gene, which 

has been implicated in cardiac hypertrophy and heart failure [396,397], was upregulated in TFEB-/- 

cardiomyocytes (Figure 5.1 A and B).   

We next examined the impact of the loss of TFEB on cardiomyocyte Ca2+ transient. We 

used membrane-permeable intracellular Ca2+ fluorescent dye Fura-2AM to evaluate intracellular 

Ca2+ homeostasis in TFEB-/- and TFEBfl/fl cardiomyocytes (Figure 5.2 A and B). Intracellular Ca2+ 

was measured by electrically stimulating cardiomyocytes at 0.5, 1, 1.5 and 2 Hz and representative 

tracing of Ca2+ transient amplitude is shown in Figure 5.2 C. Our results depicted a decrease in 

intracellular Ca2+ during relaxation at 0.5, 1, 1.5 and 2 Hz compared to TFEBfl/fl cardiomyocytes, 

whereas intracellular Ca2+ levels were unchanged during contraction (Figure 5.3 A and B), 

implying lower diastolic Ca2+ in TFEB deficient cardiomyocytes. Furthermore, there was a 

significant increase in Ca2+ transient amplitude (rise in intracellular Ca2+ from the peak of relaxation 

to peak of contraction) in cardiomyocytes from TFEB-/- mice compared with those from TFEBfl/fl 

mice (Figure 5.3 C). This data indicates that despite lower diastolic Ca2+, TFEB-/- cardiomyocytes 

achieved peak Ca2+ levels similar to that observed in TFEBfl/fl cardiomyocytes during contraction. 

An increase in Ca2+ transient amplitude was further associated with an increase in peak rate of rise 

and rate of removal of [Ca2+]i during contraction and relaxation, respectively, in TFEB-/- 

cardiomyocytes compared to TFEBfl/fl cardiomyocytes (Figure 5.3 D and E). Furthermore, time to 

50% Ca2+ decay (which indicates a decrease in Ca2+ concentration resulting from Ca2+ sequestration 

into SR via SERCA), time to 80% Ca2+ decay (which indicates Ca2+ removal from the cytoplasm 

to the extracellular space through the NCX during the late part of the relaxation) and time constant 

of [Ca2+]i transients were significantly lower in TFEB-/- cardiomyocytes, indicating rapid Ca2+ 

decay compared to TFEBfl/fl cardiomyocytes (Figure 5.3 F-H). These findings collectively suggest 

that despite having low diastolic Ca2+, TFEB-/- cardiomyocytes efficiently increase peak Ca2+ level 

during contraction and rapidly remove intracellular Ca2+ during relaxation.    
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Figure 5.2 Intracellular Ca2+ transient measurement in isolated adult mouse cardiomyocytes. 
(A) Experimental layout of intracellular Ca2+ transient measurement. (B) Ensemble of Ca2+ 
transient tracing. (C) Representative tracing of the amplitude of intracellular Ca2+ transient 
evaluated in isolated cardiomyocytes paced at 0.5, 1, 1.5 and 2 Hz.   
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Figure 5.3 Intracellular Ca2+ transient is altered in the cardiomyocyte with TFEB deletion. 
(A) Intracellular Ca2+ during relaxation, (B) intracellular Ca2+ during contraction, (C) change in 
intracellular Ca2+ from the peak of relaxation to the peak of contraction, (D) rate of maximum Ca2+ 
transient, (E) rate of maximum Ca2+ decay, (F) time to 50% and (G) time to 80% Ca2+ removal 
decay and (H) time constant of intracellular Ca2+ decay in isolated cardiomyocytes. Graph 
represents mean ± S.E.M., n = 3 mice and 6-8 cardiomyocytes were analyzed per mouse (n=21 to 
24 cardiomyocytes). *P<0.05 vs TFEBfl/fl cardiomyocyte performed using Two-way ANOVA.  
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5.3.2 Cardiomyocyte sarcomere length is unaltered in TFEB-/- mice     

Transcriptome analysis from TFEB deficient cardiomyocytes revealed alteration in genes 

involved in cardiomyocyte contraction (Figure 5.1). We also found that loss of TFEB increased 

Ca2+ transient amplitude in the cardiomyocyte compared to TFEBfl/fl cardiomyocytes, as detailed in 

section 5.3.1. Therefore, we next investigated whether an increase in Ca2+ transient is associated 

with changes in cardiomyocyte contractile properties.    

We measured cardiomyocyte contractility using a sarcomere shortening analysis system. 

Adult mouse cardiomyocytes were isolated, electrically paced using a myopacer at 0.5, 1, 1.5, and 

2 Hz (Figure 5.4 A and B) to record sarcomere length. Figure 5.4 C shows representative tracing 

of sarcomere length. Contrary to our expectation, alterations in Ca2+ transient amplitude did not 

alter sarcomere length during contraction and relaxation in TFEB-/- cardiomyocytes compared to 

TFEBfl/fl cardiomyocytes (Figure 5.5 A and B). Similarly, the change in sarcomere length from the 

peak relaxation to peak contraction (∆SL) was not altered between TFEBfl/fl and TFEB-/- 

cardiomyocytes (Figure 5.5 C). Furthermore, % change in ∆SL was decreased when TFEB-/- 

cardiomyocytes were paced at 0.5 Hz compared to TFEBfl/fl cardiomyocytes (Figure 5.5 D), 

whereas no change in % ∆SL was observed when cardiomyocytes were paced at 1, 1.5 and 2 Hz 

between two groups (Figure 5.5 D). Similarly, the rate of velocity of the cardiomyocyte contraction 

(-dSL/dtmin) was significantly decreased at 0.5 Hz, while no change in the rate of velocity of 

cardiomyocyte contraction was observed at 1, 1.5 and 2 Hz between two groups (Figure 5.5 E and 

F). Moreover, the rate of velocity of cardiomyocyte relaxation (+dSL/dtmax) and time to reach peak 

contraction (Time to Min SL) was no different between TFEBfl/fl and TFEB-/- cardiomyocytes 

(Figure 5.5G).  Together, these findings suggest that despite exhibiting higher Ca2+ transient 

amplitude, TFEB-/- cardiomyocytes did not display a change in contractile properties and were able 

to contract as efficiently as TFEBfl/fl cardiomyocytes.  
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Figure 5.4 Sarcomere length measurement in isolated adult mouse cardiomyocytes. (A) 
Experimental layout of sarcomere length measurement in isolated cardiomyocytes. (B) Ensemble 
of contractility tracing and (C) representative tracing of sarcomere length from TFEB-/- and TFEBfl/fl 
cardiomyocytes electrically paced at 0.5, 1, 1.5 and 2 Hz. 
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Figure 5.5 Loss of TFEB did not alter cardiomyocyte sarcomere length. Cardiomyocyte 
contractility was evaluated from TFEB-/- and TFEBfl/fl mice. (A) Sarcomere length (SL) during 
contraction, (B) SL during relaxation, (C) change in SL from the peak of contraction to the peak of 
relaxation, (D) % change in SL from peak ventricular contraction to peak relaxation, (E) rate of 
velocity of cardiomyocyte contraction, (F) rate of velocity of cardiomyocyte relaxation and (G) 
time to reach peak contraction in isolated cardiomyocytes. Graph represents mean ± S.E.M., n = 3 
mice and 6-8 cardiomyocytes were analyzed per mouse (n=21 to 24 cardiomyocytes). *P<0.05 vs 
TFEBfl/fl cardiomyocyte performed using Two-way ANOVA.       
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5.4 Discussion 

Transcriptome analysis was performed to interrogate the role of TFEB in engaging Ca2+ 

signaling networks and contractile properties in the cardiomyocyte. Ventricular transcriptome data 

from constitutive cardiomyocyte-specific TFEB-/- mice indicated that TFEB alters genes involved 

in cardiomyocyte contraction and Ca2+ signaling. Our Ca2+ transient analysis revealed low diastolic 

Ca2+ levels, while systolic Ca2+ levels were unchanged. This data suggests that despite having low 

Ca2+ levels during relaxation, TFEB-/- cardiomyocytes achieved the peak Ca2+ level during 

contraction similar to that observed in TFEBfl/fl cardiomyocytes. Importantly, transcriptome data 

indicated the upregulation of Atp21a (SERCA1) and Slc8a2 (NCX, Na+/Ca2+ exchanger) genes, 

which play an important role in regulating SR Ca2+ content by removing intracellular Ca2+ following 

cardiomyocyte contraction. Indeed, a prior study has revealed that adenoviral-mediated gene 

transfer of SERCA1a into isolated rabbit ventricular cardiomyocytes increases Ca2+ transient 

amplitude [398]. The increase in Ca2+ transient amplitude due to the loss of TFEB is likely a 

consequence of increases in the SERCA1a level, suggesting an increased capacity of SR Ca2+ 

storage or an increase in SR Ca2+ leak. Cardiac contraction occurs because of the influx of Ca2+ 

through L-type Ca2+ channel, which triggers SR Ca2+ release that binds to myofilaments proteins 

to initiate contraction. Given that loss of TFEB increases Ca2+ transient amplitude with no effect 

on cardiomyocyte contractility, it is possible that TFEB-mediated increases in Ca2+ amplitude 

modulate myofilament Ca2+ sensitivity. The upregulation of SERCA1a and NCX gene expression 

in TFEB-/- cardiomyocytes coincided with rapid intracellular Ca2+ decay. Together, Ca2+ transient 

analysis indicates that TFEB plays an important role in regulating Ca2+ dynamic in the 

cardiomyocyte, likely by altering the expression of genes involved in Ca2+ cycling in the heart, 

however, the intracellular molecular mechanism of this regulation merit further investigation.  

Importantly, the link between TFEB and Ca2+ was reported in a prior study, wherein 

lysosomal Ca2+ regulates TFEB activity. This study showed that lysosomal Ca2+ release through 

mucolipin 1 (MCOLN1) activates calcineurin phosphatase, which dephosphorylates TFEB and 
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promotes its nuclear translocation [310]. Moreover, prior studies highlighted the importance of ER 

and lysosome membrane contract site formation in regulating Ca2+ signaling between these 

organelles [399,400]. Interestingly, a recent study showed that TFEB silencing in HeLa cells 

increases Ca2+ re-uptake rate in the ER through its effect on lysosome activity [401]. Whether 

lysosomal Ca2+ likely contributes to higher intracellular Ca2+ transient TFEB-/- cardiomyocytes 

remain unanswered. Contrary to our expectation, the observed alteration in Ca2+ signaling in the 

TFEB-/- cardiomyocytes did not reflect an alteration in cardiomyocyte contractile properties. 

Cardiomyocyte contractile measurement in TFEB-/- mice revealed no change in sarcomere length 

during contraction or relaxation. Additionally, the rate of velocity of cardiomyocyte contraction or 

relaxation was comparable to TFEBfl/fl cardiomyocytes. The possible explanation for the disconnect 

between Ca2+ dynamic and contractility is that these studies were performed in unchallenged 

conditions in TFEB-/- mice. It is likely that challenging these mice with different stressors such as 

metabolic stress-induced by feeding high-fat diet or angiotensin II infusion or DOX treatment to 

cause cardiac dysfunction would exacerbate impairment in contractile properties due to higher Ca2+ 

transient amplitude in TFEB-/- cardiomyocytes.   
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Chapter 6: General discussion and conclusion 

6.1 Overview: 

Metabolic remodeling is one of the early biochemical events that take place in the obese 

and diabetic heart. One of the underlying causes of metabolic dysfunction in the heart is either loss 

of insulin content or insulin function, leading to fatty acid overutilization and hyperglycemia, 

culminating in glucolipotoxic stress [22,97,142]. Glucolipotoxicity triggers cardiovascular 

complications such as left ventricular stiffness, myocardial fibrosis and Ca2+ mishandling [97]. Prior 

studies have shown that glucolipotoxicity pathologically remodels the heart by increasing 

endoplasmic reticulum (ER) stress, mitochondrial dysfunction, and perturbing cellular proteostasis 

[75,76,152,183,209,210,229,402].  

Cardiomyocyte glucolipotoxicity impairs protein quality control, causing ER stress and 

activating the protein degradation pathway [209,229,402]. To counter the damaging effects of 

glucolipotoxicity, proteasomal degradation pathway is upregulated to clear the proteotoxic load.  

However, sustained glucolipotoxic stress exacerbates ER stress and impairs proteasomal protein 

degradation causing toxic accumulation of misfolded proteins [209,229,402]. Previous studies 

suggest that impairment in the proteasomal system is compensated by the upregulation of lysosomal 

machinery in order to clear damaged intracellular proteins via lysosomal autophagy [211,212]. We 

[226] and others [226,355,403,404] have previously shown that glucolipotoxicity impairs autophagic 

flux and suppresses lysosome biogenesis and function, causing cardiomyocyte injury and cellular 

stress in obese and diabetic hearts. These studies suggest that lysosome dysfunction in the stressed 

heart is central to inducing cardiac injury. Importantly, TFEB is a master regulator of autophagy, 

lysosomal biogenesis and lysosomal function [288,301,405]; however, its regulation in the 

cardiometabolic disease was unknown. Preliminary studies from our laboratory showed that 

cardiomyocytes exposed to the lipotoxic [226] or chemotoxic (DOX) [344] environment in-vitro, 

ex-vivo and in-vivo exhibited a significant decrease in the nuclear content of TFEB. Moreover, 

ischemic-reperfusion and hypoxic injuries in the heart exacerbated BNIP3-induced cell death 
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following the deficiency of TFEB function [369,370]. Augmenting TFEB action reversed amyloid 

deposit-induced proteotoxicity in zebrafish and mouse hearts [345], signifying the cardioprotective 

role of TFEB. A plethora of studies has now definitively shown that loss of TFEB action renders 

the heart susceptible to dysfunction. However, the underlying mechanism by which loss of TFEB 

engages pathological pathway networks to remodel cardiomyocyte signaling, metabolism and 

function remained unexplored.  

The goal of this thesis was to investigate the role of TFEB signaling in regulating cellular 

metabolism and function in obese and diabetic. Here, we sought to elucidate 1) metabolic pathways 

that are remodeled in response to the loss of TFEB action in the cardiomyocyte and 2) physiological 

importance of TFEB in regulating cardiomyocyte viability and function.   

By utilizing in-vitro, ex-vivo and in-vivo model of lipid overload, my thesis work revealed 

that 1) palmitate decreases TFEB content ex-vivo in a time- and concentration-dependent manner, 

2) nutrient overload in-vivo exhibited an early-onset and time-dependent decline in nuclear TFEB 

content and lysosome function, 3) adenoviral expression of constitutively active TFEB rescued 

cardiomyocytes from glucolipotoxicity-induced lysosomal dysfunction and cell death, 4) Kruppel-

like factor (KLF15) was identified as an upstream modulator of TFEB protein expression, 5) 

cardiomyocyte transcriptome data provided evidence for a non-canonical role of TFEB in 

governing lipid metabolism and cell death pathways and 6) loss of TFEB altered intracellular Ca2+ 

transient in cardiomyocytes with no change in contractility in an unchallenged state. Given that 

activation of lysosomal autophagy enables cellular waste clearance, selective targeting of cellular 

TFEB in obese and diabetic hearts is anticipated to prevent or ameliorate cardiomyopathy.   

6.2 Nutrient-dependent regulation of TFEB in the cardiomyocyte 

 Chronic glucotoxicity and lipotoxicity during obesity and diabetes cause ER stress, 

mitochondrial dysfunction, Ca2+ mishandling, and proteotoxicity, negatively impacting cellular 

homeostasis [150,178,188,192,406]. Impairment of lysosomal protein degradation induces 

accumulation of damaged proteins and organelles, resulting in cellular proteotoxicity observed in 
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cancer, diabetes, neurodegeneration and heart failure. Several studies have previously shown that 

metabolic maladaptation is associated with perturbed action of TFEB, a master regulator of 

lysosomal genes and function [325,336,371]. During nutrient excess, phosphorylation of TFEB by 

mTOR at Ser211 and ERK at Ser142 restricts TFEB within the cytosol to promote its degradation, 

preventing TFEB translocation into the nucleus to induce CLEAR genes [288,377]. However, it was 

unclear if specific nutrients exhibit a distinct effect on TFEB activity and autophagy-lysosome 

signaling in the heart. Our data demonstrated that glucolipotoxicity in the in-vivo and ex-vivo 

triggers the loss of TFEB action by altering TFEB phosphorylation and localization. We showed 

that palmitate alone or and a combination of palmitate/glucose depletes TFEB content, reduces 

lysosome content, suppresses proteolytic activity and increases cell death, an effect not sensitive to 

glucose alone, oleate alone or PUFAs per se. Moreover, hepatocytes, HeLa cells and MEFs 

subjected to starvation with amino acid-deficient and growth factor-deficient media induce nuclear 

translocation of TFEB, increasing the transcription of genes involved in the lysosomal-autophagy 

pathway [299]. These findings strongly support the theory that cellular nutrients exert a distinct 

effect on regulating TFEB activity.  

Several mechanisms are proposed by which an overload of specific nutrients impairs 

autophagy and lysosome function. For instance, in pancreatic β-cells, palmitate treatment decreases 

ATP levels and impairs lysosomal acidification and proteolytic function [407,408]. Lipid overload 

in-vivo or ex-vivo modulates lysosomal membrane lipid content, directly impacting autophagosome 

and lysosome fusion [355]. Similarly, palmitate treatment impairs lysosomal acidification and 

lysosome function in H9C2 cells by activating the PKC-Nox2 signaling axis [355]. Here, we 

uncovered nutrient-specific effects on TFEB regulation in the cardiomyocyte. Specifically, TFEB 

is negatively regulated by palmitate [226], an effect insensitive to mono- or poly-unsaturated FAs 

and carbohydrates. Consistently, mice subject to HFHS diet revealed a temporal decline in nuclear 

TFEB protein expression with the associated elevation of TAG species in the heart. 
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 However, mechanisms by which nutrient overload in-vivo and ex-vivo deplete TFEB levels 

are still unclear. Since TFEB mRNA expression is unaltered in glucolipotoxicity both in-vivo and 

ex-vivo [226], we propose that TFEB levels are dysregulated at the level of protein synthesis, post-

translational modification or through yet uncharacterized signaling mechanisms. It is also possible 

that glucolipotoxicity-induced loss of TFEB content is an outcome of impaired TFEB mRNA 

translation since TFEB regulates ribosome biogenesis [288].  

6.3 The role of TFEB in regulating the autophagy-lysosome pathway  

Findings from this thesis demonstrated that nutrient overload in the cardiomyocyte depletes 

TFEB expression with concomitant reduction in lysosome content and lysosomal proteolytic 

ability. Notably, TFEB silencing ex-vivo did not significantly impact lysosome function; however, 

constitutive nuclear localization of TFEB in the cardiomyocyte partially attenuated nutrient 

overload-induced impairment in the autophagy-lysosomal pathway. 

Remarkably, transcriptome analysis from mouse cardiomyocytes lacking TFEB aligned 

with the ex-vivo data showing that loss of TFEB in the myocyte minimally impacted genes engaged 

in autophagy and lysosome function. Loss of TFEB upregulated majority of autophagy and 

lysosome genes in the cardiomyocyte. Notably, the transcriptome analysis was performed in a non-

challenged condition, wherein cardiomyocyte-specific TFEB-/- mice were not subjected to 

metabolic stress, such as feeding mice with HFHS diet. Similar to the cardiomyocyte findings, 

adipose-specific TFEB overexpression or knock-down did not alter autophagy and lysosome genes 

[330]. In contrast, genome-wide analysis from liver- and skeletal muscle-specific TFEB 

overexpressing mice demonstrated alteration in genes related to autophagy and lysosome pathway 

[299,316]. The disparity in our observation of TFEB-mediated regulation of lysosome function ex-

vivo (acute modulation of TFEB in cell culture) versus in-vivo (chronic knockdown of TFEB in 

mice heart) model is likely a tissue-specific and a context-specific effect.  
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6.4 The role of TFEB in regulating apoptosis/cell death 

Our data is in agreement with prior findings that TFEB is not only important to regulate 

lysosome biogenesis and lysosome function in the cardiomyocyte but also promotes cardiomyocyte 

survival, which is compromised in response to glucolipotoxic stress [247,334,369,370]. We 

demonstrated that nuclear restoration of TFEB in the cardiomyocyte attenuated glucolipotoxicity-

induced cell death. This finding was further supported by transcriptome analysis, which unveiled 

that TFEB deficiency in the cardiomyocyte upregulated majority of genes associated with apoptosis 

and cell death pathway. Our data highlight that TFEB plays an important role in regulating 

cardiomyocyte viability and function. 

Several studies have demonstrated the pro-survival role of TFEB in different disease 

models such as LSDs, neurodegenerative diseases, neurotoxicity, ischemia-reperfusion injury, 

proteinopathy and metabolic disorders [247,345,368,409]. TFEB overexpression in HEK293 cells 

attenuated palmitate- and LPS-induced cell death by upregulating lysosome biogenesis and 

function [246]. Similarly, cadmium increases cell death via suppressing lysosome function and 

autophagosome-lysosome fusion in Neuro-2a cells (mouse neuroblastoma cell line), an effect 

which is reversed in the presence of TFEB overexpression [410]. The involvement of TFEB in 

promoting cell survival is also demonstrated in proteotoxic cardiomyopathy. For instance, the 

formation of protein aggregates in both amyloid cardiomyopathy and desmin-related 

cardiomyopathy exhibit mitochondrial structural abnormalities and cell death [368]. TFEB 

overexpression during proteotoxic cardiomyopathy attenuates mitochondrial abnormalities, 

decreases cell death and improves cardiovascular function [368]. Given that TFEB plays an 

important role in regulating mitochondrial biogenesis and function [299], TFEB plausible 

ameliorates glucolipotoxicity-induced cell death by facilitating mitochondrial quality control in the 

cardiomyocyte. A prior study from our research group reported that TFEB overexpression in the 

cardiomyocyte increases lysosome biogenesis and function and attenuates DOX-induced 

cardiotoxicity by reducing ROS production [344], highlighting that TFEB is crucial for 
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cardiomyocyte survival and function. Another study recently reported that TFEB is negatively 

regulated by serine-threonine kinase, RIP1K, which plays multiple roles in signals that regulate the 

inflammatory response, cell death and cell growth [411]. RIP1K inhibits TFEB action by activating 

ERK, which negatively targets TFEB through its phosphorylation at Ser142 [307,394]. Thus, it can 

be theorized that glucolipotoxic stress may induce cardiomyocyte depletion of TEFB levels and 

lysosome function by upregulating the RIP1K-ERK signaling axis, rendering cardiomyocytes more 

susceptible to injury and cell death.  

A recent study from our laboratory indicates that TFEB is hypophosphorylated and 

constitutively active in triple-negative breast cancer (TNBC) cells upon DOX treatment [328]. 

TFEB knock-down in TNBC cells increases caspase-3-dependent apoptosis and decreases cell 

survival [328]. In a separate study by Brady et al., TFEB and TFE3 were shown to control cell cycle 

in response to genotoxic stress in a p53- and mTORC1-dependent manner [412]. It has been 

reported that TFE3 overexpression allows cells to escape from Rb-induced cell cycle arrest [413]. 

Whereas depletion of TFEB reduces the proliferation of pancreatic and prostate cancer cells [329], 

indicating the oncogenic role of these transcription factors. Notably, our transcriptome analysis 

from TFEB-/- cardiomyocytes showed alterations in genes involved in DNA damage and repair 

pathways (Figure 3.2 B). However, it remains to be determined whether TFEB restoration-

dependent increase in cardiomyocyte survival is mediated by its effect on DNA damage and repair 

pathway in the heart. Whether double knock-down or overexpression of TFEB and TFE3 exhibit 

synergistic or antagonistic effect on cardiomyocyte survival in response to glucolipotoxic stress 

also merits investigation.    

6.5 TFEB-mediated regulation of lipid metabolism in the cardiomyocyte 

 In addition to TFEB’s canonical role in promoting lysosome biogenesis and function and 

promoting cellular survival, TFEB has also emerged as an important regulator of cellular 

metabolism. Indeed, several studies have demonstrated that TFEB is crucial in regulating cellular 

metabolism in the liver, skeletal muscle, adipocytes and macrophages [299,316,330]. In the 
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cardiomyocyte, we have shown an increase in nuclear TFEB content or silencing TFEB decreased 

lipid droplet (LD) formation or accumulated LDs, respectively. This finding implies that TFEB is 

a key player in regulating lipid metabolism, specifically regulating FA processing such as FA 

storage into TAG or FA catabolism. Our transcriptome analysis from cardiomyocyte-specific 

TFEB-/- mice suggested upregulation of genes involved in lipid biosynthesis and storage, whereas 

genes associated with lipid catabolism were downregulated. Findings from the liver and adipocyte 

studies suggest that TFEB-dependent regulation on cellular metabolism is driven by its effect on 

PGC1α and PPARα signaling axis [330]. Whereas in the skeletal muscle, TFEB regulates glucose 

homeostasis and mitochondrial biogenesis independent of its effect on PGC1α [316]. Interestingly, 

we observed a significant reduction in PPARα protein expression in TFEB-/- cardiomyocytes 

compared to WT cardiomyocytes, indicating that PGC1α and PPARα are possibly direct targets of 

TFEB in controlling lipid metabolism in the myocyte. Given that autophagy has been implicated in 

regulating lipid catabolism via lipophagy, we also investigated whether TFEB activated lipid 

breakdown by lipophagy in the cardiomyocyte. We observed that a viral-mediated increase in 

nuclear TFEB accelerated LD breakdown even in the presence of Atg7KD-mediated autophagy 

inhibition, implying that TFEB does not require a functional autophagy pathway to regulate lipid 

catabolism in the cardiomyocyte, whereas the opposite is true in the liver.  

Prior studies have demonstrated that the gain- or loss-of-function of TFEB in mouse liver 

or adipose tissue influenced whole-body energy metabolism. For example, liver-specific TFEB 

knock-down mice display an increase in peripheral adiposity [299], whereas adipocyte-specific 

TFEB knock-down causes hepatic steatosis [330]. However, whether gain- or loss-of-function of 

TFEB in the liver, skeletal muscle or adipocytes exacerbate or attenuate diet-induced cardiac 

dysfunction remains undetermined. Overexpression of TFEB in the liver or adipocytes influence 

whole-body metabolism and protected mice against diet-induced metabolic dysfunction [299,330]. 

Interestingly, a recent study by Song et al. demonstrated that autophagy deficiency in mice with 

cardiomyocyte-specific inducible knock-down of Atg7 impaired whole-body glycemic control and 
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insulin sensitivity and increased fat storage in subcutaneous and adipose tissue [414]. However, it 

has yet to be determined whether cardiomyocyte-specific TFEB-/- mice influence cellular energy 

metabolism in other tissues such as the liver, adipocytes and skeletal muscle and protects against 

diet-induced obesity.  

6.6 TFEB regulation in the heart 

A longstanding query in the field of TFEB biology is to interrogate mechanisms by which 

TFEB is regulated within the cell. The nuclear translocation of TFEB has been observed in response 

to a variety of stimuli such as starvation [299], lysosomal stress [301,302,309] and oxidative stress 

[415,416]. TFEB nuclear translocation is also modulated by posttranslational modification through 

its phosphorylation by several kinases [405]. Emerging studies have identified that TFEB and TFE3 

display cooperativity rather than redundancy in regulating cellular metabolism in the liver [314,324]. 

A recent study indicated that TFE3 compensates for TFEB deficiency and vice versa to regulate 

whole-body metabolism, innate immune responses and cell stress responses [314].  Further studies 

are warranted to ascertain whether TFEB and TFE3 exhibit cooperativity or redundancy in 

regulating cellular energy metabolic processes in the heart. Additionally, both Akt and GSK3β have 

been implicated in regulating TFEB subcellular localization through its phosphorylation 

[308,309,326]. In MCF7 cells, GSK3β phosphorylates TFEB at Ser134 and Ser138, resulting in 

inhibition of TFEB action by causing its cytoplasmic sequestration [308,326]. Akt is also reported 

to suppress the nuclear translocation of TFEB by phosphorylating TFEB at Ser467, a process 

independent of mTOR action [309]. Increased expression and activity of GSK3β has been reported 

in T2DM and obese animal models. Therefore, it is likely that glucolipotoxic stress activates 

GSK3β signaling to negatively targets TFEB through its phosphorylation and impairs lysosome 

function in the cardiomyocyte. Future studies are warranted to evaluate the impact of nutrient 

overload on GSK3-mediated TFEB subcellular localization of TFEB by examining the 

phosphorylation of serine residues of 134 and 138. 
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In the current study, we identified KLF15 as an upstream regulator of TFEB protein 

expression in the cardiomyocyte. Additional studies are warranted to investigate the underlying 

mechanisms by which KLF15 drives upregulation of TFEB protein expression in the 

cardiomyocyte. Given that KLF15 induces nuclear translocation of TFEB, it is plausible that 

KLF15 directly binds to the promoter region of the TFEB gene to trigger its nuclear intrusion. 

Whether KLF15 modulates autophagy and lysosome genes in a TFEB-dependent or -independent 

manner remains to be answered. Notably, a recent study identified a link between autophagy and 

KLF3 and KLF4. In this study, rapamycin (autophagy activator)-treated HEK293 cells upregulated 

KLF3 and KLF4, suggesting a KLF3/4-mediated regulation of autophagy pathway [387]. However, 

whether KLF3- and KLF4-dependent regulation of autophagy is mediated by their effects on TFEB 

remains unclear. Using gain- or loss-of-function of KLF15, it is also demonstrated that KLF15 

plays a vital role in regulating genes related to lipid transport, lipid catabolism and FA oxidation in 

the heart [385,417], whereas genes associated with glucose transport and glycolysis are unaltered 

[385,417]. These findings suggest that KLF15 and TFEB share overlapping functions in governing 

lipid metabolism in the cardiomyocyte. Since KLF15 induces nuclear translocation of TFEB, it is 

possible that KFL15 regulates lipid metabolism in the heart via its effect on TFEB. Whether KLF15 

and TFEB display cooperativity or redundancy in regulating lipid metabolism in the heart is not 

yet explored.   

6.7 Therapeutic potential of TFEB  

TFEB represents an appealing therapeutic target for many human diseases, including 

LSDs, neurodegenerative diseases and liver disease [338,418]. Many of these diseases are 

characterized by dysfunctional lysosomes and autophagy, resulting in the accumulation of protein 

aggregates [338]. Given that TFEB plays an important role in regulating autophagy, lysosome 

biogenesis and lysosome function, several attempts have been made to enhance cellular clearance 

of macromolecules by inducing TFEB expression. TFEB overexpression in mouse and cell culture 

models of LSDs, attenuated disease phenotype by reducing the accumulation of substrates [338]. 
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Furthermore, impairment in lysosome function and autophagy have been implicated in 

neurodegenerative diseases such as Parkinson’s (PD), Huntington’s (HD) and Alzheimer’s disease 

(AD), as well as other tauopathies [371]. Pharmacological or genetic activation of TFEB improves 

lysosome function and autophagy pathway and attenuates neuronal deposition of α-synuclein in a 

mouse model of PD [371]. These findings suggest that activation of TFEB can potentiate the effects 

of the recombinant therapeutic enzymes [336]. However, the underlying molecular mechanisms by 

which TFEB rescue lysosomal function in LSD merits further investigation.  

The beneficial effects of TFEB expression or TFEB induction have also been reported in 

cardiovascular diseases. A prior study demonstrated that overexpression of TFEB protected against 

amyloidogenic immunoglobulin light chain (AL-LC, amyloid cardiomyopathy)-induced 

cardiomyocyte contractile dysfunction and impairment in Ca2+ transient amplitude in zebrafish 

[345]. In a separate study, AAV-mediated transduction of TFEB in transgenic mice with 

αβcrystallin R120G mutation attenuates the progression of fatal cardiomyopathic manifestations 

by increasing cell viability and improving LV ejections performance, reducing LV end-systolic 

diameter and hypertrophy [368,381]. The upregulation of TFEB is also beneficial in obesity-related 

diseases. TFEB overexpression in both liver and adipocytes protected against diet-induced obesity 

and obesity-related complications [299,330]. Although the exact mechanism by which TFEB 

upregulation reduces obesity is not known, it is likely that its regulation of lipid metabolism 

pathway mediates TFEB’s effects.  

In this thesis, I have demonstrated that TFEB plays an important role in regulating lipid 

catabolic processes in cardiomyocytes. Pathological intramyocardial lipid accumulation is a 

hallmark of heart diseases related to obesity and diabetes. It is possible that TFEB overexpression 

in the cardiomyocyte increases lipid catabolism and decreases intramyocardial lipid accumulation, 

likely improves cardiovascular outcome and protects against impaired systolic and diastolic heart 

function.  These observations raise confidence in a therapeutic strategy targeting TFEB activation 
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to slow or reverse CVD pathogenesis. Therefore, TFEB is a potential therapeutic target to enhance 

lysosome function and autophagy to provide benefits in metabolic diseases.  

6.8 Perspectives and Concluding Remarks 

Our study demonstrated the nutrient-specific effect of TFEB regulation in the 

cardiomyocyte. Nutrient overload-induced accumulation of lipid species is associated with a 

decline in nuclear TFEB content and lysosomal proteolytic activity in the murine heart. 

Furthermore, transcriptome analysis revealed a non-canonical role of TFEB in governing lipid 

metabolism and cell death pathways in the cardiomyocyte as opposed to its canonical role in 

regulating lysosomal signaling and function (Figure 6.1). This study sheds light on the tight 

linkages between TFEB and metabolism within cardiomyocytes, given the high nutrient and 

mitogenic demand of the heart to maintain functional homeostasis. Probing intramyocellular 

mechanisms regulating TFEB and identifying pathways targeted by TFEB offers promising 

therapeutic options for treating patients at risk for metabolic heart failure. 

However, some of the outstanding questions that will advance the field of TFEB and its 

therapeutic utility include, 1) despite different nutrients exhibit differential effect on regulating 

TFEB in the cardiomyocyte, molecular mechanisms and the identity of the signaling players  that 

regulate TFEB in the cardiomyocyte remains unclear, 2) Investigating factors that cause MiT/TFE 

proteins to regulate autophagy or other processes will be important in understanding their role in 

development and disease, 3) TFEB is regulated through phosphorylation by several kinases, 

whether regulation of TFEB function and subcellular localization in the cardiomyocyte is 

phosphorylation-dependent or -independent remains unexplored, 4) given the heterogeneity of the 

heart, how TFEB is regulated distinctly within different cells of the myocardium such as fibroblasts, 

adipocytes, macrophages, myocytes, endothelial cells is paramount to advancing TFEB biology 

and lastly, 6) interrogating TFEB cooperativity or redundancy with other MiTF family members or 

other transcriptional modifiers is a critical step in understanding the orchestration of metabolism 

and autophagy to maintain functional homeostasis in multiple tissues, including the heart. 
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Figure 6.1 Cardiomyocyte-specific role of TFEB. TFEB plays an important role in regulating 
lysosome biogenesis and function (autophagy), cell death and survival, lipid metabolism and 
calcium dynamics in cardiomyocytes, which likely influences cardiac function.  
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