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Abstract 
 

 Lipotoxicity is a form of cellular stress caused by the accumulation of lipids resulting in 

mitochondrial dysfunction and muscle insulin resistance. Interestingly, mitophagy genes, such 

as BNIP3L/Nix, has also been linked to lipid metabolism. BNIP3L is an outer mitochondrial 

pro-apoptotic protein that plays an important role in serving as a mitochondrial autophagy 

receptor and an indispensable regulator of erythropoiesis. Recent studies from our group 

demonstrated that BNIP3L is elevated in response to lipid-induced stress leading to 

mitochondrial dysfunction and impaired insulin signalling. However, the precise mechanisms 

of BNIP3L activation of such responses are not entirely known.   

 Given BNIP3L’s role in mitochondrial autophagy, also known as mitophagy, in my thesis, 

I investigate aberrant mitochondrial turnover as a mechanism leading to impaired myocyte 

insulin signalling. In a series of gain-of-function and loss-of-function experiments in rodent 

and human myotubes, I demonstrate that BNIP3L accumulation triggers a series of cellular 

events, ultimately resulting in dysfunctional mitochondria. I also demonstrate mechanistically 

how BNIP3L can inhibit insulin signalling via mTOR activation. Finally, I provide evidence 

that BNIP3L-induced mitophagy and impaired glucose uptake can be reversed by 

pharmacologically targeting BNIP3L with PRKA activating agents, leading to BNIP3L’s 

translocation from the mitochondria and sarcoplasmic reticulum to the cytosol, therefore 

blunting BNIP3L function.   

 Collectively, the data presented here emphasize the crucial role of proper mitochondrial 

quality control in maintaining myocyte glucose homeostasis. Furthermore, disruption of 

mitochondrial quality control pathways, such as under lipotoxicity stress, may lead to 

pathological conditions, whereby mitophagy becomes a maladaptive response to nutrient 

storage stress. Therefore, understanding BNIP3L’s role in mitophagy and how it impairs 

muscle insulin signalling in vitro is essential to further investigate and delineate its importance 

in both in vivo and human studies, with the ultimate goal being to avert early-onset insulin 

resistance.   
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CHAPTER I: Literature Review 

 

1.1 Muscle Biology  

 

 Skeletal muscle is abundant throughout the body, performing essential anatomical and 

physiological functions, such as locomotion, helping to maintain posture, stabilizing bones and 

joints, controlling internal movement, and generating heat. There are three major muscle tissues 

in the body. First, cardiac muscle, which primarily functions to pump blood in the heart; failure of 

its basal contractility role is severely detrimental to general health and survival.  Second, the 

smooth muscle, present in the vasculature, i.e. veins and arteries as well as other visceral organs, 

serves as a luminal wall covering for such organs as the gut, bladder and esophagus. Finally, the 

skeletal muscle, attached to the skeleton, holds the bones, organs and vascular system together. 

Functional skeletal muscle is tasked with producing both aerobic and anaerobic respiration in order 

to generate adenosine triphosphate (ATP), the primary energy source for muscle essential to force 

generation. To that end, skeletal muscle highly relies on the mitochondria, described as the 

powerhouse of the cell. Some of its fuel sources are fat, glucose, and protein oxidation. It is crucial 

to maintain basal physiological mitochondrial function properties for skeletal muscle homeostasis. 

Importantly, disruption in the mitochondrial system is associated with pathological conditions, 

such as muscular atrophy, diabetes, cancer, Alzheimer’s, and Parkinson’s disease among others. 

Therefore, there is an absolute necessity to comprehensively understand the underlying 

mechanisms behind dysfunctional mitochondria and their role in the development of certain 

metabolic disorders. Knowledge obtained in these studies may decrease the burden of disease and 

lead to better treatment options.  
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1.1.1 Skeletal muscle and mitochondrial aspects 

 As previously mentioned, there are three major types of human muscles, categorized as 

striated (cardiac and skeletal) and smooth. The striated skeletal muscle is the most abundant type, 

representing nearly 40% of total body weight (1). The smooth muscle mainly controls non-

voluntary muscular contraction (2); similarly, the cardiac muscle is also not voluntarily controlled 

(3). All three aforementioned muscle types possess structured parallel individual muscle fibers that 

allow for contraction. In particular, the skeletal striated muscle structure is organized in several 

bundles of tubular muscle cells, known as fibers or myofibers, which contain several myofibrils. 

Every myofiber represents a muscle cell containing its own cellular unit: the sarcomere, where 

contraction occurs at the cellular level (4). The cardiac muscle is somewhat structurally similar to 

skeletal muscle, also striated, containing sarcomeres. In contrast, the smooth muscle lacks the 

striations that skeletal muscle has, forming a fusiform shape (5). 

 The skeletal muscle is well known for its remarkable capacity to adapt to various 

mechanical or physical challenges by altering its phenotypic size, fiber type, capillarization levels 

and even aerobic capacity (6). Accordingly, a highly specialized mitochondrial system in the 

skeletal muscle has evolved for this reason. The skeletal muscle mitochondria are generally 

classified based on their subcellular location, as subsarcolemmal (SS) and intermyofibrillar (IMF) 

(7). A distinguishing characteristic of SS mitochondria is their large lamellar shape, located under 

the sarcomere, while the IMF mitochondria are considerably smaller and located between 

contractile myofilaments (7). Moreover, using a three-dimensional approach, recent studies have 

further classified skeletal muscle mitochondria as paravascular mitochondria (PVM), I-band 

mitochondria (IBM), fiber parallel mitochondria (FPM), and cross-fiber connection mitochondria 

(CFCM) (8). These four newly identified mitochondrial populations are highly interconnected 

forming a network capable of fast energy distribution throughout the myofibers (8).  

 Collectively, skeletal muscle mitochondria are dynamic organelles constantly adapting in 

response to physiological and pathophysiological stresses to meet the energy and contraction 

demands of the muscle. Further details about the role of mitochondria in skeletal muscle and their 

role in disease will be discussed in the following sections of Chapter I of this literature review. 
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1.1.2 Fiber types 

 Muscle fibers are formed during myogenesis, a tightly controlled process that allows 

skeletal muscle differentiation (Figure 1.1). Briefly, the differentiation process starts when 

progenitor cells, containing transcription factors Pax3 and Pax7, begin to express myogenic 

regulatory factors Myf5 or MyoD as committed myoblasts (9). Next, these myoblasts slowly start 

to express myogenin (MyoG), giving rise to single-nucleated myotubes with myosin heavy chain 

(MHC) (10), leading to terminal differentiation of myoblasts into multinucleated myotubes. (11).  

 

Figure 1.1. Brief overview of in vitro skeletal muscle differentiation. 

 

 

 

 

 

 

 

 

 
 
 
 Skeletal muscle fibers are further categorized into four major types that are present in 

rodent muscles: one type of slow-twitch fiber (type I) and three types of fast-twitch fiber (type IIa, 

IIx/d, and IIb) (12). Type I and type IIa fibers are more oxidative, presenting higher mitochondrial 

content and are more resistant to fatigue, while type IIx and IIb are more glycolytic, presenting 

lower mitochondrial content, and are less resistant to fatigue (13). Furthermore, postural muscles 

(often called red muscles) are also known to be richer in slow fibers, highly vascularized and 

dependent on oxidative metabolism. On the other hand, muscles used for movement and repeated 

contraction (white muscles) are richer in fast fibers, largely dependent on glycolytic metabolism 

(14). These fiber types are well distributed throughout mammal’s body muscles, including in the 
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limb, trunk, and head. For instance, in rodents, the leg muscle is the most studied in the body with 

abundant slow type I fibers, especially in the posterior compartment where the soleus muscle is 

located. In most species, type II fibers are more abundant in forelimbs than in hindlimbs, as they 

are the fastest muscles; similarly, in humans, they are more concentrated in upper limb muscles 

(15, 16).  

 As mentioned above, mitochondrial energetics highly contributes to regulation of muscle 

fiber-specific function. Furthermore, other mitochondrial aspects, such as mitochondrial dynamics 

(fusion and fission) are also important features of proper muscle function. For instance, genetic 

ablation of mitofusin Mfn1 and Mfn2, proteins that facilitate fusion of the outer mitochondrial 

membrane, have been noted to result in severe myopathies, such as muscle atrophy (17). Recently, 

it has been shown that mitochondrial fusion rates correlate with oxidative capacity at the fiber 

level, according to the fiber type (18). Mishra et al. demonstrated that rates of mitochondrial fusion 

are higher in type I and IIA fibers, which also present elongated mitochondria, while type IIX and 

IIB glycolytic fibers have lower mitochondrial fusion rates, becoming more punctate (18). 

Furthermore, elongated mitochondria have been previously associated with increased metabolic 

states facilitating the maintenance of ATP levels in oxidative muscle fibers that rely on long-term 

energy production (19). Consequently, Mishra et al. suggests that mitochondrial morphology may 

be capable of adapting to the specific functional needs of the individual fiber.   

 Other studies have suggested that each muscle fiber type may play a different role on 

insulin-stimulated glucose metabolism (12, 20). On a physiological level, slow-twitch (type I) 

fibers have higher amounts of glucose transporter (GLUT)4 and hexokinase II, among others, but 

lower protein kinase B (Akt)2, TBC1 domain family member (TBC1D)4 and (TBC1D)1 amounts 

compared to type II fibers (21). These studies concluded that type I fibers have better glucose-

handling capacity, but similar insulin phospho-regulation sensitivity (21). Furthermore, in other 

reports, obese and type 2 diabetes (T2D) patients presented a lower proportion of type I fibers, 

which is rich in mitochondria, compared to type II fibers, concurrent with reduced oxidative 

metabolism (22).   

 In obesity and insulin resistance, the skeletal muscle capillary network is compromised, 

impairing insulin-mediated capillary recruitment. A study by Umek and colleagues (2019) 

investigated the possibility that the anatomical changes in the capillary network could be linked to 
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fiber-type specific differences. Capillary density was found to be increased in small muscle fibers 

(type I) compared to large fibers (type II) and is attributed to increased capillarization selectiveness 

towards more insulin-sensitive oxidative muscle fibers (23). Their findings suggest that the 

selective increase in capillarization surrounding more insulin-sensitive oxidative muscle fibers act 

to alleviate obesity-related insulin resistance (23). Obese insulin-resistant humans and mice 

present muscle fiber type transformation, which provides a possible mechanism related to impaired 

glucose metabolism and T2D. Although intriguing in the context of diabetic microangiopathy, 

further studies are required to more fully appreciate these observations  (21, 23).  

 Collectively, skeletal muscle function is highly dependent on mitochondrial activity, which 

is influenced according to fiber location, summarized in Table 1.1. 

 

Table 1.1. Summary of skeletal muscle fiber type phenotype. 
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1.1.3 Muscle metabolism 

 The skeletal muscle is the predominant site of insulin-mediated glucose uptake in a 

postprandial state (25). Approximately 80% of glucose uptake occurs in the skeletal muscle under 

euglycemic hyperinsulinemic conditions (24). As previously mentioned, skeletal muscle plays an 

essential role in metabolic homeostasis and its positive effects are amplified with exercise (25). 

During exercise, skeletal muscle ATP consumption increases, accumulating intracellular AMP 

concentrations, resulting of adenylate kinase reaction (26). Therefore, the increased cellular 

AMP/ATP and ADP/ATP ratios lead to activation of AMP-activated protein kinase (AMPK) (26). 

AMPK enhances glucose utilization through the increased expression of glucose transporters 

(GLUT)4, which are translocated to the plasma membrane in an insulin-independent manner (27). 

Notably, disruption in normal muscle physiology and lack of exercise has been linked to metabolic 

diseases such as T2D.  

 Moreover, skeletal muscle greatly relies on the uptake and mitochondrial β-oxidation of 

fatty acids to meet its energy demand and sustain contractile function, especially during physical 

activity (28). In human studies, it has been demonstrated that failure to increase reliance upon fat 

oxidation is associated with the pathogenesis of insulin resistance in the muscle. For instance, 

Ukropcova et al. (29) examined the fat oxidation capacity from a muscle biopsy of human vastus 

lateralis and found that insulin sensitivity is increased in lean and aerobic fitness individuals. 

Furthermore, exercise training also enhances muscle sensitivity to insulin-stimulated glucose 

uptake. Therefore, an imbalance between fatty acid uptake and oxidation promotes lipid 

accumulation, contributing to insulin resistance in T2D, ultimately impairing various steps in the 

insulin signalling cascade (30). 

 Various factors underly the molecular mechanisms of the progression of this pathological 

condition, including skeletal muscle mitochondrial dysfunction and insulin resistance. Further 

details on the possible mechanisms by which mitochondrial dysfunction arises will be discussed 

in more depth in the following sections.  
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1.2 Type 2 Diabetes  

 

1.2.1 Insulin overview: cell biology and physiology  

For nearly 100 years, the regulation of insulin secretion and its actions on peripheral tissues 

have been at the forefront of cell biology and physiological research. Frederick Banting and 

Charles Best are credited with the discovery of insulin in 1921 while working at the University of 

Toronto in Canada. Soon after its discovery, insulin was purified by James Collip, making its 

commercialization possible (31). In 1923, Banting received the Nobel Prize for the insulin 

discovery, and it was shared with his supervisor John Macleod. Although many excellent reviews 

of insulin function and T2D have been recently published (32, 33), Tokarz et al. (2018) have 

uniquely summarized the ‘journey’ of insulin in five main steps, starting with its biosynthesis in 

the pancreas to its final degradation by the kidney (33).   

 Arguably the most studied hormone in history, the study of insulin is embedded within 

most major cell biology discoveries (33). Some major areas of insulin investigation range from 

pro-hormone production and trafficking, membrane biology, exocytosis, receptor tyrosine kinases, 

Src homology 2 (SH2) domains, GLUT4 trafficking, and the regulation of carbohydrate, lipid, and 

protein metabolism (32), to name a few. More recently, the study of mitochondrial function, 

autophagy, and mitophagy in the peripheral tissues has provided insight into how muscle, liver, 

and adipose tissues regulate their sensitivity to insulin function, and to how these key target tissues 

of insulin communicate with each other to control whole body metabolism (34).  

 Primarily in myofibers and adipocytes, insulin binds to receptors on the plasma membrane 

and coordinates anabolic responses to nutrient availability (32). Upon insulin binding to its 

receptor, a signalling cascade of events are activated, ultimately promoting glucose uptake. 

Additionally, insulin action impacts fatty acid, amino acid, and potassium uptake in muscle and 

fat tissues (35). If this system becomes disrupted, it gives rise to insulin resistance, which affects 

virtually every tissue in the body, but has a dominant effect on muscle, adipose, and liver tissues 

(36). However, despite the growing body of literature highlighting various aspects of insulin 

signalling impairment leading to insulin resistance and later T2D, the underlying molecular 

mechanism is yet to be fully understood.  
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1.2.2 Pathophysiology 

 T2D is a fast-growing epidemic affecting over 425 million people globally, according to 

the World Health Organization in 2020. Previously known to be more prevalent in older adults, 

this trend has shifted over the past two decades with an alarming increase in T2D diagnoses among 

children and young adults (37). Moreover, diabetes in youth was historically thought to be 

exclusively type 1 diabetes (T1D), a chronic autoimmune disease characterized by insulin 

deficiency followed by  increased circulating levels of blood glucose (38). Importantly, the 

progression of T1D results from a highly complex interaction between the pancreatic β-cell and 

the immune system (39), while T2D is associated with some risk factors such as physical inactivity, 

obesity and unhealthy diet (40). The leading causes of T2D are not completely clear; however, a 

growing body of literature has highlighted multiple aspects of mitochondrial dysfunction and 

insulin resistance involved in the etiology of T2D (40–42).  

 T2D is characterized by insulin insensitivity or overt insulin resistance (41). As a result, 

glucose transport into the liver, muscle and adipose cells are compromised (43). In the early stages 

of the disease, the pancreas attempts to compensate by increasing insulin secretion into the 

bloodstream to overcome defects in peripheral insulin target tissues (42). As a consequence, this 

increased demand for insulin production cause β-cell hypertrophy (42). However, when β-cells 

fail to secrete insulin to compensate for a falling insulin sensitivity it leads impaired glucose 

disposal, following a meal or glucose challenge (impaired glucose tolerance), contributing to the 

further development of T2D  (44). The relationship between insulin secretion and insulin 

sensitivity is referred as the disposition index (DI), an important marker of β-cell function, and 

lower DI predicts conversion of insulin resistance to T2D (44).  

 Historically, it is debatable whether insulin resistance is the cause of T2D or a consequence 

of the altered upstream factors. Moreover, obesity is thought to play a central role in the 

development of insulin resistance and T2D (45). For instance, in obesity, sustained mitochondrial 

dysfunction, characterized as lower mitochondrial content and reduced mitochondrial gene 

expression, is deemed a pivotal contributor to this phenomenon (46–49). The mechanisms that 

connect obesity and T2D are closely associated, with evidence of impaired skeletal muscle glucose 

disposal and elevated fasting insulin (49–51). In obesity, adipose tissue cannot store excess lipids, 

resulting in ectopic lipid accumulation, for instance, in muscle (intramyocellular triglycerides) (52, 



 9 

53). As a result, impaired or inefficient FA oxidation in skeletal muscle can lead to further 

accumulation of lipid intermediates, contributing to disturbances in mitochondrial function and 

insulin signalling. Lipid species, such as acylcarnitines, FA, DAG and ceramides have been shown 

to impair insulin signalling (52, 53).  

 Detailed insulin resistance mechanisms will be further discussed in the insulin resistance 

section of this literature review. 

 

1.2.3 Glucose management and therapy  

Exercise training is one of the best strategies to prevent as well as treat T2D by promoting 

increased muscle oxidative capacity (41).  It has been demonstrated in numerous studies that 

mitochondrial function is improved in T2D patients after a short bouts of high-intensity training 

(41, 54). Additionally, vigorous physical activity has been demonstrated to be more effective in 

improving insulin sensitivity as compared to low-intensity exercise. Other therapies have also been 

shown to be effective, such as bariatric surgery (gastric bypass, gastric banding) to treat severe 

obesity associated with T2D (55). Whether its cost-benefit represents an optimal approach to 

prevent T2D, it still remains unclear. Therefore, more research is needed to recommend bariatric 

surgery as part of T2D prevention routine (56).  

Ultimately, the goal in the management of T2D patients is focused on glucose control, in 

order to prevent acute and chronic complications (57). Considering the cost and affordability of 

many medications, the World Health Organization has listed some medications as essential to 

meeting the healthcare needs of the population. Among these drugs are short-acting and, 

intermediate-acting insulin formulations, metformin, gliclazide and glucagon (to treat episodes of 

hypoglycemia) (IDF, 2017). It should be noted that some of these medications are used for both 

T2D as well as type 1 diabetes.  

Currently, there are twelve available classes of medications to treat T2D and they are 

classified into three main categories: drugs targeting b-cell dysfunction (sulphonylureas, 

biguanides, glinides, a-glucosidase inhibitors, thiazolidinediones, GLP-1 agonists, DPP-4 

inhibitors, amylin analogues, and insulin); drugs targeting non-insulin dependent pathways 

(SGLT-2 inhibitors); and drugs with unknown mechanisms (dopamine D2-receptor agonists and 
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bile acid sequestrants) (55, 57, 59).  The most commonly used medications to treat T2D are 

metformin (biguanide), sulfonylureas, GLP-1 analogue and DPP4 inhibitors (59). Their central 

mechanism of the action revolves around increasing the body’s response to carbohydrate intake 

and reducing post-prandial glucose levels. 

In particular, the sulfonylureas, developed in the 1950’s, bind to a specific sulfonylurea 

receptor in the b-cell linked to an ATP-K+ channel and inhibit it. Once this channel is inhibited, it 

blocks K+ efflux, which depolarizes the cell membrane leading to the opening of voltage-gated Ca+ 

channels. This series of events ultimately results in the exocytosis of insulin from the cell (60). 

Upon insulin secretion, glucose production is normalized, peripheral glucose disposal is enhanced, 

and glucagon levels are decreased (57). The expected efficacy of sulfonylureas is shown by a 

decrease in glycated hemoglobin (HbA1c) by 1.5 to 1.7%, as well as a reduction in fasting plasma 

glucose. They are relatively safe and inexpensive, therefore highly used. 

Metformin is a glucose-lowering agent belonging to the class of antidiabetic drugs known 

as biguanides. It was first approved by the FDA in 1994 to be in the market, since then metformin 

is still considered the first-line of defense in treating T2D (61, 62). Metformin activates the AMPK 

pathway, which is an essential regulator of glucose and lipid metabolism. AMPK inhibits acetyl-

CoA carboxylase resulting in a reduction of lipid synthesis and increase in fatty acid oxidation (43, 

57). Metformin is not associated with hypoglycemia, which can occur with the use of 

sulfonylureas, and may also promote weight loss. Additionally, has been noted to reduce HbA1c 

levels by 1.5 to 1.7% and a decrease in fasting plasma glucose levels by 50 to 70 mg/dL (62). 

The incretin-based therapy glucagon-like peptide-1 agonists (GLP-1) were first introduced 

to the market in 2005 and are a part of a new line of therapies gaining popularity for the treatment 

of T2D. Incretins are insulinotropic hormones, which are secreted from neuroendocrine cells in 

response to carbohydrate ingestion and absorption. Two incretin hormones are the GIP (glucose-

dependent insulinotropic polypeptide) and GLP-1. Both hormones induce glucose-dependent b-

cell insulin secretion, inhibit glucagon secretion from a-cells, and inhibit hepatic glucose 

production (59). Incretin mimetics also promote a decrease in HbA1c by 0.5% to 1.0% (62).  

Finally, the dipeptidyl peptidase-4 (DPP-4) inhibitors are used as an adjunctive therapy to 

sulfonylureas, biguanides, thiazolidinediones, and insulin, or as monotherapy. The dipeptidyl 

peptidase-4 inhibitors, or DPP-4 inhibitors, inhibit degradation of GIP or GLP-1 once entered 
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gastrointestinal circulation, enhancing endogenous GLP-1 as a result (55, 63).  The efficacy with 

this agent is presented by a reduction in HbA1c ranging from 0.5 to 0.8% (62). Some advantages 

include having a low risk of causing hypoglycemia, and having a minimal effect on weight. 

 

1.2.4 Emerging therapies  

More recently, a new class of drug has emerged as a potential therapeutic approach to treat 

T2D. The phosphodiesterase 4 inhibitor (PDE4i) roflumilast is an FDA-approved therapy to treat 

chronic obstructive pulmonary disease (COPD) and asthma since 2011 (64). A 12-week 

randomized controlled trial investigated the effects of roflumilast on glucose homeostasis and body 

weight in patients newly diagnosed with T2D. It was found that HbA1c was significantly reduced 

by 0.79% in patients that received roflumilast as compared to a placebo (64). This suggests that 

roflumilast contributes to minimizing postprandial hyperglycemia. However, the precise 

mechanism has yet to be investigated (64). In a parallel animal model study, it was found that 

roflumilast potentially improves glycemic levels by promoting GLP-1 release following food 

intake (65). 

As briefly mentioned above, roflumilast has been found to promote weight loss in humans 

(66, 67), which can often be beneficial if the affected patient is also overweight. In an animal study, 

mice fed with high-fat diet, roflumilast treatment significantly reduced fasting plasma glucose and 

body weight through increased energy expenditure (68). The mechanism proposed suggests that 

roflumilast increases cyclic adenosine monophosphate (cAMP) levels intracellularly by inhibiting 

phosphodiesterase enzymes. As a result, protein kinase A (PRKA) downstream signalling pathway 

is activated leading to mitochondrial biogenesis and mitochondrial activity, which promotes higher 

insulin sensitivity and weight loss (68). Though this may represent a novel therapeutic target to 

treat T2D, more research is needed to elucidate the precise molecular mechanisms by which PDE4i 

improves glucose homeostasis. Taking this into consideration, in our studies we have further 

investigated how PRKA signalling may be involved in muscle insulin resistance, using cilomilast, 

another PDE4i, as proof of concept to modulate this pathway. Please refer to the manuscript 

described in Chapter III of this thesis for further details.  
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1.3 Insulin Signalling 

 

1.3.1 Insulin receptors and substrates 

 The first report describing how insulin interacted with cell membranes was published in 

1949, by Levine and colleagues (69). Following, in 1970, the Australians House and Weidemann 

described for the first time the radio-labeled insulin binding to the membrane of liver cells (70). 

Since then, many discoveries have been made that have allowed for a deeper understanding of 

insulin’s action and kinetics. For instance, De Meyts and Lawrence summarize over 30 years of 

insulin research since its discovery in a review (69, 71).    

 Insulin performs its function when it binds to the insulin receptor (INSR) (32). INSR is 

composed of both alpha (⍺) and beta (β) subunits (72). In the β subunit, tyrosine phosphorylation 

is more specific to insulin (72), and this subunit is mostly expressed in differentiated liver, muscle, 

and white adipose tissue (WAT) (73, 74). When β subunits present conformational changes, it 

initiates trans-autophosphorylation of tyrosines, for instance, Tyr1162, Tyr1158, Tyr1163, and 

later Tyr972 (75). The binding events are an essential step for INSR substrate recruitment and 

activation, resulting in downstream mitogenic and metabolic signalling (76). These signal 

activations are dependent on insulin concentrations. While induction of the metabolic response 

requires lower insulin amounts, the mitogenic response requires more (77).    

 Upon insulin binding to INSR, complex cascades of downstream signalling events are 

activated, allowing insulin to perform its action in insulin-target tissues. In all cell types, activation 

of INSR is mediated upon the recruitment of phosphotyrosines-binding scaffold proteins (PTB), 

initiating a cascade of cellular phosphorylation (78). The INSR receptor substrates are IRS1 and 

IRS2, Src homology collagen (Src), and adaptor protein (APS), with a pleckstrin homology (PH) 

and SH2 domain. Once phosphorylated, these substrates bind and activate kinases, mediating the 

initiation of insulin action in the cell (76). The SH2B1, SH2B2/APS, GRB10 (growth factor 

receptor-bound protein 10), and GRB14 are known to interact via their SH2 domain. These 

substrates play a critical role in cellular function. For instance, GRB10 is phosphorylated by the 

mammalian target of rapamycin (mTORC1) and activated by insulin signalling, contributing to 

negative feedback inhibition of INSR (79).  While the GRB2 is involved in the mitogenic arm of 

insulin signalling, the SH2B2/APS initiates the metabolic insulin response, depending on the cell 



 13 

type (77). Phosphotyrosine phosphatases (PTPases), mostly PTP1B, has the potential to inhibit 

INSR by causing its dephosphorylation. However, this is prevented by INSR activation of 

NAD(P)H oxidase 4 (NOX4), which inhibits PTP1B and amplifies insulin signalling (80). 

Collectively, proper activation of these substrates, proteins, and kinases are crucial in the 

regulation of insulin function within the cell. 

  The insulin receptor substrate (IRS) is the best-described class of the INSR scaffold. 

Though six IRS isoforms have been described in the literature, IRS1 and IRS2 are responsible for 

mediating most of the metabolic effects of INSR (81, 82). The IRS contains an amino (NH2) and 

a carboxyl (COOH) terminal, full of tyrosine and serine/threonine phosphorylation sites (83). IRS 

PTB domain bind to INSR pTyr972 to phosphorylate IRS tyrosine residues. Then, downstream 

signalling effectors are recruited to propagate and amplify insulin response (78). The S6 kinase 

(S6K) is the predominant inhibitor of insulin signalling, mediated by serine phosphorylation of 

IRS (79). Furthermore, IRS serine phosphorylation is one of the major events leading to insulin 

resistance.    

  IRS mediates insulin-stimulated glucose uptake upon IRS tyrosine phosphorylation and 

recruitment of phosphoinositide 3 kinase (PI3K). PI3K has been intensely investigated, and 

inhibition of it results in impairment of insulin-stimulated glucose uptake (84, 85). One of the 

critical roles of PI3K is to catalyze phosphatidylinositol-4,5 biphosphate (PIP2) into 

phosphatidylinositol-3,4,5 triphosphate (PIP3) (86). Following the reaction, PIP3 recruits proteins 

with the PH domain to the plasma membrane and activates downstream effectors, such as 

phosphoinositide-dependent kinase (PDK1) and AKT (87). AKT1 activation is either mediated by 

PDK1 Thr308 phosphorylation or by mTORC2 ser473 phosphorylation (88). The AKT1 ser473 

phosphorylation is one of the most commonly used markers of insulin action; however, the precise 

mechanisms that link INSR activation to AKT ser473 are not fully understood.   

 In summary, insulin binds to INSR and it auto-phosphorylates, initiating recruitment of 

various substrates upon phosphorylation. The significant arms of insulin signalling are mitogenic 

and metabolic functions. In the mitogenic arm, GRB2 and SHC are activated and initiates the 

downstream signalling activations (77), while the metabolic arm is activated by IRS and SH2/APS 

(89). Insulin performs both positive and negative feedback mechanisms. In the positive feedback, 

there is an increase of PI3K-AKT axis, phosphatase inhibition by Nox4 derived H2O2. Moreover, 
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in the negative feedback, there is stabilization and recruitment of GRB10 to INSR, as well as 

activation of S6K1 to phosphorylate and inhibit IRS1 (79, 90). 

 

1.3.2 Muscle glucose uptake 

The skeletal muscle accounts for approximately 80% of postprandial glucose disposal in 

humans, and proper insulin action is crucial to maintain glucose homeostasis (91–93). The primary 

role of glucose in the skeletal muscle is to promote glycolysis or glycogen synthesis, where the 

latter represents approximately 75% of all glucose disposal (91).  

Elevated levels of blood glucose trigger pancreatic insulin release, which subsequently 

binds to INSR to promote glucose uptake and glycogen storage in skeletal muscle (33). Moreover, 

INSR stimulation triggers a phosphorylation-dephosphorylation cascade that is mediated by 

various kinases such as S6K, Akt, PDK-1, and isoforms of protein kinase C (PKC) (94). These 

proteins function to regulate numerous pathways in the skeletal muscle that contribute to glucose 

metabolism (94). One signalling pathway involves the translocation of GLUT4 containing storage 

vesicles (GSVs) to the plasma membrane, which is regulated by Akt2 (91, 95). Other downstream 

effects result in an increase in glucose-6-phosphate (G6P), dephosphorylation of glycogen 

metabolic proteins, and glycogen synthesis (91). In order to sustain normal insulin-stimulated 

glucose uptake in the muscle, it is crucial to maintain the IRS1/PI3K/Akt pathway (91).  

Tyrosine phosphorylation of IRS mediates PI3K recruitment and insulin stimulated glucose 

uptake. Conversely, serine and threonine phosphorylation of IRS has an opposite effect (96). 

Continuous exposure to high insulin levels were found to induce phosphorylation of either serine 

or threonine, which consequently inhibited IRS1 and decreased GLUT4 translocation to the plasma 

membrane (96). Skeletal muscle uses IRS1 as the primary substrate for INSR during insulin-

mediated glucose metabolism (94). Although IRS2 is also expressed, it is unnecessary for insulin-

stimulated glucose transport in the muscle (97). In the presence of high amounts of 

phosphatidylinositol (3,4,5)-trisphosphate (PIP3) in the cellular membrane, kinases with a PH 

domain such as PDK1 and Akt are recruited (98). While both Akt1 and Akt2 are present in skeletal 

muscle, Akt2 is more critical for insulin-stimulated glucose uptake. Studies on mice have indicated 

that Akt2 knockouts are extremely glucose intolerant (99), whereas Akt1 knockouts exhibit normal 

glucose tolerance, along with growth and metabolic defects (100). 
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PI3K regulates GLUT4 translocation to the plasma membrane (101), mediated by Akt2 

phosphorylation and the activity of a Rho family of small guanosine triphosphatases (GTPase) 

Ras-related C3 botulinum toxin substrate 1 (RAC1) (102, 103). Studies on muscle-specific RAC1 

knockouts in mice have indicated that Rho GTPases may likely be involved in insulin-stimulated 

glucose uptake regulation in the muscle via PI3K dependent signalling (104). Further, Sylow and 

colleagues (2013) observed that even in the presence of activated Akt, these knockout mutations 

resulted in impaired insulin-stimulated glucose uptake (105). Despite its relevance to insulin-

stimulated glucose uptake signalling, the precise mechanisms of RAC1 induced GLUT4 

translocation is still not entirely known. 

In summary, GLUT4 translocation to the plasma membrane in a fed state is an important 

step in normal blood glucose disposal in the skeletal muscle and is characteristic of normal insulin 

physiology. However, the failure of this event in response to insulin may indicate an early stage 

of insulin resistance and T2D (89). 
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1.4 Insulin Resistance  

 

1.4.1 Causes 

 The hallmark of insulin resistance is unresponsive target tissues, resulting in insulin’s 

failure to adequately dispose of glucose from the blood, inhibit lipolysis, and stimulate glycogen 

synthesis (32). Traditionally viewed as a compensatory response, insulin secretion is enhanced 

leading to hyperinsulinemia. These defects may be reversible by weight loss, exercise, and proper 

nutritional diets; however, if left unopposed insulin resistance is a precursor event that likely 

contributes to b-cell dysfunction. The most widely reported consequences of insulin resistance 

include the onset of T2D, with corresponding fasting and postprandial hyperglycemia, elevated 

HbA1c, and non-alcoholic fatty liver disease, which are accompanied by increased fasting plasma 

insulin. However, more recent evidence using genetically engineered mouse models, have 

challenged the idea that insulin resistance is a direct cause of T2D, and instead posits that basal 

hyperinsulinemia caused by b-cell gluco/lipotoxicity drives obesity and resistance in peripheral 

tissues (106, 107). Collectively, these insights support the notion of a feed-forward system where 

insulin resistance stimulates hyperinsulinemia, and hyperinsulinemia worsens obesity and insulin 

resistance until b-cells fail, marking the onset of T2D. 

 As insulin has different roles in various tissue types, this has ramifications in the concept 

of insulin resistance. In other words, the pathogenesis of insulin resistance may be distinct in each 

target tissue (i.e. muscle, adipose, or liver). Among the leading etiological factors in the 

pathogenesis of insulin resistance is the effect of lipotoxicity (108). Additionally, cellular nutrient 

stress, for instance, the effect of the endoplasmic reticulum (ER), mitochondrial dynamics and 

energetics, and oxidative stress, are also emerging areas of investigation (Figure 1.2). Finally, 

integrated physiological mechanisms, such as the relationship between macrophages and 

adipocytes during inflammation and circulating branched-chain amino acids (BCAAs), are 

possible mechanisms that may also contribute to the onset of insulin resistance (32). 
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Figure 1.2. Impaired mitochondrial function and insulin resistance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Impaired mitochondrial functioning is a suggested mechanism through which insulin resistance 
develops. Several factors have been implicated in the development of mitochondrial dysfunction. 
Some of the most reported factors include increased ROS production, impaired glucose and fatty 
acid oxidation, metabolic inflexibility, ectopic lipid accumulation and mitochondrial damage, 
leading to insulin resistance in major insulin target tissues, such as muscle, adipose tissue, and 
liver. 
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1.4.1.1 Lipotoxicity 

 Contemporary theories regarding insulin resistance outline different mechanisms by which 

it arises (40, 42, 53). Lipotoxicity is a type of cellular stress induced by the accumulation of lipid 

intermediates such as diacylglycerols (DAGs), ceramides, and triglycerides that facilitate the 

development of insulin resistance in muscle, liver, and adipose tissue (32, 40, 109, 110). Moreover, 

in skeletal muscle, the overabundance of fatty acid intermediates impedes insulin signalling via 

the reduction of GLUT4 transporters on the myocyte membrane surface (111–113). In other tissues 

such as the liver, intrahepatic triglycerides (IHTG) accumulation and DAG-PKC-ε axis have been 

hypothesized to be implicated in the pathogenesis of hepatic insulin resistance (114). As for 

adipose tissue, it has been theorized that an increase in lipolysis, governed by a similar cascade to 

skeletal and liver tissue is the proximal cause of insulin resistance at this site (115).  

 

1.4.1.2 Metabolic inflexibility 

 Metabolic flexibility is described as the ability of an organism to adapt fuel oxidation to 

fuel availability (116). Consequently, metabolic inflexibility is characterized by impaired fuel 

switching and energy dysregulation, concepts that are both closely associated with insulin 

resistance and cardiometabolic disease (42). Diminished fuel switching capacity can result in the 

accumulation of intramyocellular lipid (IMCL), as well as DAG-PKCq activation and impairment 

of proximal insulin signalling pathways (117). The  latter ultimately impairs insulin signalling 

through different mechanisms, either increased serine phosphorylation of IRS1 at Ser-1101 and/or 

reduced serine phosphorylation of PKB/Akt (118, 119). 

 With an excess of fatty acid availability, fatty acid transporters may limit cellular and 

mitochondrial fatty acid uptake, thereby reducing fat oxidation and increasing the accumulation of 

lipotoxic lipid metabolites, contributing to the onset of insulin resistance (120). Additionally, 

myotubes from  insulin-sensitive subjects have been reported to be more adaptive to fatty acid 

exposure in vitro (121). Further, palmitate oxidation has also been shown to be lower in myotubes 

derived from T2D versus matched nondiabetic controls (122, 123). Ultimately, defects in fuel 

switching can intensify with impaired mitochondrial content and/or function, further contributing 

to insulin resistance and mitochondrial dysfunction (Figure 1.2).  
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1.4.1.3 ER stress 

 The mechanisms of lipid-induced insulin resistance have been well described as an 

underlying cause of obesity-associated insulin resistance. However, an overload of other nutrients 

may also be implicated in the etiology of insulin resistance (124), and diabetes (125), for instance, 

the unfolded protein response (UPR), activated by ER stress (124). The main role of the UPR is to 

promote an adaptive cellular response that alleviates ER stress through different mechanisms, such 

as the inhibition of protein synthesis and the enhancement of protein folding and degradation (126). 

The major arms of UPR activation in mammals are mediated by three ER transmembrane stress 

sensors: PKR-like ER kinase (PERK), inositol requiring enzyme 1 (IRE-1), and activating 

transcription factor 6 (ATF6) (127).  

 Though the precise role of ER stress in muscle insulin resistance remains uncertain, there 

are two mechanisms proposed in the contexts of obesity and T2D that are well supported by the 

literature. The first mechanism is the activation of the c-Jun N-terminal kinase (JNK1) pathway 

via IRE-1, resulting in inhibitory serine phosphorylation of IRS1 (128, 129). Moreover, JNK was 

proposed to induce insulin resistance in obesity via four different mechanisms, including direct 

inhibition of IRS1 phosphorylation, induction of metabolic inflammation, increased adipogenesis 

and metabolic efficiency, and negative regulation of the PPARα-FGF21 axis (129). The second 

mechanism linking ER stress, obesity and diabetes-induced insulin resistance involves activation 

of the  PERK/eIF2/ATF3 signalling pathway (130). Activation of this pathway leads to increased 

expression of the tribbles-like protein 3 (TRB3). The TRB3 is an important pseudokinase that 

highly contributes to insulin resistance by inhibition of Akt activity (131).  

 

1.4.1.4 Mitochondrial dysfunction 

 Mitochondria are dynamic organelles that adapt to metabolic perturbations by undergoing 

fusion and fission cycles, rearranging electron transport chain complexes into supercomplexes, 

and proliferation via peroxisome proliferator-activated receptor γ co-activator 1α (PGC 1α) (132). 

These normal processes, however, are dysregulated in individuals with T2D and insulin resistance  

(133, 134). Mechanistic studies have shown that lipotoxicity prompts excessive mitochondrial 

fission through activation of dynamin related protein 1 (DRP1), resulting in impaired insulin-

stimulated glucose uptake (135). Another presumed mechanism connecting mitochondrial 
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dysfunction to insulin resistance is the generation of reactive oxygen species (ROS) by 

mitochondria (Figure 1.2). Oxidative stress occurs when ROS production overwhelms cellular 

antioxidant capacity. In addition to the ability of ROS to induce oxidative damage to nuclear DNA, 

lipids and protein, they are also signalling molecules that can directly induce insulin resistance 

(136). The induced oxidative damage caused by the ROS consequently triggers the removal of 

damaged mitochondria by mitophagy (137). The resultant decrease in mitochondrial function and 

density compromises overall cellular oxidative capacity, further contributing to ectopic lipid 

accumulation (138).  

 

1.4.2 Tissue specific insulin resistance 

 

1.4.2.1 Muscle 

Human studies examining the mechanisms behind impaired GLUT4 translocation to the 

plasma membrane in skeletal tissue have suggested that failed INSR signalling activation is likely 

responsible (139). Additionally, in T2D patients, tyrosine phosphorylation of IRS1 was reported 

to be severely impaired as a consequence of hyperglycemia (140). Therefore, defects at the 

proximal level of insulin signalling that involve INSR, IRS1, PI3K, and Akt pathways are more 

evident in skeletal muscle insulin resistance, resulting in a decrease in insulin-stimulated glucose 

uptake. 

 Many theories have been proposed to explain the mechanism of muscle insulin resistance.  

One of the earliest theories was proposed by Randle and his colleagues in the 1960s.  They 

concluded that an acute increase in muscle fatty acid oxidation leads to the accumulation of citrate, 

which inhibits phosphofructokinase (PFK), a pivotal enzyme in glycolysis (141). This results in 

the impairment of glucose utilization (141). Other studies have further elaborated that reduced 

insulin-stimulated muscle glycogen synthesis and glucose oxidation may drive chronic insulin 

resistance (92). 

 Modern theories argue that skeletal muscle lipid exposure is one of the leading causes of 

muscle insulin resistance. The mechanism of lipid-induced insulin resistance linking DAGs, 

ceramides and other species have been extensively investigated (32, 142–144). Animals treated 
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with a high-fat diet and lipid infusion have increased muscle DAG, resulting in activation of PKCq 

(145). Similarly, lipid infusions in humans resulted in an increase in DAG and PKCq signalling, 

which impairs tyrosine phosphorylation of IRS1 (145, 146). IRS1 is the primary activator of 

PKB/Akt, inhibition of this pathway blocks insulin signalling cascade events preventing insulin-

stimulated glucose uptake in the skeletal muscle (Figure 1.3). In other studies, acute induction of 

muscle insulin resistance increased DAG content, PKCq activation, and increased phosphorylation 

of IRS1 serine 1101, concurrent with inhibition of IRS1 and Akt2 phosphorylation. However, 

adipokines, ceramides, and acylcarnitine content alterations were not associated with insulin 

resistance in this study (146). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 22 

GLUT4 AKT2

Insulin

PI3K

PKCθ
IMCL

Skeletal 
Muscle

GL
UT

4

GLUT4 GLUT4
GSV

IRS1
pY

Glucose

INSR

Overfed State & Insulin 
Resistance

Figure 1.3. Muscle insulin resistance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

 
 

 
In the skeletal muscle, lipid‐induced insulin resistance is initiated upon activation of the DAG‐
PKCθ axis and inhibition of both PI3k and phosphorylation of IRS1. As a result, insulin signalling 
is impaired, preventing GLUT4 translocation to the plasma membrane and glucose uptake. 

  

 

 

 



 23 

 In both skeletal muscle and liver, activation of the nPKCs have been consistently observed. 

Yu and colleagues (2002) suggested a link between increased DAG content and sustained 

activation of the PKCq. In previous studies, rodents were infused with lipid emulsions or glycerol, 

and it was observed that the nPKCs mediated insulin resistance that results in chronic IMCL 

accumulation (110, 145). Specifically, in the skeletal muscle, T2D patients present with increased 

PKCq (146), and PKCe (147) isoforms, compared to controls. Interestingly, a study conducted on 

endurance athletes found that IMCL accumulated in athletes who did not have T2D, a phenomenon 

termed the “Athlete’s Paradox” (148). It was discovered that T2D patients and endurance athletes 

store lipid droplets differently. T2D patients have lipid droplets localized in the subsarcolemmal 

region of type II muscle fibers while the athlete’s lipid droplets were localized in the myofibrillar 

region of type I muscle fibers. This finding suggests the importance of lipid droplet morphology 

and storage in the pathogenesis of insulin resistance (148). 

 As noted above, a multitude of mechanisms have been proposed by which insulin 

resistance develops in the skeletal muscle. Elevated serum amino acids, particularly BCAAs,  were 

found in obese T2D patients (149). Similarly, animal and human studies have shown that the 

infusion of amino acids caused impairment of skeletal muscle glucose uptake (150, 151). Recently, 

pharmacological enhancement of BCAA catabolic activity has been shown to improve insulin 

resistance and hyperglycemia, at least in an animal model (152). The mechanisms behind how 

increased BCAAs lead to insulin resistance are still not clear, but it has been linked to an increase 

in lipotoxicity (153). Other studies have shown that high amounts of BCAA can interfere with 

insulin signalling via activation of mTOR and S6K1 in a PI3K dependent manner (151). Tremblay 

et al. (2007) identified in an in vitro model that S6K1 directly phosphorylates IRS1 Ser-1101 

resulting in suppression of IRS1 tyrosine and Akt phosphorylation, and further, insulin resistance 

(154). 

 Recent theories argue that excessive β-oxidation and mitochondria acylcarnitine 

accumulation are linked to the development of muscle insulin resistance (53). Koves and 

colleagues (2008) found that concurrent with the upregulation in β-oxidation there was a decrease 

in tricarboxylic acid (TCA) intermediates. Furthermore, in this imbalanced environment of 

impaired β-oxidation, the mitochondria become more susceptible to accumulation of acyl-CoAs 

and acylcarnitine, possibly contributing to mitochondrial failure (53). Mitochondrial dysfunction 
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has been linked in many ways to impaired insulin sensitivity and T2D (Figure 1.2). This is mostly 

due to reduced oxidative capacity, impaired mitochondrial biogenesis, and low electron transport 

chain activity (143). The by-products of incomplete fat oxidation and ROS are accumulated in the 

mitochondria, leading to activation of serine kinases that ultimately impairs insulin signalling and 

GLUT4 translocation (155). Importantly, ROS is endogenously produced and have physiological 

significance at low levels (156), such as enhancing insulin signaling in skeletal muscle (157). Loh 

and colleagues (2009) demonstrated that mice lacking glutathione peroxidase, an important 

enzyme in the elimination of physiological ROS, were protected from insulin resistance induced 

by high fat feeding (157). However, the precise mechanisms are not fully understood as how ROS 

plays a dual role as both a signal and damaging agent.  

 Although dysfunctional mitochondria may cause an increase in ROS production in the 

absence of abundant antioxidants, the increase in ROS production can result in damaged nuclear 

and mitochondrial DNA, lipid accumulation, and the onset of insulin resistance (158, 159). Hui-

Young Lee and colleagues (2017) investigated this hypothesis in mice overexpressing a 

mitochondrial-target catalase (MCAT) that caused a decrease in mitochondrial ROS, and fed them 

with a high-fat diet. Findings revealed that these animals were protected from energy imbalances 

as well as from DAG accumulation and PKCq activation (149).   

 Furthermore, gene expression arrays performed on human muscle biopsies found that a 

series of genes involved in oxidative metabolism were downregulated in T2D patients (41). For 

instance, the mitochondrial PGC-1a, responsible for promoting mitochondrial biogenesis, is 

present in the promoter region of these downregulated genes. Therefore, in the absence of such 

genes regulated by PGC-1a, there was a decrease in muscle oxidative capacity (161, 162). In the 

absence of functional mitochondria, fatty acids compete with glucose for oxidative degradation 

(141), resulting in metabolic inflexibility (Figure 1.2). The inability to switch fuel oxidation upon 

nutrient availability leads to insulin resistance and IMCL accumulation (163). Therefore, these 

findings emphasize the role of ectopic IMCL accumulation in skeletal muscle insulin resistance as 

summarized in Figure 1.3.   
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1.4.2.2 Liver  

 In the liver, insulin signalling is initiated by INSR trans-autophosphorylation, activation, 

and recruitment of scaffold signalling proteins (164), such as IRS1 and IRS2. Both isoforms have 

a similar function; however, IRS1 may have a more significant role in normal glucose homeostasis. 

Dong et al. 2008 showed that liver-specific Irs-1 knockout animals presented with considerable 

glucose intolerance, while Irs-2 deletion resulted in mild glucose intolerance; deletion of both 

isoforms severely weakened insulin stimulation of PI3K-Akt activity (165). The hepatic insulin 

signalling is distal to Akt activation; however, Akt signalling is central to hepatocellular insulin 

action. The Akt substrates are glycogen synthase kinase (GSK3), transcription factor forkhead box 

01 (FOXO1), and mTORC1. Additional signalling pathways independent of Akt may be involved 

in metabolic control; however, more studies are needed to describe them (166).   

 In a fed state, insulin inhibits transcription of gluconeogenic genes, mostly the ones 

mediated by FOXO transcription factors (167). As previously mentioned, FOXO1 is an Akt target, 

and its main phosphorylation sites are at Thr24, Ser256, and Ser319 (168). Mice lacking FOXO1 

in their liver presented with impaired hepatic glucose production (HGP) (169). Therefore, FOXO1 

is a key molecule and highly crucial for HGP. Another critical role of insulin in the liver is its 

direct effect on lipid metabolism. Insulin regulates genes responsible for de novo lipogenesis 

(DNL), the conversion of sugar into fat (170). The primary transcription factor regulator of this 

process is the sterol regulatory element-binding protein-1c (SREBP-1c). Insulin regulates 

activation of SREBP-1c; however, inhibition of the PI3K-Akt-mTORC1 axis is known to also 

inhibit SREBP-1c via insulin inhibition (171). Finally, insulin also regulates protein synthesis in 

the hepatocytes in addition to playing a role in glucose and lipid metabolism. The primary mediator 

of protein synthesis in various insulin-responsive tissues, such as hepatocytes, adipocytes, and 

myocytes, is mTOR.      

 Dysregulated hepatic glucose production is associated to the onset of T2D (172). In normal 

conditions, FOXO1 increases expression of necessary enzymes for gluconeogenesis; therefore, its 

upregulation results in increased substrate conversion into liver glucose (173). However, in obese 

mice, upregulation of FOXO1 expression resulted in impaired glucose tolerance and increased 

hepatic fat accumulation, contributing to the development of diabetes and hepatic steatosis (174). 

The precise mechanism of overfeeding in the dysregulation of FOXO1 is still under investigation 
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(174). Conversely, the ablation of hepatic FOXO1 in mice lacking hepatic Irs1 and Irs2 restored 

glucose and insulin levels close to normal in response to a fasting and fed state (165), and genetic 

ablation of FOXO1 in mice lacking insulin receptor (LIRFKO) reversed insulin resistance (175). 

Recent evidence suggests that low hepatic PGC 1α in T2D patients is also associated with hepatic 

insulin resistance. PGC 1α drives the ratio of IRS1 and IRS2 in hepatocytes, and low levels of it 

resulted in disruption of IRS1 and 2 expression impacting normal glucose homeostasis (176, 177).     
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Figure 1.4. Intrahepatic insulin resistance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Intrahepatic lipid accumulation triggers activation of the DAG/PKC axis. PKCe directly 
phosphorylates and inhibits INSR at Thr1160, impairing insulin signalling. As a result, 
gluconeogenesis is increased, as insulin suppression of gluconeogenesis mediator, FOXO1, is 
impaired. Furthermore, in a chronic overnutrition state, DNL is increased, concurrent with its 
mediators mTORC1 and SREBP-1c. Even though activation of SREBP-1c by INSR is impaired 
in hepatic insulin resistance, other inputs such as amino-acid mediated mTORC1 activation can 
increase the lipogenic flux. Additionally, a chronic increase in lipolysis contributes to IMCL 
accumulation and lipid-induced insulin resistance. 
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 As insulin also plays a role in lipid metabolism through SREBP-1C, insulin-resistant 

people may present with decreased lipogenesis. As shown in animal models of hepatic insulin 

resistance, there is a decrease in hepatic DNL (178). Several effectors act together and are involved 

in insulin resistance, for instance, Akt and FOXO1, controlling both glucose and lipid handling 

(179). In a non-alcoholic fatty liver disease (NAFLD), increased re-esterification of circulating 

fatty acids supplied by adipose insulin resistant tissue, is a possible leading cause of increased liver 

triglycerides (180). Furthermore, in insulin-resistant patients, the primary lipogenic flux is re-

esterification, and not DNL; DNL is regulated by SREBP-1C, activated by mTORC1 via amino 

acid stimulation (171). 

 As shown in Figure 1.3 and 1.4, ectopic lipid accumulation in muscle or liver is a 

consequence of an overfed state or defective adipocyte fatty acid metabolism. As a result, this 

leads to activation of DAG-PKCe axis in the liver and subsequent inhibition of INSR signalling 

via phosphorylation of INSR at Thr1160 (181). Alternatively, ceramides have also been shown to 

activate an atypical PKCz (Zeta) isoform and mediate hepatic insulin resistance (182). Therefore, 

some of the main consequences of this lipotoxicity-induced insulin resistant state are impaired 

insulin stimulation of hepatic glycogen synthesis, impaired upregulation of transcription factors 

that regulates DNL, and impaired downregulation of transcription factors that regulates 

gluconeogenic process. In previous sections of this literature review, the role of impaired 

mitochondrial function in contributing to insulin resistance in the muscle was discussed. However, 

in the liver, it has been shown that insulin resistance originating from lipotoxicity has no link with 

lower mitochondrial capacity. This has been attributed to a mitochondrial adaptation to promote 

increased lipolysis (183).  

 More recent literature has highlighted the role of mitochondrial quality control, such as 

mitophagy in promoting mitochondrial fatty acid oxidation, consequently reducing hepatic fatty 

acid accumulation and hepatic insulin resistance (184). Studies showed that hepatic fatty acid 

accumulation resulted in an increase in the accumulation of damaged mitochondria (185); 

however, through PINK1/Parkin-mediated mitophagy, this phenomenon could be reversed (186, 

187).    
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1.4.2.3 Adipose tissue  

Adipose tissue is critically important in influencing both glucose and lipid metabolism 

(188, 189) through the release of adipokines, proinflammatory cytokines, and free fatty acids 

(FFAs) (190). Moreover, adipose tissue is an insulin-responsive tissue, whereby insulin prompts 

the storage of triglycerides by such methods as stimulating the differentiation of preadipocytes to 

adipocytes, inhibiting lipolysis, and increasing the uptake of fatty acids, and glucose (191).  Similar 

to the mechanisms in the liver and muscle tissues, insulin exerts its biological effects via the IRS-

PI3K-Akt2-GLUT4 signalling pathways. However, both IRS1 and IRS2 are involved in adipocyte 

insulin signalling, in contrast with hepatocytes, where IRS1 has a more significant role in glucose 

homeostasis as compared to IRS2. In a similar fashion as the skeletal muscle, Rab GAP TBC1D 

is expressed in adipocytes, though in lower levels, and contributes to the regulation of insulin 

signalling through vesicle trafficking and translocation of GLUT4 to the plasma membrane (192).  

As mentioned above, a major role of insulin in adipose tissue is to promote the suppression 

of lipolysis (191). Lipolysis is a crucial process where lipid triglycerides are hydrolyzed into 

glycerol and fatty acids and used to provide stored energy during fasting or exercise. The 

mechanism that regulates lipolysis is highly dependent on PRKA signalling pathway. PRKA 

phosphorylates the hormone-sensitive lipase (HSL) and perilipin (PLIN) to promote lipolysis 

(193), where phosphodiesterase 3B (PDE3B) inhibits PRKA through the degradation of cAMP 

(required for PRKA activation). Consequently, PDE3B impedes the action of the pro-lipolytic 

hormones HSL and PLIN, inhibiting lipolysis (193). In a fed state, insulin activates Akt2, which 

through an unknown mechanism, activates PDE3 and inhibits PRKA, thereby suppressing 

lipolysis. However, with adipose tissue insulin resistance, there is a decrease in Akt2 

phosphorylation, resulting in sustained lipolysis activation (115). As a result, non-esterified fatty 

acid (NEFA) production and circulating fatty acids are increased, which are taken up by the liver 

and muscle, contributing to ectopic lipid accumulation in both tissues (Figure 1.5). 
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Figure 1.5. Adipocyte insulin resistance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

An increase in adipokines causes augmentation in the inflammatory response and recruitment of 
macrophages and cytokines around dead adipocytes to discard them. The inflammatory mediators, 
tumor necrosis factor TNFα or IL-1β increase lipolysis and inhibit INSR, therefore, impairing 
insulin signalling. Lipolysis is regulated by PRKA signalling, and, in a fed state, insulin activates 
Akt2, which via unknown mechanisms activates PDE3 and inhibits PRKA in order to suppress 
lipolysis. However, during adipose tissue insulin resistance, there is a decrease in Akt2 
phosphorylation, contributing to sustained lipolysis activation and increased NEFAs production 
and circulation; which are taken up by the liver and muscle, contributing to ectopic lipid 
accumulation in both tissues. 
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In the presence of an obesogenic environment, excess energy storage leads to the 

hypertrophy of adipocytes. Studies investigating the relationship between adipocyte size and 

adipokine secretion have demonstrated that adipocyte size affects the secretion of many adipokines 

(194). For instance, TGFb, a potent anti-adipogenic inflammatory cytokine, is released from 

hypertrophic and dysfunctional adipocytes of obese mice and humans (195). Therefore, a reduction 

in anti-inflammatory adipokine secretion, concurrent with an increase in inflammatory cytokine 

secretion by larger and dysfunctional adipocytes may play an important role in the onset of adipose 

tissue insulin resistance (32, 194, 196). 

Furthermore, inflammatory neutrophil cells are the first to infiltrate white adipose tissue in 

a high-fat feeding state, which later recruit and activate the adipose tissue macrophages (ATM) 

(197). Additionally, the mechanisms by which ATM activation leads to insulin resistance is 

dependent on cytokines activation. Inflammatory cytokines, such as tumor necrosis factor (TNF)-

α, interleukin-1 beta and 6 (IL-1β, IL-6), are increased in obese diabetic humans and rodents (198), 

and neutralization of TNF-α improves insulin sensitivity in obese rodents (199). Further, TNF-α 

has been shown to induce serine phosphorylation of IRS1, thereby decreasing its association with 

PI3K and impeding insulin signalling (200). Additionally, the inflammatory mediators, TNF⍺ or 

IL-1β increase lipolysis and inhibit INSR; therefore, impairing insulin signalling (Figure 1.5). 

These findings suggest that obesity-induced insulin resistance may partially result from an 

imbalance in the secretion of pro- and anti-inflammatory adipokines. A recent study suggest that 

TNF can contribute to insulin resistance, as diet-induced obesity triggers TNF-dependent 

augmentation of circulating inflammatory monocytes independent of adiposity markers or 

expansion of adipose tissue (201). Although the exact mechanisms remain unclear, an uncontrolled 

production and/or secretion of these cytokines from excess adipose tissue can lead to the 

development of insulin resistance and metabolic disease.  

Recent studies suggest that significant events such as mitochondrial dysfunction and 

mitophagy are also involved in the development of insulin resistant adipose tissue (104). Evidence 

indicates that mitochondrial content and mitochondrial oxidative capacity are altered in several 

insulin-responsive tissues (such as adipose tissue), in humans and animal models presenting with 

obesity and insulin resistance (133). It was identified that Fundc1 acts as an important mitophagy 

receptor in adipocytes by mediating mitophagy through its interaction with microtubule-associated 
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proteins 1A/1B light chain 3B (MAP1LC3B) in response to hypoxia (202), and a deficiency in this 

receptor is linked to insulin insensitivity and metabolic disorders  (104). Notably, abnormal 

Fundc1- mediated mitophagy in adipose tissue resulted in increased oxidative stress and 

hyperactivation of mitogen activated protein kinase (MAPK) signalling, giving rise to ATMs 

infiltration and sustained inflammatory response (104).  

 Collectively, as presented in this section and the sections above, these three major insulin 

target tissues (muscle, liver and adipose) are intimately related to the development of insulin 

resistance, where multiple mechanisms interchangeably contribute to its progression (Figure 1.3, 

1.4, and 1.5). Furthermore, mitochondrial dysfunction has recently become an attractive area of 

investigation, due to its possible role on insulin resistance (Figure 1.2). Therefore, the next few 

sections of this literature review in Chapter I will focus on mitochondrial autophagy (mitophagy) 

aspects, where I will introduce the key target protein of our investigations, called BNIP3L, a 

mitophagy receptor, which in our hypothesis is playing a major role in lipotoxicity-induced muscle 

insulin resistance.  
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1.5 Autophagy 

 

1.5.1 Autophagy in muscle  

In response to the energetic and metabolic demands during periods of cellular stress, cells 

more frequently undergo autophagy and induced catabolic processes (203–207). As the name 

implies, autophagy is a self-consuming process that functions to mediate levels of various proteins 

within the cell. This self-digesting mechanism is imperative in the removal of damaged organelles 

and proteins by the lysosome. Mammalian autophagy has been identified to primarily involve 

numerous Atg proteins, autophagy mediators, and conjugation systems that allow for the formation 

of the autophagosome, which encapsulates the cargo to later be degraded by the lysosomes (205, 

208, 209).  

Autophagy was initially posited to be a cellular response to prolonged periods of fasting. 

Studies have suggested that autophagy may potentially play a role in preventing insulin resistance 

in the fed state (210). Conversely, other studies have argued that autophagy actually contributes to 

the pathogenesis of insulin resistance (211). The Bcl-2-Beclin-1 complex is an important mediator 

of autophagy, where phosphorylation of Bcl-2 can release Beclin-1 from this complex, ultimately 

leading to the induction of autophagy (212). Moreover, rodent models have also shown that acute 

exercise may play an additive role on autophagy activation in the skeletal muscle (213). 

Intriguingly, He and colleagues (2012) found that transgenic mice expressing a Bcl-2 mutant that 

could not inhibit Bcl2-Beclin-1 complex correlated with a decrease in insulin sensitivity and 

GLUT4 translocation to the membrane surface (214). The authors concluded that the onset of acute 

exercise can contribute to disruptions in the coupling between the Bc1-2-Beclin-1 complex, which 

consequently leads to increased autophagy in the skeletal muscle and improved glucose 

metabolism (214).  

 Interestingly, Palikaras and colleagues (2018) elucidated a mechanism by which selective 

mitochondrial autophagy (mitophagy) occurs involving PINK1-Parkin and LC3 interacting 

regions (LIR) to which the latter can serve as a receptor to induce mitophagy (215). However, 

mitophagy can also be activated via other mechanisms, which will be further elucidated in the 

following mitophagy section.  
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1.6 Muscle Mitochondrial Dynamics  

 

1.6.1 Mitochondrial fragmentation, fusion and fission 

Mitochondria dynamically undergo cycles of fission and fusion. These processes, referred 

to as ‘mitochondrial dynamics,’ are necessary for appropriately maintaining the mitochondrion’s 

shape, size and distribution in response to changing physiologic conditions (216). For example, in 

the case of an absolute or relative drop in ATP (owing to either a decrease in supply and/or an 

increase in demand), there is a shift towards mitochondrial fusion (41). Further, mitochondrial 

fusion enables content mixing within the mitochondrial population, thereby preventing the loss of 

essential components (217). Mitochondrial fission is also required to replenish the mitochondrial 

network (218), as it enables the removal of damaged mitochondria through mitophagy (219, 220). 

However, aberrant mitochondrial fission can lead to mitochondrial dysfunction and insulin 

resistance in skeletal muscle (135).  

Dysregulated mitochondrial fission is often associated with more severe mitochondrial 

dysfunction as this morphological state predominates during elevated stress levels and cell death 

(135). Furthermore, increased mitochondrial fission and subsequent mitochondrial fragmentation 

have been associated with increased ROS production, mitochondrial depolarization, impaired ATP 

production and decreased insulin-dependent glucose uptake in C2C12 murine cell line (81), as 

well as increased mitochondrial ROS and impaired insulin signalling (221). A shift towards fission 

also negatively impacts on fatty acid β-oxidation (135), which has been described as a crucial 

metabolic defect in insulin resistance (53). In support of this, a shift towards fusion has been 

reported to increase fatty acid consumption (222), presumably averting lipotoxicity. 

Mitochondrial dynamics can also describe mitochondria-organelle interactions such as the 

ER, peroxisomes and nucleus (223). In particular, the dysregulation of the interactions between 

mitochondria and the ER has been stated to be implicated in the pathogenesis of muscle insulin 

resistance (224). Mitochondria-ER contact points, also known as mitochondria-associated ER 

membranes (MAMs), are the sites where Ca2+, lipid and metabolite exchange occur, thus 

representing critical points of interaction for the regulation of oxidative metabolism (225). 

Additionally, studies have shown that the disruption of the MAMs in the liver promotes insulin 

resistance (226). Also, studies have shown that an increase in MAMs results in the accumulation 
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of Ca2+ within the mitochondria, leading to compromised mitochondrial oxidative capacity, an 

increase in ROS production and impeded insulin signalling (227). Subsequently, MAM formation 

appears to be an important regulator of mitochondrial function and insulin sensitivity.  

Another proposed mechanism offering a causal link between mitochondrial dysfunction 

and insulin resistance involves the mitochondrial permeability transition pore (mPTP) protein 

complex. In particular, Taddeo et. al. (2014) showed that genetic deletion of whole body 

Cyclophilin D, a mPTP gatekeeper protein, protected mice from diet-induced glucose intolerance 

and increased glucose uptake specifically in skeletal muscle (228). Interestingly, the improved 

glucose tolerance was only associated with glucose uptake in the skeletal muscle, and the effects 

did not transfer to adipose and liver tissues. Further, the protective effects of mPTP inhibition on 

insulin sensitivity did not involve changes to the insulin signalling pathway but rather, it occurred 

through an unmapped mechanism preventing the formation of GLUT4 vesicles (228), a 

phenomenon described by other studies (229).   

Collectively, the ability of the mitochondria to dynamically respond to metabolic 

perturbations is essential for healthy cellular bioenergetics, and interference with this delicate 

process may prompt unregulated mitochondrial biogenesis and mitophagy, thus contributing to 

insulin resistance (135).   
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1.7 Mitophagy  

 

1.7.1 Pink and Parkin signalling 

 The role of mitochondrial dysfunction in the etiology of insulin resistance and T2D is 

currently an evolving area of research. Various studies are shedding light on the multiple roles of 

mitochondrial dysfunction in the development of insulin resistance, as briefly discussed in 

previous sections of Chapter I. In particular, alteration in mitochondrial dynamics and elevated 

levels of mitophagy have been linked to the onset of insulin resistance in T2D by multiple studies 

(138, 211, 230). Mitophagy (also known as selective autophagy of the mitochondria) is the process 

where dysfunctional mitochondria are degraded in a form of organelle turn-over. One of the most 

well-characterized pathways is the PINK1-Parkin mediated mitophagy (215), stimulated by a 

decrease in mitochondrial membrane potential and associated with ROS elevations (231). Upon 

mitochondrial depolarization, the PINK1 kinase accumulates on the outer mitochondrial 

membrane (OMM) and initiates recruitment of the E3 ubiquitin ligase Parkin. Parkin mediates the 

ubiquitination of several OMM proteins, leading to the recruitment and degradation of proteases 

and autophagosomes (232–234). In a human study, T2D patients presented a decrease in various 

mitophagy-related genes, including PINK1; furthermore, mutations in PINK1 have also been 

associated with T2D in humans (235).  

 

1.7.2 BNIP3L, Bnip3 and Fundc1  

 Besides the PINK1-Parkin ubiquitin-dependent mitophagy, mitochondrial proteins also act 

as mitophagy receptors and target dysfunctional mitochondria for degradation by autophagosomes 

(215). The mitophagy receptors, such as BCL2L13, FKBP8, Fundc1, Bnip3 and BNIP3L, initiate 

mitophagy via direct interaction with ATG8 proteins, such as LC3 and GABARAP, on the 

autophagosome membrane through their LIR motif (236). Fundc1 interacts with the ER calnexin 

proteins and recruits mitochondrial fission protein DRP1 to activate mitochondrial fission (215). 

Mitophagy initiated by hypoxia increases the expression of Fundc1, which interacts with and 

recruits LC3 proteins to dysfunctional mitochondria. A recent study showed that Fundc1 deletion 

in skeletal muscle resulted in impaired mitochondrial energetics due to LC3-mediated mitophagy 

defect (237). However, in spite of the reduced muscle mitochondrial energetics and exercise 
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capacity, these animals interestingly were protected against obesity and insulin resistance elicited 

by high-fat feeding (237).  

 Like Fundc1, Bnip3 and BNIP3L are also hypoxia-inducible and regulators of mitophagy. 

Metabolic stresses such as fatty acid-induced dysfunctional mitochondrial accumulation, hypoxia, 

and starvation, can all induce Bnip3/BNIP3L mediated mitophagy (238, 239). Recent studies have 

demonstrated that Bnip3, BNIP3L and Fundc1 mediated mitophagy plays an important role in the 

treatment of lipid metabolism and various hepatic dysfunctions (Figure 1.2) (238, 240–242). 

Furthermore, in previous study by our group, BNIP3L was demonstrated to become elevated in 

insulin-resistant rodents (243). These preliminary findings prompted us to further investigate how 

BNIP3L accumulation in lipotoxic environments may lead to impaired insulin signalling, and what 

could possibly be the mechanisms linking mitophagy to insulin resistance, which will be 

thoroughly described in detail in Chapter III. 

 Nevertheless, research on the effects of mitophagy on insulin resistance and T2D is still an 

emerging field, and its role and molecular mechanisms (Figure 1.2) in these pathological processes 

require further in vivo experimentation. 
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1.8 BNIP3L 

 

1.8.1 Bcl-2 family proteins 

 The B-cell lymphoma 2 (Bcl-2) family proteins are well-described regulators of apoptosis 

and cell death, containing one or more Bcl-2 homology (BH) domains (BH1-4) (244–246). These 

BH domains allow interaction among other family members and also indicate their pro- or anti-

apoptotic functions. Among the four BH domains, BH3 is the only one conserved in the Bcl-2 

family, and is essential for either their pro-apoptotic activity or for heterodimerization with anti-

apoptosis proteins (Figure 1.6) (247, 248). Another important characteristic of the Bcl-2 family 

proteins is the presence of an additional transmembrane domain (TM) in the majority of the 

members, which allow their integration especially in the mitochondria, but also in other organelles 

such as the endoplasmic reticulum, nuclear envelope and lysosomes (249–251).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 39 

Pro-Apoptotic
Bax subfamily 

BH3-only subfamily 

Bax

Bak

Bok

Bnip3L

BIM

BIK

HRK

NIP3

Anti-Apoptotic

Bcl-2 subfamily

BH1BH4 BH2BH3 TM

Bcl-2

Bcl-xL

Mcl-1

Bcl-W

Bcl-B 

BH1 BH2BH3 TM

BH3 TM

Figure 1.6. Bcl2-family proteins members and domains. 
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 The 25 human Bcl-2 family members are categorized into three subfamilies based on their 

function. The first subfamily (Bcl-2 subfamily) includes anti-apoptotic proteins (Bcl-2, Bcl-Xl, 

Bcl-W, Mcl-1, Bfl-1/A1, Bcl2L12) (245) and contain four BH domains (BH1-BH4) (Figure 1.5). 

Additionally, they all share a BH4 domain, crucial for their anti-apoptotic activities, such as 

inhibition of Bax/Bak activation (252–254). The second subfamily is the pro-apoptotic effectors 

Bax and Bak subfamily (Figure 1.6), which contains BH1-BH3 domains, including a 

transmembrane domain (TM), and have the ability to cause mitochondrial pore formation (255, 

256). Finally, the pro-apoptotic BH3-only subfamily (Bnip3L/Nix, BIM, BIK, HRK, Bnip3/NIP3, 

Spike, Noxa, BAD, BID, PUMA, BMF, MAP-1) possesses only a BH3 domain, and some 

members have a TM domain (Figure 1.6) (257).  

 The BH3-only proteins integrate signals from different pro-death stimuli, actively binding 

to- and inactivating anti-apoptotic Bcl-2 family proteins, via Bax/Bak activation (258, 259). Once 

activated, Bax/Bak regulates mitochondrial outer membrane permeabilization (MOMP) and 

generates pores that allow for the release of large apoptogenic proteins such as cytochrome C 

(260–262). Furthermore, other studies demonstrated that BH3-only peptides derived from BH3-

domain-containing proteins could induce cytochrome c release from the mitochondria (263). These 

peptides were categorized as Bak “activators” (BID and BIM) directly binding and activating BAK 

and inducing mitochondrial cytochrome c release, and “sensitizers” (PUMA, BAD, HRK, BIK, 

BMF and NOXA), indirectly activating BAK without inducing cytochrome c release from the 

mitochondria (263, 264).  

 

1.8.2 BNIP3L discovery and domains 

 Since the discovery of the first member (Bnip3; formerly Nip3) of the BH3-only family 

proteins in 1994 by Chinnadurai’s group (265), many other protein members of this family were 

discovered. In 1999, Greenberg’s group at the University of Manitoba (266) identified BNIP3L as 

a homolog of the E1B 19K/Bcl-2 binding and protein Nip3, hence Bnip3-Like protein (BNIP3L), 

also known as Nix. BNIP3L is expressed as a 48 kDa protein; however, the gene encodes a 23.8 

kDa, suggestive that it undergoes homodimerization (266). Human BNIP3L has approximately 

56% amino acid identity as human Bnip3, and 97% amino acid identity as murine BNIP3L (266, 

267). As Bnip3, BNIP3L is an atypical BH3-only member and has a TM domain (Figure 1.7) 
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BH3 TM Bnip3LSLiMLIR

(268). Typically, heterodimerization of Bcl-2 homologues and Bcl-2/Bcl-xL is mediated by the 

BH3 domain, granting its proapoptotic effects; however, the BH3 domain is dispensable for 

BNIP3L pro-apoptotic activity, instead, it relies on the TM domain for that purpose (269). 

Furthermore, the deletion of the TM domain may cause mislocalization of BNIP3L to the 

cytoplasm resulting in its inability to induce cell death. BNIP3L also possesses a LIR motif on its 

N-terminal part exposed to the cytoplasm, becoming a typical autophagy receptor mediating 

mitochondria recruitment to autophagosomes through interaction with Atg8 family proteins (270). 

Additionally, a short linear motif (SLiM) has recently been identified in the cytoplasmatic domain 

of BNIP3L (271), which is essential to mediate mitochondrial clearance.  

 

Figure 1.7. Domain map of BNIP3L. 

 

 

 

The BNIP3L/Nix protein structure includes the following domains represented in the diagram: 
LC3-interacting region (LIR), essential short linear motif (SLiM), BCL2 homology domain (BH3), 
and transmembrane domain (TM). 

 

1.8.3 Genetic models 

 In 2002, Yussman et al. (272) were the first to express BNIP3L in mouse hearts using alpha 

myosin heavy chain (α-MHC) transgenic promoter. In this initial study, α-MHC-BNIP3L mice 

were normal after birth, only until BNIP3L was overexpressed, and then they failed to thrive, dying 

at 7 to 8 days of age. The cause of death was due to substantial cardiomyocyte apoptosis, as well 

as dilated and hypo-contractile left ventricles (272).  

 Gerald Dorn’s group, in 2007, Diwan et al. (273) generated a critical BNIP3L knockout 

(BNIP3L-/-) mouse model that allowed understanding of its critical phenotypic role in 

hematopoiesis.  The BNIP3L gene in mice was deleted using a germ-line deletion of BNIP3L by 

flanking exons 4 to 6a with loxP sites, later bred to mice expressing Cre recombinase (273). The 

BNIP3L-/- mice survived a minimum of 18 months (72 weeks of age), presenting modest growth 
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retardation compared to WT animals. The most striking observations were the spleen enlargement, 

around 80% bigger than WT at eight weeks of age; however, that was the only organ abnormality 

observed (273). Importantly, BNIP3L-/- mice presented reticulocytosis, erythroblastosis, and 

reduced apoptosis during erythrocyte maturation; therefore, BNIP3L appears to be critical for 

erythrocyte production and maintenance of hematological homeostasis (273). In 2008, Sandoval 

et al. (274) further determined the role of BNIP3L in erythroid maturation by generating a BNIP3L-

/- mice using embryonic stem (ES) cells with gene trapping insertion targeting the BNIP3L locus 

between exons 3 and 4. Their study mechanistically concluded that the BNIP3L-dependent loss of 

mitochondrial membrane potential was an important step for targeting the mitochondria into 

autophagosomes for clearance during erythroid maturation, and interference with this may result 

in impaired erythroid maturation and anemia (274).  

 Based on previous reported roles of BNIP3L becoming upregulated in cardiac hypertrophy 

(272, 275), it was thought that ablation of BNIP3L would be protective of ventricular remodeling 

and heart-failure in chronic pressure overload. In fact, after long-term observation, at 60 weeks, 

the germ-line BNIP3L knockout mice developed cardiac enlargement with decreased left 

ventricular contractility compared to WT (273, 276). However, using a cardiac specific Nkx2-5 

BNIP3L-/- model of selective cardiomyocyte deletion of BNIP3L was protective of pressure 

overload hypertrophy response, which further confirmed BNIP3L’s essential function during 

cardiomyocyte apoptosis as a major determinant of adverse remodeling in pathological 

hypertrophies (277). In follow-up studies by Gerald Dorn’s group in 2010, they used a conditional 

tetracycline cardiac BNIP3L suppression system, where they observed that cardiomyocyte 

apoptosis and cardiomyopathy were more prevalent and severe after neonatal BNIP3L expression 

than in adult (276).   

   

1.8.4 Physiological role 

 BNIP3L is localized to the outer mitochondrial membrane and promotes various effects on 

the mitochondria, such as regulating apoptosis, necrosis, autophagy, mitophagy, and cancer (278, 

279). Therefore, it has an emerging role in physiological health. BNIP3L’s function has been 

highly studied in the heart, where it has been demonstrated to be involved in pathological 

remodeling events that lead to heart failure (280, 281) and necrotic- or apoptotic-induced cell death 
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(266, 282). Recent studies posit that the different subcellular locations of BNIP3L play different 

roles in these events. For instance, BNIP3L targeted to the ER/SR activates necrosis, whereas 

BNIP3L targeted to the mitochondria induces apoptosis (283, 284). Even though the precise 

mechanisms are not well understood, BNIP3L is preferentially localized to the SR during pressure 

overload in induced cardiac remodeling (284). Recent studies from our group identified a novel 

regulator of BNIP3L, microRNA-133a (miR-133a), as an important mechanism to control 

mitochondrial function and insulin sensitivity via repression of BNIP3L expression (243). 

Furthermore,  Mughal et al. (285), in a follow-up study, demonstrated that myocardin, an important 

transcriptional co-activator required for cardiovascular development, highly upregulates miR-

133a. However, loss of myocardin resulted in BNIP3L accumulation, which lead to mPTP and 

necrosis in the heart (285).  

 BNIP3L was originally identified for its pro-apoptotic role in cell death but later has been 

shown to critically induce mitophagy during erythrocyte maturation (274, 279, 286).  During 

erythroid differentiation, GATA1 possibly induces BNIP3L; however, FOXO3 may also 

contribute. FOXO3 activity has been shown to be increased by starvation in myocytes, binding to 

BNIP3L and Bnip3 promoters, consequently increasing their expression and mediating autophagy 

via elevated LC3 lipidation (287). Additionally, FOXO3 expression, nuclear localization and 

transcriptional levels increased during erythroid differentiation (288, 289). In a murine BNIP3L-

deficient model, these detrimental effects were confirmed, where these animals presented with 

defects in erythroid development, moderate anemia, reticulocytosis, and elevated splenic 

erythropoiesis (273, 274, 286). Furthermore, BNIP3L was identified as a selective mitochondrial 

autophagy receptor, which binds to LC3/GABARAB proteins through its LIR domain and 

enhanced by BNIP3L phosphorylation at Ser34 and Ser35 (290). Ablation of this interaction has 

also been shown to impair mitochondrial clearance in maturing murine reticulocyte (270). 

Interestingly, BNIP3L-mediated mitochondria clearance was shown to be independent of 

LC3/GABARAP interaction (270), suggesting the presence of an autophagy-independent pathway 

for programmed mitochondrial clearance in red blood cells (291, 292). More recent studies have 

further extended BNIP3L-mediated mitophagy as an important regulator of mitochondrial quality 

and functional integrity of platelets and their lifespan (293).  
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1.8.5 Role of BNIP3L in disease 

 BNIP3L can potentially cause disease, either through stress-induced BNIP3L 

overexpression or impairment of it, which can both ultimately lead to mitochondrial dysfunction 

and cell death (294). In the previous sections, BNIP3L’s major roles in hematopoiesis and in the 

heart, where BNIP3L expression is lethal in perinatal cardiomyopathy in mice, while its deficiency 

may be protective of pressure overload, have been described (294). In the last decade, BNIP3L has 

become a focus of study in many other different disease models, such as diabetes. Heterozygous 

loss-of-function of pancreatic duodenal homeobox (PDX1), an important transcriptional factor 

during pancreatic development, is linked to type 2 diabetes (295, 296). In Pdx1 heterozygous mice, 

BNIP3L’s inactivation rescued programmed cell death, beta-cell mass, insulin secretion and 

glucose tolerance (297). More recently,  Humpton et al. (298) showed that the oncogene KRAS 

induces BNIP3L expression and its selective mitophagy machinery that restricts glucose flux to 

the mitochondria and enhances redox capacity in pancreatic ductal adenocarcinoma cells; 

however, loss of BNIP3L could restore functional mitochondria and decrease tumor proliferation 

in glucose-limited conditions. Among other cancers, such as glioblastoma, notably the most 

aggressive brain tumor, BNIP3L-induced mitophagy acts as a key survival mechanism (299). Jung 

et al. demonstrated that inhibition of BNIP3L could prevent mitochondrial ROS clearance and 

stem cell maintenance, resulting in suppression of glioblastoma in both in vitro and in vivo studies 

(299). Therefore, the BNIP3L-induced mitophagy pathway may represent a key therapeutic target 

for various diseases, including but not limited to cardiomyopathies, diabetes, and cancer. In our 

studies, we hypothesize that BNIP3L may be possibly targeted as a therapeutic approach 

modulated by PRKA signalling, which is described further in Chapter III.  

 

 

 

 

 

 

 



 45 

1.9 PRKA Signalling in Muscle 

 

1.9.1 Promotion and inhibition of muscle differentiation  

 cAMPs are important second messengers that are ubiquitously expressed and control 

various biological processes (300). An extracellular ligand binds to a G protein-coupled receptor 

(GPCR), such as β2-adrenergic receptors (β2-ARs), activating adenylyl cyclase (AC), 

subsequently raising and activating cAMP signalling in the skeletal muscle (301). Furthermore, 

adenylyl cyclase, along with phosphodiesterase (PDE) families of enzymes, tightly control cAMP 

generation and degradation [reviewed in (302, 303)]. Among cAMP's various effectors, the most 

common downstream effector is the cAMP-dependent protein kinase A, or simply PRKA (304).  

PRKA is a heterotetramer protein composed of two regulatory (PRKA-R) and two catalytic 

subunits (PRKA-C), with distinct physical and biological properties, such as a serine/threonine 

kinase that phosphorylates various downstream substrates (Figure 1.8); therefore, it is an essential 

regulator of many cellular signalling events (305, 306), such as muscle differentiation (307). A-

kinase anchoring proteins (AKAPs) further contribute to cAMP-PRKA signalling specificity by 

binding AKAPs to PRKA-R subunits (308). 
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Figure 1.8. cAMP-PRKA/PKA signalling cascade activation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
External ligand binds to G protein-coupled receptors and activates adenylyl cyclases. cAMP 
concentration is limited by phosphodiesterases (PDEs). Following stimulation of cAMP synthesis, 
the second messenger binds to the regulatory subunits and releases the catalytic subunits to 
phosphorylate target substrates, resulting in PRKA/PKA activation. 
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 The precise molecular mechanism by which cAMP signalling regulates growth and 

muscle-sparing responses is not fully known; however, in vivo evidence suggests that it is in partly 

due to inhibition of muscle proteolysis (309, 310). Indeed, it was found that catecholamines play 

an inhibitory role in skeletal muscle proteolysis, most likely mediated by β2-adrenergic receptors 

and cAMP signalling pathways (309, 310). Recent studies also demonstrated that β2-adrenergic 

agonists might reduce muscle atrophy by inhibiting one of the major intracellular protein 

degradation pathways in skeletal muscle, the ubiquitin-proteasome system (311, 312). The 

cAMP/Akt pathway mediates this effect (311, 313, 314) via phosphorylation of FOXO3a and 

suppression of two ubiquitin E3- ligases involved in muscle atrophy, which are atrogin-1/MAFbx 

and MuRF1 (315–318). Furthermore, cAMP levels in muscle can be increased after treatment with 

PDE inhibitors, supporting the notion that the cAMP/PRKA pathway is the regulatory mechanism 

to prevent excessive skeletal muscle protein breakdown and atrophy (319). 

 The skeletal muscle has an excellent ability for functional adaptation, repair and 

regeneration (320). Once the muscle is damaged, precursor or satellite cells are activated to restore 

normal muscle structure and function; cAMP has been shown to play an important role in the 

regeneration in rodent models of necrotic injury (321) and Duchenne’s muscle dystrophy (322).  

Myogenic cell differentiation and transcription activation in muscle are highly regulated by 

muscle-specific basic helix-loop-helix (bHLH) protein members such as Myf-5 and MyoD, as 

briefly described in previous sections of Chapter I (323). There are two transcription regulatory 

factor families responsible for regulating muscle-specific gene expression and differentiation, the 

muscle regulatory factors (MRFs) and the myocyte enhancer factors 2 (MEF2s) (324, 325). The 

MRFs (MyoD, Myf5, myogenin, and MRF4) bind to the regulatory regions of most muscle-

specific genes (326); however, high levels of cAMP and PRKA have been shown to inhibit 

myogenic cell differentiation by repressing Myf-5 and MyoD (307). Furthermore, the MEF2 

family of transcription factors (MEF2A to -D) are essential in regulating skeletal muscle 

differentiation (327, 328). Recent studies further revealed that PRKA specifically phosphorylates 

MEF2D, resulting in repression of its transactivation properties in differentiating myocytes, may 

also represent a PRKA-dependent myogenic repression mechanism (329).  
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1.9.2 AKAPS in Muscle (mAKAP) 

 When cAMP binds to PRKA-R subunits, it allows dissociation of PRKA-C subunits, and 

the latter is diffused across different compartments within the cell to phosphorylate target proteins 

(320). In skeletal myofibers, AKAPs compartmentalize cAMP production and PRKA activity in 

different subcellular locations (330). The most predominant isoforms expressed in skeletal muscle 

are AKAP15 (AKAP7) (331), AKAP-100/mAKAP (AKAP6) (332), Yotiao (AKAP9) (333), D-

AKAP1 (AKAP1) (334) and D-AKAP2 (AKAP10) (335, 336), and myospryn (CMYA5) (337), 

respectively localizing PRKA to excitation-contraction coupling sites, sarcoplasmic reticulum, 

neuromuscular junction, mitochondria, nucleus, and costameres. Notably, in a mouse model of 

Duchenne’s muscular dystrophy, the cAMP microdomains (338) and PRKA activity are reduced 

(339). This is partially a consequence of disrupted expression and myospryn’s localization, which 

is important for interaction with costameres in the normal muscle (339). 

  

1.9.3 Phosphodiesterase IV  

 PDEs are classified into 11 major families (PDE1-11), where PDE4 is the predominant 

member in skeletal muscle coordinating attenuation of cAMP effects (340, 341). PDE4A–PDE4D 

is highly specific for cAMP degradation; however, inhibition of PDE4 results in the accumulation 

of intracellular cAMP and, subsequently, activation of PRKA. In rodent models of diabetes (342), 

sepsis (343), and denervation (319), pharmacological inhibition of PDEs reduced muscle 

proteolysis and atrophy. Furthermore, manipulation of PDE4 activity has been demonstrated in 

many studies using selective inhibitors in clinical treatment against inflammatory processes such 

as psoriasis, psoriatic arthritis, and COPD [reviewed in (344)]. Despite its clinical relevance, PDE4 

inhibitor treatment should be considered with caution, as Pde4 knockout mice present with 

exercise intolerance and myofiber damage after downhill running challenge (345). Additionally, 

there is a need for a more thorough histological and functional investigation of the PDE knockout 

phenotype in skeletal muscle as there is very little genetic information about specific PDE isoforms 

in skeletal muscle.   

 Recent findings suggest promising use of PDE4 inhibitors for treating metabolic disorders, 

such as diabetes (65). Rodent studies of T2D mouse model treated with PDE4 inhibitor Roflumilast 

presented elevated levels of GLP-1 boosting insulin secretion, accompanied by glucose-lowering 
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effects by reducing HbA1c by 50% (65).  Given its promising anti-diabetic effects in mice, the 

selective PDE4-inhibitor TAK-648 compound was clinically tested for dose prediction of HbA1c 

lowering properties in humans for T2D treatment (346). In 2019, Muo et al. conducted an 

exploratory study where eight overweight adults with prediabetes received Roflumilast (Daliresp, 

Daxas) for 6 weeks, an FDA-approved PDE4 inhibitor to treat COPD (347). Despite their limited 

sample size due to insufficient recruitment of individuals that met the study’s criteria, they 

concluded that Roflumilast improved insulin sensitivity most likely via increased skeletal muscle 

fat oxidation and weight loss, and/or via activation of incretin effects (GLP-1) (347). Furthermore, 

in other published Roflumilast trials with insulin resistant individuals, roflumilast induced 2 kg 

weight loss reduction over 3 months, along with a 0.79% reduction in HbA1c in newly diagnosed 

T2D patients  (64, 348).  

 Even though PDE4 inhibitors represent a very attractive option for the treatment of T2D, 

mild unwanted symptoms are observed followed selective inhibition of PDE4, such as nausea, 

emesis, and gastrointestinal perturbations (349, 350). Therefore, further studies on the efficacy to 

minimize adverse effects are needed to the development of more innovative drugs.   

 

1.9.4 Clenbuterol 

 Clenbuterol is an adrenergic agonist that preferentially activates the β2-adrenergic receptor. 

Originally used as a bronchodilator for asthma therapy, clenbuterol has a pronounced effect on 

skeletal muscle (351). At the cellular level, clenbuterol can stimulate total protein synthesis (352, 

353) and translational efficiency (354) as well as reduce proteolysis in rodent models (355). 

Clenbuterol has been demonstrated to induce muscle hypertrophy and enhance metabolism in 

healthy skeletal muscle and prevent disease-induced muscle atrophy associated with denervation 

and cancer-induced cachexia (319, 351). By activating the β2-adrenergic receptor, clenbuterol 

stimulates down-stream cAMP-protein kinase A (PRKA) signalling, which induces expression of 

genes involved in the hypertrophy response (356). However, the metabolic phenotype observed 

with clenbuterol therapy remains largely unknown.  
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1.10 Summary 

The present literature review identified a plethora of studies that identify mechanisms of 

insulin resistance in muscle. Additionally, it outlines important differences in insulin signalling 

and the development of insulin resistance in the major insulin target tissues (Figure 1.3, 1.4, 1.5). 

Normal insulin functioning is essential for skeletal muscle’s energy expenditure and glucose 

metabolism. However, disruption of INSR-IRS-1-PI3K-Akt axis compromises normal insulin 

action in the muscle and leads to insulin resistance. Similarly, in adipose and liver tissue, disruption 

of the insulin signalling IRS-PI3K-Akt axis leads to severe glucose intolerance and insulin 

resistance. 

Previous studies in both humans and rodents have established that lipid-induced insulin 

resistance in hepatic and skeletal muscle tissue are both dependent on the DAG-PKC axis, resulting 

in the phosphorylation of either IRS1 or IRS2 (104). Like the muscle and liver, adipose tissue 

insulin resistance plays an important role in the development of T2D (358). Studies have suggested 

that a disproportionate secretion of pro- and anti-inflammatory adipokines coupled with a 

reduction in lipolysis is concurrent with insulin resistance in adipose tissue. Specifically, impaired 

insulin suppression of lipolysis in adipose tissue leads to increased circulating plasma fatty acid 

and uptake by liver and muscle tissue leading to lipotoxic intracellular environments. These 

cascades ultimately prevent the translocation of GLUT4 receptors to the membrane surface of 

skeletal muscles and adipose tissue.  

In addition, other factors, including metabolic inflexibility, mitochondrial dysfunction, 

mitophagy, and ER stress have all been linked to the pathogenesis of insulin resistance (Figure 

1.2). As previously described, metabolic inflexibility is the inability to switch fuel sources that can 

consequently increase lipid levels and contribute to insulin resistance. Mitochondrial dysfunction, 

meanwhile, describes an increase in ROS that induces oxidative damage to the mitochondria, 

leading to insulin resistance. Furthermore, induced oxidative damage elicits a mitophagy response 

to remove damaged mitochondria, while lysosomal recruitment to mitochondria can activate 

MTOR-RPS6KB signalling to inhibit IRS1 (Figure 1.2). Taken as a whole, these mechanisms 

providing compelling evidence to the central role of lipid toxicity in insulin resistance and the 

downstream mechanisms are indeed intricate and interconnected. Interestingly, mitophagy genes, 

such as BNIP3L, Bnip3, and Fundc1, have also been associated with lipid metabolism.  
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CHAPTER II: Thesis Rationale and Specific Aims 

 

An abundance of human and animal data have implicated impaired mitochondrial function 

as a proximal event in the development of metabolic complications associated with T2D. However, 

the precise cellular mechanisms linking mitochondrial dysfunction to muscle insulin resistance 

have historically been challenging. Lipotoxicity contributes to accumulation of myocyte 

diacylglycerides leading to activation of detrimental PKC signalling, which directly impairs 

insulin signalling, and mitochondrial impairment have been shown to be associated with muscle 

insulin resistance. Interestingly, mitophagy genes, such as BNIP3L, have also been linked to lipid 

metabolism. BNIP3L is an outer mitochondrial pro-apoptotic protein that plays an important role 

serving as a mitochondrial autophagy receptor and an indispensable regulator of erythropoiesis. 

Recent studies from our group demonstrated that BNIP3L is elevated in response to lipid-induced 

stress leading to mitochondrial dysfunction and impaired insulin stimulated glucose uptake (Figure 

2.1). However, the precise mechanisms of BNIP3L activation of such responses are not entirely 

known.  

Figure 2.1. BNIP3L-induced mitochondrial dysfunction and insulin resistance.  

 

 

 

 

 

 

 

 

 
Proposed schematic showing that BNIP3L/Nix when targeted to the mitochondria leads to 
mitochondrial depolarization and diacylglycerol accumulation, resulting in impaired muscle 
insulin signalling and decreased insulin stimulated glucose uptake. 
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Therefore, the central hypothesis of my thesis is that “inhibition of BNIP3L/Nix function 

will improve mitochondrial function and insulin signaling in the skeletal muscle following diet-

induced lipotoxicity”. The purpose of my study is to investigate the notion that inhibition of 

BNIP3L function will improve mitochondrial function and insulin signalling in the skeletal 

muscle. This would highly contribute to the field of muscle cell biology, with the ultimate goal to 

characterize the molecular mechanisms underlying mitochondrial dysfunction during insulin 

resistance; in hopes of identifying an attractive therapeutic approach to circumvent the 

mitochondrial defects characteristic of insulin resistance. Figure 2.2 depicts the theoretical 

framework for the proposed mechanisms and signalling pathways involved. 

 

Figure 2.2. Proposed mechanism of BNIP3L-induced mitochondrial dysfunction and muscle 

insulin resistance. 

 

 

 

 

 

 

 

 

 

Based on the literature and our data, we propose that DAGs activate a classical pathway that leads 
to insulin resistance, and BNIP3L/Nix is activating an alternative pathway. In this classical 
pathway, DAGs accumulate and activate PKC theta and inhibit IRS1. Alternatively, DAGs also 
allow increased BNIP3L/Nix mitochondrial accumulation, which through its ER calcium 
mechanism activates DRP1 leading to mitophagy, with concurrent recruitment of Rheb GTPases 
and activation of MTOR-RPS6KB/mTOR-S6K in a PA dependent manner - ultimately resulting 
in impaired insulin-stimulated glucose uptake in the myocyte. However, we demonstrated that 
these BNIP3L/Nix-induced molecular defects could be averted via targeting BNIP3L/Nix through 
PRKA/PKA. 
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To achieve this purpose, my objective was to test the central hypothesis, where I first 

established baseline mechanistic understanding of how mitochondrial dysfunction may be playing 

a direct role on muscle insulin signalling, and addressed these specific hypotheses that are reported 

in the published comprehensive manuscript in Chapter III of this thesis:  

 

1) BNIP3L expression alters mitochondrial morphology, mitophagy, and impairs insulin 

signalling. 

2) PRKA phosphorylation of BNIP3L in the transmembrane domain regulates BNIP3L function. 

3) YWHAB/14-3-3β regulates the subcellular localization and function of BNIP3L. 

4) BNIP3L induces insulin resistance via MTOR-RPS6KB. 

 

 In this study, using a series of gain and loss-of-function approaches in rodent and human 

myotubes, I evaluated the role of BNIP3L accumulation and its impact on the mitochondria and 

elucidated the mechanisms by which BNIP3L regulates mitochondrial fission and mitophagy. I 

further evaluated the mechanisms by which BNIP3L-induced mitophagy impacts myotube insulin 

signalling. Furthermore, I identified a novel phosphorylation residue within BNIP3L, activated by 

PRKA, that serves to prevent BNIP3L-induced mitochondrial dysfunction and restore insulin 

sensitivity in cultured myotubes. Once phosphorylated, I found that BNIP3L interacts with YWHA 

molecular chaperones, which translocate BNIP3L from the mitochondria to the cytosol, therefore 

blunting BNIP3L function. 
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3.1 Abstract  

 

 Lipotoxicity is a form of cellular stress caused by the accumulation of lipids resulting in 

mitochondrial dysfunction and insulin resistance in muscle. Previously, we demonstrated that the 

mitophagy receptor BNIP3L/Nix is responsive to lipotoxicity and accumulates in response to a 

high-fat (HF) feeding. To provide a better understanding of this observation, we undertook gene 

expression array and shot-gun metabolomics studies in soleus muscle from rodents on an HF diet. 

Interestingly, we observed a modest reduction in several autophagy-related genes. Moreover, we 

observed alterations in the fatty acyl composition of cardiolipins and phosphatidic acids. Given 

the previously reported roles of these phospholipids and BNIP3L in mitochondrial dynamics, we 

investigated aberrant mitochondrial turnover as a mechanism of impaired myocyte insulin 

signaling. In a series of gain-of-function and loss-of-function experiments in rodent and human 

myotubes, we demonstrate that BNIP3L accumulation triggers mitochondrial depolarization, 

calcium-dependent activation of DNM1L/DRP1, and mitophagy. In addition, BNIP3L can inhibit 

insulin signaling through activation of MTOR-RPS6KB/p70S6 kinase inhibition of IRS1, which 

is contingent on phosphatidic acids and RHEB. Finally, we demonstrate that BNIP3L-induced 

mitophagy and impaired glucose uptake can be reversed by direct phosphorylation of BNIP3L by 

PRKA/PKA, leading to the translocation of BNIP3L from the mitochondria and sarcoplasmic 

reticulum to the cytosol. These findings provide insight into the role of BNIP3L, mitochondrial 

turnover, and impaired myocyte insulin signaling during an overfed state when overall autophagy-

related gene expression is reduced. Furthermore, our data suggest a mechanism by which exercise 

or pharmacological activation of PRKA may overcome myocyte insulin resistance. 
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3.2 Introduction 

 

Skeletal muscle insulin resistance is one of the earliest detectable perturbations in the 

natural progression of type 2 diabetes, as muscle insulin resistance often precedes and may 

contribute to hepatic steatosis, as well as adipocyte and beta cell dysfunction [reviewed in (359–

361)]. Although the cellular mechanisms responsible for muscle insulin resistance have been 

historically challenging to uncover, and are likely unique from the mechanisms responsible for 

insulin resistance in other tissues, ectopic lipid accumulation and mitochondrial dysfunction 

appear to be key factors contributing to the development of muscle insulin resistance in humans 

and in rodent models of obesity and type 2 diabetes (359–361). However, the exact nature of this 

mitochondrial defect, and how mitochondrial dysfunction impacts insulin signaling and glucose 

uptake in muscle, remain poorly understood. 

Lipotoxicity is a form of cellular stress caused by the accumulation of lipid intermediates, 

contributing to the onset of insulin resistance (359, 361, 362). Lipid infusion studies in humans, 

and high-fat feeding in rodents have demonstrated that muscle tissue rapidly accumulates 

diacylglycerols, ceramides, and triglycerides in response to these lipid exposures (359, 361). 

Accumulation of diacylglycerols activate novel PRKC/PKC signaling, including PRKCD/PKCd 

and PRKCQ/PKCq (363–367). Importantly, PRKCQ/PKCq has been shown in both human and 

rodent studies to phosphorylate and inhibit the IRS1 (insulin receptor substrate 1) to prevent 

insulin-mediated AKT2 activation and SLC2A4/GLUT4-dependent glucose uptake, where a key 

residue involved in human IRS1 inhibition is Ser1101 (368). This pathway may protect myocytes 

from metabolic stress, by preventing further influx of glucose and/or lipids (369). 

 Macroautophagy/autophagy is a lysosomal degradation pathway that functions in organelle 

and protein quality control. During cellular stress, increased levels of autophagy permit cells to 

adapt to changing nutritional and energy demands through catabolism (370–374). Although 

originally described as a cellular response to starvation, autophagy also protects against insulin 

resistance in fed animals (375). Acute exercise induces autophagy in skeletal muscle, while 

transgenic mice harboring a BCL2 mutant preventing autophagy induction display decreased 

exercise tolerance and altered glucose metabolism during acute exercise (375). Furthermore, 

exercise fails to protect these mice from high fat diet-induced insulin resistance (375). More recent 
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evidence suggests that autophagy can be selectively targeted to specific cellular structures, such as 

mitochondria, and mitochondrial proteins that contain an LC3 interacting region (LIR) can serve 

as selective mitochondrial autophagy receptors (i.e., mitophagy receptors) (376, 377). A recent 

study has demonstrated that a skeletal muscle restricted deletion of a hypoxia-inducible mitophagy 

receptor, called FUNDC1, blunts the mitophagy response and protects against high fat feeding-

induced insulin resistance at the expense of exercise tolerance, suggesting that mitophagy may be 

a contributing factor in muscle insulin resistance. However, FUNDC1 is hypoxia-inducible and 

has not been shown to be activated by lipotoxicity; thus, other mitophagy receptors may serve to 

trigger selective autophagy of dysfunctional mitochondria in a fed lipotoxic state when generalized 

autophagy is inhibited (378, 379). 

 Mitochondrial quality control also involves dynamic fission and fusion events that serve to 

compartmentalize dysfunctional or depolarized mitochondrial fragments that can be targeted for 

autophagic degradation (377, 380). Mitochondrial fission and fusion are regulated by a family of 

GTPases, where DNM1L/DRP1 initiates mitochondrial fission, and MFN1 (mitofusin 1), MFN2, 

and OPA1 regulate fusion (377, 380). Moreover, lipotoxicity-induced muscle insulin resistance 

has been associated with mitochondrial fission and activation of DNM1L (381). Interestingly, 

phospholipids such as phosphatidic acid and cardiolipin, regulate mitochondrial fission and fusion, 

where cardiolipin facilitates fusion through and interaction with OPA1, and mitochondrial 

phosphatidic acids interact with DNM1L (382–384). In muscle, phosphatidic acids also regulate 

MTOR signaling during times of growth (385). MTOR signaling potently inhibits autophagy in a 

fed state, and is involved in a negative-feedback pathway that limits glucose uptake through 

MTOR-RPS6KB (p70S6 kinase)-mediated phosphorylation of IRS1 (386, 387). However, it 

remains to be determined how these interconnected signaling pathways contribute to muscle 

insulin resistance. 

 Previously, we described a lipotoxicity-activated signaling pathway leading to increased 

expression of the mitophagy receptor BNIP3L/Nix (388). This conserved pathway responds to 

elevated diacylglycerols by activating PRKCD which inhibits the expression of microRNA-133a, 

a negative regulator of BNIP3L expression. Furthermore, we established that BNIP3L expression 

is elevated in muscle tissue of rodents fed a high fat diet (HF) (388).  
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3.3 Experimental Overview and Rationale 

 

In order to further explore the role of BNIP3L and mitochondrial dysfunction associated 

with muscle insulin resistance, we undertook an unbiased gene expression array and a shot-gun 

metabolomics screen in soleus muscle from rodents on a low fat (LF) or HF diet. We observed a 

decrease in the most abundant tetralinoleoyl-cardiolipin species and an increase in phosphatidic 

acids, concurrent with increased BNIP3L expression, suggesting altered mitochondrial dynamics 

and/or mitophagy contribute to muscle insulin resistance. Using two myocyte cell lines, and human 

myotubes differentiated from induced pluripotent stem cells (iPSCs), we mechanistically 

determined that BNIP3L accumulation triggers calcium-dependent activation of DNM1L and 

mitophagy. In addition, BNIP3L expression can impair insulin signaling in myotubes through 

MTOR-dependent inhibition of IRS1. Finally, we demonstrate that BNIP3L-induced mitophagy 

and impaired insulin signaling can be reversed by direct phosphorylation of BNIP3L by 

PRKA/PKA, leading to the translocation of BNIP3L from the mitochondria and sarcoplasmic 

reticulum to the cytosol. These findings are consistent with a model whereby BNIP3L responds to 

myocyte lipotoxicity in order to clear damaged mitochondria through receptor-mediated 

mitophagy and protect the myocyte against nutrient storage stress by activating MTOR-dependent 

desensitization of insulin signaling. In-depth analysis and evidence to support these claims are 

presented and described in the following results sections. 
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3.4 Results 

 

3.4.1 Metabolomics and gene expression screen  

 Numerous lipid species were elevated in soleus muscle with HF feeding, including 

diacylglycerols, ceramides, and triglycerides (Table 3.1 and Table S3.1-3.6). Interestingly, we 

also observed alterations in the composition of cardiolipin. Cardiolipin is normally found in the 

inner mitochondrial membrane and uniquely contains four acyl chains, where the tetra-linoleoyl 

(18:2) cardiolipin is the most abundant species. Interestingly, we observed a reduction in this 

species of cardiolipin with HF feeding (Table 3.1). We also observed an increase in numerous 

phosphatidic acid species (Table 3.1). To further explore the relationship between lipotoxicity and 

skeletal muscle autophagy, we performed a PCR-based array on soleus muscle from rats fed a LF 

or HF diet. We observed a modest reduction in several autophagy-related genes including Beclin-

1, ATG3, -5, -12 and Atp6v1g2 in HF fed animals (Table 3.1 and Table S3.1-3.6). These 

observations suggested that global autophagy-related gene expression is reduced in soleus muscle 

during a high fat diet.  
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Table 3.1. Representative metabolites and mRNAs altered by HF feedings. 
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3.4.2 BNIP3L expression alters mitochondrial morphology, mitophagy, and impairs insulin 

signaling 

 Given our previous findings that BNIP3L is induced in this rodent model (388), and that 

phospholipids have been implicated in both mitochondrial dynamics and MTOR signaling, we 

investigated the role of BNIP3L in regulating aspects of mitochondrial quality control following 

exposure to lipotoxicity. To begin, we expressed BNIP3L in C2C12 myoblasts and monitored 

mitochondrial morphology using a mitochondrial-targeted Emerald fluorophore (Mito-Emerald). 

In control cells we observed predominately elongated mitochondria; however, in cells expressing 

BNIP3L we observed a decrease in elongated mitochondria and increases in mitochondria with an 

intermediate or ‘fissioned’ morphology and increases in overt mitochondrial fragmentation with a 

more pronounced perinuclear distribution (Figure 3.1A,B). In addition, expression of BNIP3L in 

both C2C12 and L6 myoblasts resulted in a significant decrease in mitochondrial membrane 

potential, determined by TMRM staining (Figure 3.1C,D). Previously, we demonstrated that 

BNIP3L-induced mitochondrial depolarization in cardiomyocytes was due to ER/SR-dependent 

calcium release and subsequent mitochondrial permeability transition (389). Thus, we examined 

both steady-state ER/SR and mitochondrial calcium content in cells expressing BNIP3L using 

organelle-targeted calcium biosensors called GECOs (390–392). We observed that BNIP3L 

expression reduced steady-state ER/SR calcium and increased steady-state mitochondrial calcium 

(Figure 3.1E,F). Furthermore, treatment of C2C12 cells with an IP3-receptor blocker (2APB) 

prevented BNIP3L-induced mitochondrial depolarization (Figure S3.1A). Previous work has 

identified that the mitochondrial fission protein DNM1L is activated by PPP3CA/calcineurin, a 

calcium-calmodulin dependent phosphatase (393). Thus, we determined if BNIP3L-induced 

ER/SR calcium release could result in DNM1L dephosphorylation at a known PPP3CA site 

(mouse Ser643; human Ser637). In C2C12 cells expressing BNIP3L, we observed a reduction in 

Ser643 phosphorylation, compared to control cells (Figure 3.1G). As mitochondrial fission and 

loss of membrane potential are important precursor events leading to mitochondrial autophagy, we 

evaluated mitophagy using a mitochondrial matrix-targeted pH biosensor called Mito-pHRed 

(394). BNIP3L expression in L6 and C2C12 myoblasts and myotubes increased Mito-pHRed 

fluorescence (Figure 3.1H,J). As positive and negative controls, we expressed PRKN/Parkin and 

Mito-pHRed and observed increased fluorescence, while expression of a dominant-negative ATG5 

prevented BNIP3L-induced Mito-pHRed activation (Figure S3.1B,C). BNIP3L expression also 
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increased the number of GFP-LC3 puncta and the formation of LC3-II (Figure S3.1D-F), and 

increased the colocalization of LysoTracker Red and Mito-Emerald (Figure S3.1G) and LAMP1 

and TOMM20 by immunofluorescence (Figure S3.2A). Moreover, BNIP3L-induced Mito-pHRed 

activation was prevented by a dominant-negative DNM1L, the mitochondrial fission inhibitor 

mdivi-1, and the lysosomal inhibitor bafilomycin A1 (Figure 3.1K,L).  

 To further delineate the role of BNIP3L as a mitophagy receptor at the mitochondria and 

as a regulator of calcium release at the ER/SR in our models, we utilized organelle-targeted 

BNIP3L constructs, as described previously (389). Interestingly, mitochondrial targeted BNIP3L 

constructs, using either the monoamine oxidase-B (BNIP3L-MaoB) or the Listeria ActA 

(BNIP3L-ActA) targeting domains, had little to no effect on Mito-pHRed activation; whereas, 

ER/SR targeted BNIP3L using the CYB5 (cytochrome b5; BNIP3L-CYB5) targeting domain had 

a similar effect to wild-type BNIP3L (Figure 3.1M). In addition, we observed that both BNIP3L 

and BNIP3L-CYB5-induced Mito-pHRed activation was prevented with the IP3-receptor blocker 

2APB (Figure 3.1N). Finally, we observed that BNIP3L expression led to enhanced 

phosphorylation of IRS1 using the phospho-specific Ser1101 antibody and prevented downstream 

AKT(Ser473) phosphorylation (Figure 3.1O). In addition, BNIP3L expression prevented insulin-

stimulated glucose uptake, determined by 2NBDG fluorescence (Figure 3.1P). Collectively, our 

findings suggest that in addition to its role as a mitophagy receptor, BNIP3L regulates 

mitochondrial fission through its effects on ER/SR calcium, and is also a regulator of insulin 

signaling.  

 Next, we confirmed that BNIP3L expression is elevated in soleus muscle of rats fed a HF 

diet compared to those fed a LF diet, concurrent with decreased phosphorylation of DNM1L 

(Figure 3.2A). We also observed that SQSTM1 levels increased with HF feeding and LC3-II 

levels decreased, suggesting that autophagy in soleus muscle is inhibited by this diet (Figure 

S3.2B).  
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Figure 3.1. BNIP3L regulates mitochondrial dynamics and mitophagy. (A-B) C2C12 

myoblast cells were transfected with Mito-mEmerald to assess mitochondrial morphology (left). 

Quantification of C2C12 myoblast cells transfected with BNIP3L or empty vector control (right). 

(C-D) Quantification of C2C12 myoblast cells (C) or L6 myoblasts (D) transfected with BNIP3L 

or an empty vector control; stained with TMRM. (E) Quantification of C2C12 myoblasts 

transfected with ER-LAR-GECO, BNIP3L, or an empty vector control. (F) Quantification of 

C2C12 myoblasts transfected with Mito-CAR-GECO, BNIP3L, or an empty vector control. (G) 

C2C12 cells were transfected with BNIP3L or empty vector. Protein extracts were analyzed as 

indicated. (H-J) Quantification of (H) C2C12 myoblasts, (I) C2C12 myotubes, and (J) L6 

myoblasts cells transfected with BNIP3L, Mito-pHRed, or an empty vector control. (K) C2C12 

cells were transfected with Mito-pHRed, BNIP3L, a dominant negative DNM1L/Drp1 (S36A), or 

an empty vector control and quantified. (L) C2C12 cells were transfected with Mito-pHRed, 

BNIP3L, or an empty vector control. Cells were treated with Bafilomycin (6 nM, 3 h) or with the 

mitochondrial fission inhibitor (mdivi-1, 20 µM, 1 h). (M) Quantification of C2C12 myoblast cells 

transfected with Mito-pHRed, BNIP3L, mitochondrial targeted BNIP3L fusion constructs 

BNIP3L-MaoB or BNIP3L-ActA, the ER/SR targeted BNIP3L construct BNIP3L-CYB5, or an 

empty vector control. (N) C2C12 myoblast cells were transfected with Mito-pHRed, BNIP3L, 

BNIP3L-CYB5, or an empty vector control. Cells were treated with 2-aminoethoxydiphenyl borate 

(2APB 10 µM, 1 h), or DMSO as control vehicle and quantified. (O) L6 myotubes were transfected 

with BNIP3L or empty vector followed by 15 min of insulin stimulation (10 nM). Protein extracts 

were analyzed as indicated. (P) L6 myotubes were transfected with BNIP3L or an empty vector 

control. Insulin stimulated glucose uptake (10 nM) was determined by 2NBDG fluorescence and 

quantified. Data are represented as mean ± S.E.M. *P < 0.05 compared with control, while **P < 

0.05 compared with treatment, determined by 1-way or 2-way ANOVA. 
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in response to prolonged palmitate exposure.  
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Figure 3.2. Knockdown of BNIP3L improves mitochondrial function and insulin sensitivity. 

(A) Western blot analysis of rat soleus muscle exposed to high fat (HF) or low fat (LF) diet for 12-

weeks (left). Quantification of BNIP3L expression relative to actin (n=4)(right). (B) C2C12 

myoblast cells were treated overnight with increasing doses of palmitate conjugated to 2% albumin 

in low-glucose media. Protein extracts were analyzed as indicated. (C) C2C12 myoblast cells were 

transfected with Mito-pHRed, shBNIP3L, or a scrambled control shRNA. Cells were treated 

overnight with palmitate (200 µM). (D) Quantification of C2C12 myoblasts transfected with ER-

LAR-GECO and treated as in (C). (E) Quantification of C2C12 myoblast cells transfected with 

Mito-CAR-GECO and treated as in (C). (F) C2C12 myoblast cells were transfected with 

shBNIP3L or a scrambled control shRNA, followed by palmitate treatment as described in (C). 

Protein extracts were analyzed as indicated. (G) C2C12 myoblast and (H) human myotube cells 

were transfected with shBNIP3L or a control shRNA. Cells were treated overnight with palmitate 

as in (C), stained for TMRM and quantified. (I) L6 myotubes were transfected with shBNIP3L or 

a control shRNA. Cells were treated overnight with palmitate as in (C). Insulin stimulated glucose 

uptake (10 nM) was determined by 2NBDG fluorescence and quantified. (J) C2C12 myoblast cells 

as transfected as in (H), along with DAGR, a diacylglycerol biosensor. Cells were analyzed by 

using the emission ratio of YFP:CFP (FRET Ratio). (K) Quantification of C2C12 myoblast cells 

transfected as in (H), along with MYC-BNIP3Land treated as in (C). (L) C2C12 cells were 

transfected with Mito-pHRed. Cells were pre-treated overnight with etomoxir (100 µM) and 

palmitate, as described in (C), followed by co-treatment with 2APB (10 µM, 2 h) or DMSO as 

control vehicle and quantified. Data are represented as mean ± S.E.M. *P < 0.05 compared with 

control, while **P < 0.05 compared with treatment, determined by t-test, 1-way or 2-way ANOVA. 
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 Interestingly, other markers of mitophagy, such as BNIP3, BCL2L13, FUNDC1, and 

RHEB, were unchanged or modestly decreased in HF fed rodents, while FKBP8/Fkbp38 and 

PRKN were increased (Figure S3.2B). We also evaluated if PRKN activation could be 

downstream of BNIP3L induction, but BNIP3L expression failed to promote the mitochondrial 

localization of PRKN-YFP (Figure S3.2C). In culture, we used palmitate treatment to induce 

lipotoxicity and performed a dose-response in C2C12 cells. BNIP3L expression was increased by 

0.2 mM palmitate and plateaued at higher concentrations (Figure 3.2B). Palmitate treatment also 

increased the number of GFP-LC3 puncta in C2C12 cells (Figure S3.1E). Furthermore, palmitate 

treatment increased Mito-pHRed fluorescence, which was inhibited by knock-down of BNIP3L 

(shBNIP3L)(Figure 3.2C). Knock-down of BNIP3L also prevented palmitate-induced ER/SR 

calcium release and mitochondrial calcium accumulation (Figure 3.2D,E), which were also 

blocked by 2APB treatment (Figure S3.2D,E). Furthermore, palmitate treatment decreased 

DNM1L phosphorylation at the PPP3CA regulated residue and led to mitochondrial fission, which 

were restored by shBNIP3L (Figure 3.2F, Figure S3.2F). In addition, BNIP3L knock-down 

prevented palmitate-induced mitochondrial depolarization in both C2C12 cells and iPSC-derived 

human myotubes (Figure 3.2G,H), and restored insulin-stimulated glucose uptake following 

palmitate exposure (Figure 3.2I). Using a diacylglycerol biosensor called DAGR (395), we 

observed that palmitate treatment increased FRET emission, which was reversed by BNIP3L 

knock-down (Figure 3.2J), suggesting a connection between mitochondrial function and 

diacylglycerol accumulation. To test the specificity of shBNIP3L, we treated C2C12 myoblasts 

with palmitate and observed an increase in Mito-pHRed fluorescence, which was prevented when 

cells expressed shBNIP3L, but was restored by co-expression of a MYC-tagged BNIP3L (MYC-

BNIP3L)(Figure 3.2K). Finally, we observed that palmitate-induced mitophagy was prevented by 

2APB and with etomoxir, an inhibitor of mitochondrial fatty acid uptake through carnitine 

palmitoyltransferase-1 (Figure 3.2L), consistent with the notion that fatty acid-induced 

mitochondrial overload may be important trigger for mitophagy. 
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3.4.3 Identification and characterization of a novel PRKA phosphorylation site in the 

transmembrane domain of BNIP3L 

 Next, we explored whether BNIP3L function was directly regulated by cellular signaling 

pathways to modulate mitophagy and insulin signaling. In silico analysis of the BNIP3L amino 

acid sequence identified a conserved PRKA consensus motif within the carboxy-terminus of the 

transmembrane domain (Figure 3.3A,B), which is Serine-212 (Ser212) in human BNIP3L. We 

engineered synthetic peptides spanning the BNIP3L transmembrane domain and subjected them 

to in vitro kinase reaction with the catalytic subunit of PRKA and analyzed peptides by ion trap 

mass spectrometry. In the absence of kinase, single ion monitoring (SIM) scans displayed a 

predominant peak at m/z of 857.28 (z=2+)(Figure 3.3C). Following kinase incubation, this peak 

shifted by m/z of 40 (897.78, z=2+), corresponding to the addition of a phosphate (PO3) to the 

peptide (Mass = 80.00 Da)(Figure 3.3D). However, when Ser212 was mutated to a neutral alanine 

(S212A) this m/z shift was eliminated (Figure 3.3E). Next, we analyzed the MS2 spectra produced 

by collision-induced dissociation (CID) of the precursor ion with m/z = 897.78 (z=2+). CID of the 

phospho-peptide yielded a product-ion with m/z of 848.67 (delta = 49.11), consistent with the 

neutral loss of phosphorylation (98/2 = 49; Figure 3.3F). We also evaluated if our BNIP3L peptide 

could be phosphorylated at more than one site; however, we did not detect an m/z shift equivalent 

to 160 Da (Figure 3.3G). We modeled the BNIP3L structure using the Phyre2 engine (Figure 

3.3H). Using known 3D motifs, Phyre2 predicted that Ser212 was exposed within the 

transmembrane domain, and likely well-positioned for kinase recognition.  

 Next, we used a custom antibody designed to specifically detect phosphorylated Ser212 of 

BNIP3L (p-BNIP3L). Following treatment of C2C12 cells with forskolin (FSK) or a cAMP 

analog, we detected a band that aligned with transfected MYC-tagged BNIP3L, which migrates 

slightly above the 43-kDa molecular mass marker (Figure 3.3I and Figure S3.3A). However, 

when Ser212 was mutated to a neutral alanine, this band was lost (Figure 3.3I). While 

investigating the endogenous expression of p-BNIP3L, we observed a notable cell-type specific 

pattern by western blot. BNIP3L has a predicted molecular weight of 26-kDa, but has been 

observed to migrate on SDS-PAGE as a 40-kDa monomer, and an 80-kDa dimer (388, 396, 397). 

In both C2C12 and L6 myoblasts, the dominant p-BNIP3L band migrated close to the predicted 

weight of BNIP3L (Figure S3.3B-D). This band was also sensitive to H89 treatment and was 

substantially reduced in cells expressing an shRNA targeting BNIP3L (Figure S3.3C,D). 
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However, in the human rhabdomyosarcomal cell lines (RH30 and A204), the p-BNIP3L antibody 

detected multiple bands spanning 40-80-kDa, while in human iPSC-derived myoblasts the 

dominant band migrated at the predicted dimer weight (Figure S3.3B). These observations suggest 

that BNIP3L is likely exposed to other post-translational modifications, and that these 

modifications occur in a cell-type or species-specific manner. Next, to validate if we could 

modulate PRKA-induced Bnip3L phosphorylation pharmacologically, we performed a series of 

time-courses experiments with pharmacological agents known to activate PRKA signaling in 

muscle. We used the adrenergic agonist clenbuterol and the PDE4 (phosphodiesterase 4) inhibitor 

(PDE4i) cilomilast. Both of these agents increased p-BNIP3L expression peaking at 2 h and 

returning to control levels by 12-18 h (Figure 3.3J and Figure S3.3E), and we confirmed they 

activated PRKA in C2C12 myoblasts (Figure S3.4A,B). In addition, expression of PRKA and 

treatment of C2C12 cells with clenbuterol prevented BNIP3L-induced mitochondrial 

depolarization (Figure S3.4C). Lastly, we probed soleus muscle extracts from rodents fed a LF or 

HF diet. In rodent muscle we observed three dominant p-BNIP3L bands; a predicted 26-kDa, a 

52-kDa dimer band, and a 40-kDa band that aligned with monomeric BNIP3L. The 40-kDa band 

is likely more detectable in muscle tissue as total BNIP3L expression is much greater in muscle 

tissue compared to C2C12 and L6 myoblasts. In addition, we observed that the 26-kDa band and 

the dimer band were reduced with HF feeding (Figure 3.3K), while the 40-kDa band more closely 

followed monomeric BNIP3L expression. Based on the positioning of the phospho-residue within 

the transmembrane domain of BNIP3L, we hypothesized that Ser212 is an inhibitory 

phosphorylation site. 
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Figure 3.3. PRKA phosphorylates BNIP3L at Ser212. (A) Amino acid sequence alignment for 

human, mouse and rat BNIP3L. (B) Schematic BNIP3L transmembrane domain and the location 

of Ser212. (C) SIM scan of the wild-type peptide spanning the PRKA site of BNIP3L. The 

unphosphorylated peptide has 857.28 m/z (z=2+). (D) Putative phosphorylation showing an 

increased m/z of 40 that corresponds to PO3 (M=80.00 Da). (E) SIM scan of mutated peptide 

(S212A) incubated with kinase, as in (D). (F) MS2 spectra following collision-induced dissociation 

of the precursor ion in (D, m/z=897.78). A neutral loss of 49 m/z confirms phosphorylation. (G) 

SIM scanning showing BNIP3L peptide is not phosphorylated at two residues within the peptide. 

(H) BNIP3L structure modeled using Phyre2 engine. (I) 3T3 cells were transfected with wild type 

BNIP3L or a BNIP3L mutant where Ser212 is converted to alanine (S212A) and treated with 10 

μM forskolin for 2 h. Protein extracts were immunoblotted, as indicated. (J) C2C12 myoblast cells 

were treated with 10 μM cilomilast or vehicle for multiple time points. Protein extracts were 

immunoblotted, as indicated. (K) p-BNIP3L is decreased as total BNIP3L increases in soleus 

muscle of rodents treated with high fat (HF) or low fat (LF) diet for 12-weeks. *predicted molecular 

weight, **predicted dimer weight, #aligned with total BNIP3L. 
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Figure 3.4. Clenbuterol and cilomilast inhibit palmitate-induced mitochondrial defects. 
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Figure 3.4. Clenbuterol and cilomilast inhibit palmitate-induced mitochondrial defects. (A) 

5-day differentiated C2C12 myotubes and L6 myotubes were treated overnight with palmitate (200 

µM) conjugated to 2% albumin in low glucose media. Control cells were treated with 2% albumin 

alone. Myotubes were treated with clenbuterol (500 nM, 2 h), cilomilast (10 μM, 2 h) or DMSO 

control vehicle and stained with TMRM (red) and Hoechst (blue) and imaged by standard 

fluorescence microscopy. (B) Quantification of (A). (C) 7-day differentiated human myotubes 

were treated and stained as in (A). (D) Quantification of (C). (E) 7-day differentiated human 

myotubes were stained with MitoSOX and quantified. (F) 7-day differentiated human myotubes 

were treated as in (A). Protein extracts were immunoblotted, as indicated. (G) C2C12 myoblast 

cells were treated as in (A) and imaged via electron microscopy. Mitochondria are indicated by 

arrows. (H) C2C12 myoblasts were transfected with Mito-pHRed and treated as in (A). (I) L6 

myotube were treated as in (A) and protein extracts were immunoblotted, as indicated. (J) Insulin 

stimulated glucose uptake (10 nM) was determined by 2NBDG fluorescence in treated L6 

myotubes and quantified. (K) C2C12 myoblast cells were transfected with BNIP3L wild type and 

BNIP3LS212A followed by clenbuterol treatment (500 nM, 2 h). Cells were stained with TMRM 

and imaged by standard fluorescence microscopy. (L-N) C2C12 myoblasts cells were transfected 

with BNIP3L, BNIP3LS212A, or BNIP3LS212D with Mito-pHRed (l), Mito-Car-Geco (M), and ER-

Lar-Geco (N). (O) L6 myotubes cells were transfected with BNIP3L, BNIP3LS212A, or 

BNIP3LS212D. Insulin stimulated uptake (10 nM) was determined by 2NBDG fluorescence and 

quantified. Data are represented as mean ± S.E.M. *P < 0.05 compared with control, while **P < 

0.05 compared with treatment, determined by 1-way or 2-way ANOVA. 
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 Next, we performed a series of experiments to evaluate if clenbuterol and cilomilast could 

inhibit palmitate-induced mitochondrial defects. In both C2C12 and L6 myotubes, clenbuterol and 

cilomilast reversed palmitate-induced mitochondrial depolarization (Figure 3.4A,B). We also 

evaluated human iPSC-derived myotubes and observed similar rescue of TMRM and mitoSOX 

staining with clenbuterol and cilomilast treatment (Figure 3.4C-E). In addition, we confirmed that 

clenbuterol and cilomilast increase p-BNIP3L expression in human myotubes (Figure 3.4F). 

Clenbuterol and cilomilast also prevented palmitate-induced alterations in mitochondrial 

morphology, mitophagy, insulin signaling, and insulin-stimulated glucose uptake (Figure 3.4G-

J). Using TMRM as an indicator of BNIP3L activity, we observed that clenbuterol reversed 

BNIP3L-induced mitochondrial depolarization, but not when Ser212 was mutated to alanine 

(S212A; Figure 3.4K). In addition, we generated a Ser212 phospho-mimetic mutation (S212D) 

and compared the effects of this construct to wild-type BNIP3L and the BNIP3LS212A mutant. 

When transfected into C2C12 cells, wild-type BNIP3L and BNIP3LS212A induced mitophagy, 

increased mitochondrial calcium, reduced ER/SR calcium, and inhibited insulin-stimulated 

glucose uptake (Figure 3.4L-O). However, the BNIP3LS212D mutant did not significantly impact 

these end-points. Collectively, these findings suggest that clenbuterol and cilomilast treatment 

leads to PRKA -induced phosphorylation of BNIP3L at Ser212, and this phosphorylation site is 

inhibitory and can modulate BNIP3L-induced mitophagy, calcium homeostasis, and impaired 

glucose uptake.  

 

3.4.4 YWHAB/14-3-3b  regulates the subcellular localization and function of BNIP3L 

 To determine how PRKA phosphorylation of Ser212 leads to inhibition of BNIP3L-

induced mitophagy and impaired insulin signaling, we undertook cell fractionation experiments to 

determine the cellular localization of p-BNIP3L. Although the majority of BNIP3L localized to 

the mitochondria and ER/SR in C2C12 myoblasts, p-BNIP3L was exclusively localized in the 

cytosolic fraction (Figure 3.5A). Moreover, our In silico analysis of BNIP3L predicted that Ser212 

lies within a conserved interacting domain of the molecular chaperone family YWHA/14-3-3, 

which identify the sequence RSxpSxP (BNIP3L: KRLpSTP) and are commonly found within 

PRKA and CAMK2A/CaMK-II phospho-motifs. Thus, we evaluated whether YWHA proteins 

could translocate BNIP3L from the mitochondria and/or ER/SR upon PRKA phosphorylation. 
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First, we performed co-immunoprecipitation of BNIP3L with YWHAB. We chose this YWHA 

family member as it has been shown to interact with other BCL2 proteins (398–400), and YWHAB 

expression was altered in our gene expression screen of insulin resistant soleus muscle (not 

shown). We expressed MYC-tagged BNIP3L and HA-tagged YWHAB in 293T cells. Shown in 

Figure 3.5B, we detected HA-YWHAB following immunoprecipitation with a MYC antibody. 

Furthermore, when transfected C2C12 cells were treated with clenbuterol prior to co-

immunoprecipitation, the interaction between BNIP3L and YWHAB was enhanced (Figure 

3.5C). In a complementary experiment, we expressed HA- YWHAB with either wild-type 

BNIP3L, BNIP3LS212A, or BNIP3LS212D and subjected extracts to co-immunoprecipitation. We 

observed that the interaction between BNIP3L and YWHAB was enhanced when Ser212 was 

mutated to aspartic acid (BNIP3LS212D)(Figure 3.5D). Next, we expressed BNIP3L with and 

without HA-YWHAB and treated with clenbuterol, and subjected extracts to sub-cellular 

fractionation. We observed that expression of HA-YWHAB and treatment with clenbuterol 

reduced the expression of BNIP3L in the mitochondrial and ER/SR fractions, with a corresponding 

increase in BNIP3L in the cytosolic fraction, and no change in total BNIP3L expression (Figure 

3.5E). Finally, we evaluated if YWHAB could counteract the effects of BNIP3L on mitochondria 

and insulin signaling. Shown in Figure 3.5F, and 3.5G, co-expression of YWHAB with BNIP3L 

prevented ER/SR calcium release and mitochondrial calcium accumulation. In addition, YWHAB 

blocked BNIP3L-induced Mito-pHRed activation (Figure 3.5H), prevented BNIP3L-induced 

IRS1 phosphorylation (Figure 3.5I), and restored insulin-stimulated glucose uptake (Figure 3.5J). 

 

3.4.5 BNIP3L activates MTOR-RPS6KB, a negative regulator of insulin signaling 

 Previous studies have demonstrated that Ser1101 is phosphorylated by both novel PRKC 

isoforms and MTOR-RPS6KB to inhibit insulin signaling (367, 368, 386). Interestingly, both of 

these pathways are activated by lipid intermediates, diacylglycerols and phosphatidic acids, 

respectively, which were elevated in our metabolomics screen of insulin resistant muscle. To 

investigated how BNIP3L might activate MTOR-RPS6KB signaling, we expressed BNIP3L in 

C2C12 cells and evaluated activation of MTOR-RPS6KB by phosphorylation at Thr389 by 

phospho-specific antibody. BNIP3L expression increased MTOR-RPS6KB phosphorylation, 

which was prevented by treatment with the MTORC1 inhibitor rapamycin (Figure 3.6A). In 
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addition, palmitate treatment increased MTOR-RPS6KB phosphorylation, which was attenuated 

in cells expressing shBNIP3L (Figure 3.6B). Furthermore, BNIP3L-induced MTOR-RPS6KB 

phosphorylation was inhibited by clenbuterol and cilomilast treatment (Figure 3.6C), and 

prevented by treatment with the mitochondrial fission inhibitor mdivi-1 (Figure 3.6D), 

collectively suggesting that BNIP3L is both necessary and sufficient to activate MTOR-RPS6KB 

phosphorylation in C2C12 cells.  

 As phosphatidic acids have been implicated as important regulators of MTOR signaling in 

muscle, we used 1-butanol, a primary alcohol which inhibits phospholipase-D catalyzed 

phosphatidic acid production, in C2C12 cells expressing BNIP3L. Shown in Figure 3.6E, 

BNIP3L-induced MTOR-RPS6KB phosphorylation was completely prevented in the presence of 

1-butanol. To determine if BNIP3L activates MTOR signaling by directly influencing 

phosphatidic acids production, we expressed BNIP3L in C2C12 cells and evaluated phosphatidic 

acids content using a commercially available assay. Interestingly, phosphatidic acid content 

remained unchanged in cells expressing BNIP3L (Figure 3.6F), as did diacylglycerol signaling 

(Figure 3.6G), suggesting that BNIP3L alone does not alter lipid intermediate accumulation in the 

absence of an ectopic lipid source. 

 The conversion of phosphatidylcholine into phosphatidic acid involves the enzymatic 

function of PLD1 (phospholipase D1), which has been shown to be an important regulator of 

MTOR activation (385). However, the mitochondrial-targeted PLD6 (phospholipase D family 

member 6) which converts cardiolipin to phosphatidic acid has been shown to modulate 

mitochondrial dynamics (384). Moreover, the activation of MTORC1 has been previously shown 

to be dependent upon lysosomal GTPases, such as RHEB, which can activate mitophagy in a 

BNIP3L-dependent manner (401). Thus, we knocked-down both PLD6 and RHEB and determined 

the effect on BNIP3L-induced MTOR-RPS6KB activation. Shown in Figure 3.6H, siRNAs 

targeting RHEB and PLD6 reduced BNIP3L-dependent phosphorylation of MTOR-RPS6KB. In 

addition, knockdown of PLD6 also reduced the endogenous expression of both total MTOR-

RPS6KB and RHEB, suggesting this phospholipase regulates multiple aspects of this pathway. 

Next, we expressed both BNIP3L and RHEB and observed Mito-pHRed activation (Figure 3.6I). 

The addition of RHEB to BNIP3L enhanced Mito-pHRed fluorescence; however, when Ser212 of 

BNIP3L was mutated to a phospho-mimetic aspartic acid (S212D) or the mitochondrial-targeting 

transmembrane domain of BNIP3L was deleted (DTM), Mito-pHRed fluorescence was returned 
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to control levels. Collectively, these findings suggest that BNIP3L can modulate RHEB-dependent 

activation of MTOR-RPS6KB, and this pathway has substantial crosstalk with PLD6-dependent 

production of phosphatidic acid. 
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Figure 3.5. p-BNIP3L interacts with YWHAB proteins to determine subcellular location. (A) 

C2C12 myoblasts were subjected to subcellular fractionation. Protein extracts were 

immunoblotted for p-BNIP3L and total BNIP3L, as indicated. (B) 293T cells were transfected 

with MYC-BNIP3L or HA-YWHAB. Extracts were immunoprecipitated (IP) with a MYC 

antibody and immunoblotted (IB), as indicated. (C) C2C12 myoblasts were transfected as in (B) 

and treated with clenbuterol (500 nM, 2 h). Extracts were immunoprecipitated (IP) with HA 

antibody and immunoblotted (IB), as indicated. (D) C2C12 myoblasts were transfected with HA-

YWHAB, MYC-BNIP3L, MYC-BNIP3LS212A or MYC-BNIP3LS212D. Extracts were 

immunoprecipitated (IP) with HA antibody and immunoblotted (IB), as indicated. (E) C2C12 

myoblasts were transfected with either MYC-BNIP3L or HA-YWHAB, followed by clenbuterol 

treatment (500 nM, 2 h). Extracts were fractioned and protein extracts were immunoblotted, as 

indicated. (F) C2C12 myoblasts cells were transfected with BNIP3L wild type, HA-YWHAB, and 

ER-Lar-Geco. (G) C2C12 myoblasts cells were transfected with BNIP3L wild type, HA-YWHAB, 

and mitoCar-Geco. (H) C2C12 myoblasts cells were transfected with BNIP3L wild type, HA-

YWHAB, and Mito-pHRed. (I-J) L6 myotubes were transfected with BNIP3L wild type, HA-

YWHAB. Proteins were immunoblotted as indicated (I) and insulin stimulated glucose uptake (10 

nM) was determined by 2NBDG fluorescence and quantified (J). Data are represented as mean ± 

S.E.M. *P < 0.05 compared with control, while **P < 0.05 compared with treatment, determined 

by 1-way or 2-way ANOVA. 
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Figure 6.
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Figure 3.6. BNIP3L-induced MTOR-RPS6KB activation. 
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Figure 3.6. BNIP3L-induced MTOR-RPS6KB activation. (A) C2C12 myoblast cells 

transfected with MYC-BNIP3L or an empty vector control. Cells were treated with Rapamycin 

(500 nM, 1 h) or DMSO as vehicle control. Proteins were immunoblotted as indicated. (B) C2C12 

myoblast cells transfected with shBNIP3L, or a scramble control shRNA, and treated overnight 

with palmitate (200 µM) conjugated to 2% albumin in low-glucose media. Proteins were 

immunoblotted as indicated. (C) C2C12 myoblast cells were transfected as in (A), and were treated 

with clenbuterol (500 nM), cilomilast (10 μM) or vehicle for 2 h. Proteins were immunoblotted as 

indicated. (D) C2C12 myoblast cells were transfected as in (A). Cells were treated with mdivi-1 

(20 µM) or vehicle for 1 h. Proteins were immunoblotted as indicated. (E) C2C12 myoblast cells 

were transfected as in (A) and treated with 1-butanol (1%) for 30 min. Proteins were 

immunoblotted as indicated. (F) C2C12 myoblast cells were transfected as in (A), followed by 

phosphatidic acid assay and quantification. (G) C2C12 myoblast cells were transfected as in (A), 

along with the diacylglycerol biosensor DAGR. Cells were treated overnight with palmitate and 

analyzed by FRET imaging. (H) C2C12 myoblast cells were transfected with MYC-BNIP3L, 

siRHEB, siPLD6. Proteins were immunoblotted as indicated. (I) C2C12 myoblast cells were 

transfected with MYC-BNIP3L, RHEB, MYC-BNIP3LS212D, MYC-BNIP3L-DTM, along with 

Mito-pHRed. Cells were imaged by standard fluorescence and quantified. Data are represented as 

mean ± S.E.M. *P < 0.05 compared with control, while **P < 0.05 compared with treatment, 

determined by 1-way or 2-way ANOVA. 
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3.5 Discussion 

 

 Mitochondrial dysfunction has been implicated in insulin resistance and diabetic 

complications in numerous cell types, although the precise nature of this defect, and consequences 

resulting from it, are not fully defined in muscle. Utilizing two independent myoblast cell lines, a 

rodent model, and human iPSC-derived myotubes, we characterized a novel pathway initiated by 

lipotoxicity resulting in BNIP3L-induced mitochondrial fission, depolarization, mitophagy, and 

MTOR-RPS6KB dependent desensitization of IRS1. Interestingly, we also observed crosstalk 

between phospholipid metabolism and BNIP3L-induced IRS1 inhibition, where phosphatidic 

acids are critical modulators of this pathway. Furthermore, this work identifies a novel PRKA 

phosphorylation site within the BNIP3L transmembrane domain that serves to translocate BNIP3L 

from both the mitochondria and ER/SR membranes and inhibit mitochondrial perturbations and 

MTOR-RPS6KB activation.  

 Previous work has identified that the calcium-calmodulin dependent phosphatase, 

PPP3CA, activates the mitochondrial fission initiator DNM1L  (393). Furthermore, muscle-

specific DNM1L deletion in mice results in changes in mitochondrial volume and altered 

mitochondrial calcium handling (402). In addition, we have previously demonstrated in 

cardiomyocytes that BNIP3L modulates ER/SR calcium to control mitochondrial permeability 

transition (389). We extend these findings in the present work and demonstrate that BNIP3L-

induced ER/SR calcium release activates DNM1L and mitophagy. These observations suggest that 

in addition to its role as a mitophagy receptor, BNIP3L modulates mitochondrial turn-over through 

ER/SR localization and activation of mitochondrial fission. Moreover, in a lipotoxic environment, 

knockdown of BNIP3L prevents mitochondrial depolarization, mitophagy, DNM1L activation, 

and restores insulin-stimulated glucose uptake. However, in the present study, it was not possible 

to delineate which aspect of BNIP3L-induced mitochondrial dysfunction (i.e. Fission vs 

depolarization vs mitophagy) directly led to MTOR-RPS6KB activation. It is likely that other post-

translational modifications of BNIP3L operate to distinguish mitochondrial depolarization from 

the induction of mitophagy. For example, previous studies have shown that BNIP3L can be 

phosphorylated at Serine-34 and -35 to enhance the interaction with LC3 proteins (290). However, 

additional evidence suggests that muscle-specific deletion of the mitophagy receptor Fundc1 
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protects against HF feeding induced insulin resistance (403), suggesting that the mitophagy 

response may directly impact the sensitivity to insulin. Furthermore, BNIP3L and FUNDC1 

cooperatively regulate mitophagy during cardiac progenitor differentiation (404). It is also 

interesting that the BNIP3L homolog BNIP3 is upregulated during myoblast differentiation to 

protect against oxidative stress, while BNIP3 and SQSTM1 are increased in muscle during 

starvation (405). Interestingly, we observed that following HF feeding BNIP3L expression was 

most highly induced in soleus muscle compared to other mitophagy receptors. Collectively, these 

findings suggest that mitophagy receptors may be induced in a stimulus-specific manner to control 

mitochondrial quality in muscle.    

 In this report, we provide detailed mass spectrometry analysis of BNIP3L and identify a 

novel PRKA phosphorylation site within the transmembrane domain. This phospho-acceptor 

residue serves to inhibit BNIP3L function by promoting the interaction with YWHAB and 

translocating BNIP3L away from the mitochondria and ER/SR. Using both adrenergic agonists 

and PDE4 inhibitors, we demonstrate that the function of BNIP3L can be pharmacologically 

manipulated to modulate myotube mitophagy and the response to insulin. These observations are 

consistent with previous work demonstrating the glucose lowering effects of the PDE4i roflumilast 

(406) and suggest an additional peripheral mechanism of action of these agents.  

 One of the most intriguing observations of the present study is the crosstalk between 

BNIP3L, mitochondrial dynamics, phospholipid metabolism, and MTOR signaling. Phosphatidic 

acids are a direct activator for MTORC1 both in vitro and in vivo (407). Phosphatidic acids bind 

directly to the FKBP12-rapamycin binding domain of MTOR, and compete with the inhibitor 

FKBP8 (i.e. FKBP38) to activate MTORC1 (408). The regulation of MTORC1 also involves 

recruitment to the lysosomal membranes and activation by small GTPases, such as RHEB, which 

also compete with FKBP8 (409). Interestingly, stimulation of mitochondrial oxidative 

phosphorylation results in BNIP3L-dependent recruitment of RHEB to the mitochondria and 

selective mitochondrial autophagy (401, 410). Our findings suggest crosstalk between these 

complex signaling pathways operates during myocyte lipotoxicity, and identifies BNIP3L as a 

regulator of MTOR-RPS6KB through RHEB, but contingent on the availability of phosphatidic 

acids. This notion is consistent with our metabolomics screen, that identified reduced muscle 

cardiolipin and increased phosphatidic acids content, while our mechanistic cell culture data 

demonstrate that knockdown of the mitochondrial PLD6 prevents BNIP3L induced MTOR-
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RPS6KB activation. While the precise relationship between lipotoxicity-induced mitochondrial 

overload and the regulation of mitochondrial dynamics by phospholipids requires further 

investigation to more fully define, the activation of MTOR-RPS6KB and the phosphorylation of 

IRS1 at Ser-1101 during lipotoxicity suggests an important mechanism linking mitochondrial 

dysfunction to impaired insulin-stimulated glucose uptake. These observations are consistent with 

a model whereby BNIP3L responds to lipid-induced mitochondria overload and protects the 

myocyte against nutrient storage stress by activating MTOR-RPS6KB and IRS1 phosphorylation. 

However, this model requires further validation using in vivo models, particularly in the context 

of the heterogenous nature of skeletal muscle fibers. 

 In summary, these studies document a novel signaling cascade triggered by lipotoxicity 

and converging on BNIP3L-dependent mitochondrial regulation leading to desensitization of 

insulin receptor signaling. Furthermore, PRKA activation downstream of adrenergic signaling 

inhibits BNIP3L function and restores insulin signaling, suggesting a mechanism by which 

exercise or pharmacological modulation of PRKA may overcome myocyte insulin resistance. 
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3.6 Materials/Methods 

 

3.6.1 Plasmids 

MYC-tagged BNIP3L (Myc-Nix), BNIP3L-CYB5 (Nix-CytoB5), BNIP3L-MaoB (Nix-MaoB), 

BNIP3L-ActA (Nix-ActA), BNIP3L-DTM (Nix-delta TM) plasmids (Addgene, 100795, 100756, 

100757, 100758, and 100755; deposited by Joseph Gordon) were described previously [(389)]. 

The MYC-tagged BNIP3LS212A and BNIP3LS212D were generated using a Q5 site directed 

mutagenesis kit (New England Biolabs, E0554S). The lentiviral shBNIP3L (Addgene, 100770; 

deposited by Joseph Gordon) was generated by ligating oligonucleotides containing the targeting 

sequence 5’-CAGTTCCTGGGTGGAGCTA-3’ into pLKO.1-puro (Addgene, 8453; deposited by 

Bob Weinberg). The mitochondrial (CMV-mitoCAR-GECO1) and endoplasmic reticulum (CMV-

ER-LAR-GECO1) targeted calcium biosensors were gifts from Robert Campbell (Addgene, 46022 

and 61244; deposited by Robert Campbell) (390, 391). The shBNIP3L (17469; deposited by Wafik 

El-Deiry) (411), mEmerald-Mito-7 and mCherry-Mito-7 (54160 and 55102; deposited by Michael 

Davidson) (412, 413), pPHT- PRKA (60936; deposited by Anne Marie Quinn) [(414)], DAGR 

(14865; deposited by Alexandra Newton) (395), GW1-Mito-pHRed (31474; deposited by Gary 

Yellen) (394) and pcDNA3-FLAG-RHEB (19996; deposited by Fuyuhiko Tamanoi) (415) 

plasmids were purchased from Addgene. 

 

3.6.2 Cell culture and transfections  

C2C12 (ATCC, CRL-1772) and L6 (ATCC, CRL-1458) cell lines were maintained in Dulbecco’s 

modified Eagle’s medium (DMEM; HyClone, SH3002201), containing penicillin- streptomycin 

(HyClone, SV30010), and 10% fetal bovine serum (HyClone, SH3039603) at 37°C and 5% CO2. 

All cells were transfected using JetPrime Polyplus reagent as per the manufacturer’s instructions 

(Polyplus, 114-15) (388). The RHEB (19744) and the PLD6 (194908) siRNA were purchased from 

Dharmacon, and the scrambled siRNA control (sc-37007) and control lentivirus (sc-108080) were 

purchased from Santa Cruz Biotechnology. C2C12 and L6 were differentiated by re-feeding 

confluent cells in 2% fetal bovine serum for to 2–5 days. Human skeletal myoblasts derived from 

induced pluripotent stem cells were obtained from Cellular Dynamics (iCell SKM-301-020-001-
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PT). iCell Skeletal Myoblasts were cultured in maintenance medium as per manufacturer’s 

protocol and differentiated for 5-7 days. Palmitate (Sigma, P9767) was conjugated to 2% albumin 

(BSA; Sigma, A7030) in low-glucose media (DMEM; HyClone, SH3002101) and treatments were 

performed as described previously [(388)]. Clenbuterol (C5423), cilomilast (SML0733), 

roflumilast (SML1099), 8-Br-cAMP (B7880), H89-dihydrochloride hydrate (B1427), 2-

aminoethoxydipheny borate (2APB) (D9754), Mdivi-1 (MO199), etomoxir (E1905), rapamycin 

(553210), and bafilomycin A1 (B1793) were purchased from Sigma. Butanol-1 (8399) and 

forskolin (BP25205) were purchased from Fisher Scientific.  

 

3.6.3 Immunoblotting and immunoprecipitation 

Protein samples were extracted using a RIPA lysis buffer system containing protease and 

phosphatase inhibitors (Santa Cruz, SC-24948A). Subcellular organelle fractionation was 

performed using a Mitochondrial Isolation Kit (Qiagen Qproteome, 37612) and a 

Nuclear/Cytosolic Isolation Kit (Pierce, PI78833) [(416)].  Protein determination was performed 

using a Bio-Rad protein assay kit (Bio-Rad, 5000006) and proteins were separated by reducing 

SDS-PAGE and transferred to a PVDF membrane (Roche, 03010040001) (388, 389, 416–418). 

Immunoblotting was carried out using the following antibodies for analysis: BNIP3L/Nix (Cell 

Signaling Technology [CST], 12396), MYC-Tag (Cell Signaling Technology [CST], 2278), HA-

Tag (Cell Signaling Technology [CST],3724), phospho-RPS6KB/p70 S6 Kinase Thr389 (Cell 

Signaling Technology [CST], 9205), RPS6KB/p70 S6 Kinase (Cell Signaling Technology [CST], 

9202), phospho-IRS1 Ser-1101 (Cell Signaling Technology [CST], 2385), IRS1 (ProteinTech, 

17509-1-AP), AKT (ProteinTech, 60203-2-Ig), phospho-AKT S473 (ProteinTech, 66444-1-Ig), 

phospho-DNM1L/DRP1 Ser637 (Cell Signaling Technology [CST], 4867), DNM1L/DRP1-D6C7 

(Cell Signaling Technology [CST],8570), RHEB E1G1R (Cell Signaling Technology 

[CST],13879), PLD6 (Invitrogen, PA5-71510), BCL2L13 (ProteinTech, 16612-1-AP), 

PRKN/Parkin (PRK8; Cell Signaling Technology [CST], 4211), BNIP3 (Cell Signaling 

Technology [CST], 3769), FKBP8 (ThermoFisher, PA5-47513), FUNDC1  (Aviva Systems 

Biology, ARP53280_P050), LC3B (Sigma, L7543), SQSTM1/p62 (Cell Signaling Technology 

[CST], 39749), AIF (Cell Signaling Technology [CST], 5318), MAP2K/MEK (Cell Signaling 

Technology [CST], 8727), ATP2A2/SERCA2 (Cell Signaling Technology [CST], 9580), and 
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ACTB/actin (Santa Cruz Biotechology, sc-1616). Primary antibodies were made as per 

manufacturer’s protocol at a range of 1:1000 dilution. To detect the rodent phospho-BNIP3L/Nix, 

a custom rabbit polyclonal antibody was generated by Abgent using the following peptide 

sequence IGKRL(pS)TPSAS conjugated to adjuvant. Appropriate horseradish peroxidase-

conjugated secondary antibody (Jackson ImmunoResearch Laboratories, 711-035-152) was used 

in a 1:5000 dilution in combination with chemiluminescence to visualize bands using film or a 

BioRad imager (Mississauga, ON, Canada). Image Lab Software offered by BioRad imager was 

used to ensure linear exposure. 

  

3.6.4 Fluorescent staining 

MitoSOX (Molecular Probes, M36008), MitoTracker Red CMXRos (Cell Signaling Technology, 

9082), LysoTracker Red (Invitrogen, L7526), TMRM (Biotium, 70017) and Hoechst 33342 

(Sigma, B2261) staining were described previously (388, 389, 416, 419–421). Insulin- (Sigma, 

I0516)  stimulated glucose uptake assay was measured as previously described using the 

fluorescent D-glucose analog 2NBDG (Invitrogen, N13195) [30]. Microscopy was performed on 

an Olympus IX70 inverted microscope (Toronto, ON, Canada) with QImaging Retiga SRV Fast 

1394 camera (Surrey, BC, Canada) using NIS Elements AR 3.0 software (Nikon Instruments Inc., 

Melville, NY, USA), or a Zeiss Axiovert 200 inverted microscope fitted with a Calibri 7 LED 

Light Source and Axiocam 702 mono camera (Pleasanton, USA) (389, 416). Quantification, scale 

bars, background subtract, and processing were done on Fiji (ImageJ) and Zen 2.3 Pro software. 

 

3.6.5 Transmission electron microscopy (TEM) 

TEM imaging was performed according to a protocol described previously (419–421). Briefly, 

C2C12 cells myoblasts were seeded in 100-mm plates. Cells were collected using trypsin. Cells 

were centrifuged three times (1500×g, 5 min) and then fixed (3% glutaraldehyde in 0.1 M 

Sorensen's phosphate buffer [Na2HPO4, KH2PO4 in distilled water, pH 7.3]; Fisher Scientific, 

7558-80-7, 7778-77-0 respectively) for 3 h at room temperature. Cells were treated with a post-

fixation step using 1% osmium tetroxide in 0.1 M Sorensen's phosphate buffer (pH 7.3) for 2 h at 

room temperature, followed by an alcohol dehydration series before embedding in Epon (EMbed 
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812; Electron Microscopy Sciences, 14900). TEM was performed with a Philips CM10, at 80 kV, 

on ultra-thin sections (100 nM on 200 mesh grids; Electron Microscopy Sciences, G200CU). Cells 

were stained with uranyl acetate and counterstained with lead citrate.   

  

3.6.6 Phosphatidic acid assay 

To quantitatively measure phosphatidic acid (PA) in vitro, a PA assay kit was purchased from 

PicoProbe™ (BioVision, K748-100). Protein extractions and fluorometric analysis were 

performed as per manufacture’s protocol.    

 

3.6.7 High-fat diet animal model 

All procedures in this study were approved by the Animal Care Committee of the University of 

Manitoba, which adheres to the principles for biomedical research involving animals developed 

by the Council for International Organizations of Medical Sciences. Male Sprague-Dawley rats 

were weaned at 3 weeks of age and randomly assigned to a LF diet (10% fat; Research Diets, 

D12450B) or HF diet (45% fat; Research Diets, D12451), both containing sucrose, for 12 weeks, 

as previously described (388, 422). To analyze insulin-responsive signalling pathways, offspring 

were fasted for 4 h, followed by human insulin administration injected intraperitoneally (1 mU 

kg–1), and the tissues were collected 15 min after the injection, as previously described (422). The 

method of sacrifice was via anaesthesia by intraperitoneal injection of a sodium pentobarbital 

overdose (422). Soleus muscle tissues were collected and analyzed for metabolomics; muscle 

lipids were extracted using a lipid soluble extraction technique as previously described (423), in 

duplicate and stored at -80°C until further analysis. Muscle lipid extracts were reconstituted with 

100 μl of 80% acetonitrile prepared in deionized water prior to analysis. Metabolomics analysis 

was performed on a 1290 Infinity Agilent high-performance liquid chromatography (HPLC) 

system coupled to a 6538 UHD Agilent Accurate Q-TOF LC/MS equipped with a dual 

electrospray ionization source, as previously described (388, 422)(N= 6). PCR-based gene 

expression arrays were purchased from SA Biosciences (Qiagen)(samples were pooled from 5 

animals per condition). 
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3.6.8 In vitro kinase assay and phospho-peptide mapping 

Synthetic peptides (GeneScript) were resuspended in ultrapure water as per manufacture’s protocol 

at a concentration of 1 mg/ml. These peptides were used as the substrate in a PRKA kinase assay 

kit (New England Biolabs, P6000S) according to the manufacturer’s instructions, with the 

exception that [32P]-ATP was replaced with fresh molecular biology grade ATP (SignalChem, 

A50-09). The Kemptide substrate (LRRASLG; Enzo Life Sciences, P-107) was used as a positive 

control in each assay. Before mass spectrometry analysis, kinase assays were prepared using C18 

ZipTips (Millipore, ZTC18S096). Samples in 50% acetonitrile and 0.1% formic acid were 

introduced into a linear ion-trap mass spectrometer (LTQ XL; ThermoFisher, San Jose, CA, USA) 

via static nanoflow, using a glass capillary emitter (PicoTip; New Objective, Woburn, MA, USA), 

as described previously (388).  

 

3.6.9 Statistics 

Data are presented as mean ± standard error of the mean (S.E.M.). Differences between groups in 

imaging experiments with only 2 conditions were analyzed using an unpaired t-tests, where * 

indicates P < 0.05 compared with control. Experiments with 4 or more conditions were analyzed 

using a 1-way ANOVA or 2-way ANOVA, with Tukey’s test for multiple comparison, where * 

indicates P < 0.05 compared with control, and ** indicates P < 0.05 compared with treatment. All 

statistical analysis were performed using GraphPad Prism 6 software. Regarding the arrays and 

metabolomics, both were presented in a semi-quantitative manner, therefore no statistics were 

done; however, changes greater than 2-fold were deemed to be relevant. Moreover,  samples where 

the metabolic entity was below the level of detection were omitted from the analysis, unless 

otherwise noted in the reported manuscript in this Chapter. 
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Figure S3.1. BNIP3L and mitochondrial autophagy.  
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Figure S3.1. BNIP3L and mitochondrial autophagy. (A) C2C12 myoblast cells were transfected 

with MYC-BNIP3L or an empty vector. Cells were treated with 2-aminoethoxydiphenyl borate 

(2APB 10 µM, 1 h), or DMSO as a vehicle control. Cells were stained for TMRM and quantified. 

(B) C2C12 myoblasts cells were transfected with HA-PRKN or an empty vector, along with the 

mitophagy biosensor Mito-pHRed. (C) C2C12 myoblast cells were transfected MYC-BNIP3L, a 

dominant-negative ATG5, or an empty vector, along with Mito-pHRed. (D) C2C12 cells were 

transfected with GFP-LC3, MYC-BNIP3L or empty vector control, and dsRED to identify 

transfected cells. Cells were imaged by standard microscopy and quantified. (E) C2C12 cells were 

transfected with GFP-LC3 and treated overnight with palmitate. Cells were imaged and quantified 

as in (D). (F) C2C12 cells were transfected with empty vector or MYC-BNIP3L. Extracts were 

subjected to western blots, as indicated.  (G) C2C12 cells were transfected with BNIP3L or empty 

vector, along with Mito-Emerald, and stained with LysoTracker Red. Data are represented as mean 

± S.E.M. *P < 0.05 compared with control, while **P < 0.05 compared with treatment, determined 

by T-Test or 1-way ANOVA, where appropriate. 
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Figure S3.2. BNIP3L and other mitophagy markers. (A) C2C12 cells were transfected with 

BNIP3L or empty vector, fixed, permeabilized and subjected to immunofluorescence with 

antibodies targeting LAMP1 (green) or TOMM20 (red). (B) Western blot analysis of rat soleus 

muscle (n=2) exposed to high fat (HF) or low fat (LF) diet for 12-weeks. Protein extracts were 

analyzed as indicated. (C) C2C12 myoblasts cells were transfected with MYC-BNIP3L or an 

empty vector, along with fluorescent protein YFP-PRKN. Cells were stained with MitoTracker 

and Hoechst and imaged by standard fluorescence microscopy. (D-E) C2C12 myoblasts cells were 

transfected with ER-Lar-Geco (D) or MitoCar-Geco (E) and an empty vector, followed by 

overnight treatment with palmitate conjugated to 2% albumin in low glucose media. Control cells 

were treated with 2% albumin alone. Following palmitate treatment cells were treated with 2APB. 

(F) C2C12 myoblasts were transfected with shBNIP3L, or a scrambled control shRNA, along with 

Mito-mCherry. Cells were treated overnight with palmitate conjugated to 2% albumin in low-

glucose media. Control cells were treated with 2% albumin alone. Cells were stained with Hoechst 

and imaged by standard fluorescence microscopy. Data are represented as mean ± S.E.M. *P < 

0.05 compared with control, while **P < 0.05 compared with treatment, determined by 1-way 

ANOVA.  
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Figure S3.3. PRKA Phosphorylation of BNIP3L. (A) C2C12 myoblast cells were transfected 

with MYC-BNIP3L or an empty vector and treated with c-AMP analogue (1 mM, 1 h) or vehicle 

control. Protein extracts were immunoblotted, as indicated. (B) Protein extract of multiple cell 

lines (as indicated) were immunoblotted for endogenous p-BNIP3L. (C) C2C12 myoblast cells 

were treated with PRKA inhibitor, H89 (10 μM, 1 h) or vehicle control. Protein extracts were 

immunoblotted, as indicated. (D) C2C12 myoblasts were transfected with shBNIP3L, or a 

scrambled control shRNA. Protein extracts were immunoblotted, as indicated. (E) C2C12 myoblast 

cells were treated with 500 nM clenbuterol or vehicle for multiple time points. Protein extracts 

were immunoblotted, as indicated.  
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Figure S3.4. PRKA activation in C2C12 cells. (A) C2C12 myoblast cells were transfected with 

PRKA biosensor (pPHT-PRKA), and treated with clenbuterol (500 nM), cilomilast (10 μM) or 

vehicle for 2 h. Cells were imaged by standard fluorescence microscopy. (B) Quantification of 

fluorescent images in (A) by measuring the ratio of green (active) to red (inactive) fluorescent 

signal. (C) C2C12 myoblast cells were transfected with BNIP3L, PRKA or CMV-GFP as a 

control. Cells were treated with clenbuterol (500 nM, 2 h) or a vehicle control. Cells were stained 

for TMRM and Hoechst and imaged by standard fluorescence. Red active or inactive mitochondria 

are indicated by arrows. Data are represented as mean ± S.E.M. *P < 0.05 compared with control, 

determined by 1-way ANOVA. 
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Table S3.1. Metabolomics table for selected muscle triglycerides. 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S1. Metabolomics table
for selected muscle triglycerides.

TG HF diet (Fold of Control)
TG(22:3/22:6/22:6) 474.16094524
TG(21:0/22:0/22:3) 225.30109372
TG(20:0/22:0/22:6) 252.24362556
TG(13:0/18:3/22:2) 0.73820095
TG(13:0/16:0/18:3) 0.00002156
TG(13:0/15:1/17:2) 12.42594972
TG(13:0/14:0/18:2) 15.80467647
TG(13:0/14:0/18:2) 0.03724308
TG(12:0/19:1/19:1) 0.00010212
TG(12:0/17:0/17:0) 0.00000017
TG(12:0/16:0/20:1) 0.00454675
TG(12:0/15:1/16:0) 0.09477939
TG(12:0/15:1/16:0) 226.25782085
TG(12:0/14:1/18:4) 451.47187440
TG(12:0/14:1/18:0) 0.03885087
TG(12:0/14:1/15:1) 303.10081212
TG(12:0/14:1/15:1) 5701844.90556225
TG(12:0/13:0/22:5) 27.28222775
TG(12:0/12:0/20:0) 215.98445754
TG(12:0/12:0/19:1) 14.43848324
TG(12:0/12:0/18:0) 16.99116745
TG(12:0/12:0/14:1) 378.78275633
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Table S3.2. Metabolomics table for selected muscle diacylglycerides. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S2. Metabolomics table
for selected muscle diacylglycerides.

DG HF diet (Fold of Control)
DG(O-16:0/18:1) 302.8633348
DG(22:3/22:6) 315.3130896
DG(22:3/22:2) 0.765006279
DG(22:2/24:1) 685.4931195
DG(22:2/24:0) 393.766622
DG(21:0/22:6) 271.0025641
DG(20:5/22:4) 380753.4087
DG(20:4/22:6) 6176.598903
DG(20:4/20:4) 16.2638058
DG(20:2/24:0) 0.021997727
DG(20:2/22:0) 0.643402435
DG(20:2/14:1) 244.0439805
DG(20:2/20:2) 16.8409959
DG(20:1/18:0) 388.6799158
DG(20:0/22:1) 208.6105653
DG(20:0/20:0) 0.3638602
DG(19:0/19:0) 12.66929387
DG(18:4/24:1) 255.600736
DG(18:4/22:6) 499.6432217
DG(18:2/18:1) 19.57482869
DG(18:1/24:1) 0.040373546
DG(17:0/17:0) 0.00292789
DG(16:1/16:1) 347.202625
DG(16:0/20:0) 306.2108676
DG(16:0/18:0) 8408.447173
DG(16:0/16:0) 346.1952462
DG(15:0/16:0) 0.046122772
DG(12:0/20:0) 9857.486705
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Table S3.3. Metabolomics table for selected muscle ceramides. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S3. Metabolomics table
for selected muscle ceramides.

Cer HF diet (Fold of Control)
α-Galactosyl Ceramide 0.002657066

Lactosylceramide (d18:1/22:0) 16.50345981
GlcCer(d18:2/23:0) 7.268878339
GlcCer(d18:2/23:0) 3059839.875
GlcCer(d18:2/23:0) 2728569.373
GlcCer(d18:2/21:0) 557.2568299
GlcCer(d18:2/21:0) 12.48381689
GlcCer(d18:1/26:0) 4.72854E-07
GlcCer(d18:0/24:0) 3.28482E-06
GlcCer(d16:2/20:0) 19.35893404
GlcCer(d15:2/22:0) 0.409136853
GlcCer(d15:2/22:0) 328.6126366
GlcCer(d15:2/22:0) 34.65256394
GlcCer(d15:2/20:0) 8118.391671
GlcCer(d15:2/18:0) 293.9558449
GlcCer(d15:1/22:0) 15.98534449
GlcCer(d15:1/20:0) 371.4533676
GlcCer(d15:1/20:0) 324.6849811
GlcCer(d14:1/18:1) 348.5725632
Dihydroceramide C2 556.0446801

Ceramide (d18:1/26:0) 205.005966
Cer(t18:0/16:0) 5829.65025
Cer(t18:0/16:0) 14.57712641
Cer(t18:0/16:0) 216.174369
Cer(d18:2/23:0) 0.030951015
Cer(d18:2/20:1) 270.0500114
Cer(d18:2/20:1) 297.7411079
Cer(d18:2/20:1) 11.30894339
Cer(d18:2/18:1) 0.944696921
Cer(d18:2/14:0) 16.71667118
Cer(d18:2/14:0) 282.8826293
Cer(d18:1/22:1) 0.020334332
Cer(d18:1/20:0) 2.15693E-06
Cer(d18:1/16:0) 367.3849827
Cer(d18:1/16:0) 190.163429
Cer(d18:0/17:0) 225.1782813
Cer(d18:0/15:0) 828.6573179
Cer(d18:0/13:0) 6573251.966
Cer(d18:0/12:0) 117007904.1
Cer(d16:2/24:0) 213.6848341
Cer(d16:2/20:1) 122962.2496
Cer(d16:1/23:0) 271.2296103
Cer(d15:2/22:0) 0.803124732
Cer(d14:2/20:0) 423.0099666
Cer(d14:2/18:1) 0.028376394
Cer(d14:2/18:0) 10.79612912
Cer(d14:2/18:0) 1.51852E+11
Cer(d14:1/26:0) 450314.2601
Cer(d14:1/24:0) 15.3688333
Cer(d14:1/22:1) 298.2445388
Cer(d14:1/22:0) 509.2305146

C-6 NBD Ceramide 450.8602007
AV-Ceramide 283.9401451

PE-Cer(d16:1/23:0) 13621.34993
PE-Cer(d16:1/18:0) 14.52539596
PE-Cer(d14:1/25:0) 344.1520018
PE-Cer(d14:1/23:0) 10237.21749
CerP(d18:1/24:1) 140907.4644
CerP(d18:1/18:0) 273.3677637
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Table S3. Metabolomics table
for selected muscle ceramides.

Cer HF diet (Fold of Control)
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Cer(d16:2/24:0) 213.6848341
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Cer(d16:1/23:0) 271.2296103
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Cer(d14:1/24:0) 15.3688333
Cer(d14:1/22:1) 298.2445388
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Table S3.4. Metabolomics table for selected muscle cardiolipins. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S4. Metabolomics table
for selected muscle cardiolipins.

CL HF diet (Fold of Control)
CL(18:2/18:2/18:2/18:2) 0.002684369
CL(22:6/20:3/18:2/18:2) ND in HF condition
CL(18:2/18:2/18:2/18:3) ND in HF condition
CL(22:1/22:1/22:1/14:1) ND in HF condition
CL(14:1/14:1/14:1/15:1) ND in HF condition
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Table S3.5. Metabolomics table for selected muscle phosphatidic acids. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S5. Metabolomics table
for selected muscle phosphatidic acids.

PA HF diet (Fold of Control)
PA(20:0/22:6) 19842.77007
PA(20:0/18:2) 509.6983175
PA(22:6/14:1) 0.05364954
PA(20:5/22:6) 0.000120273
PA(20:5/18:3) 245.1649605
PA(20:5/18:3) 13.27455068
PA(20:5/18:3) 0.526316154
PA(20:5/18:3) 300.8537298
PA(20:3/21:0) 518.1851107
PA(20:2/21:0) 296.0700657
PA(20:1/22:0) 243.7446545
PA(19:0/20:0) 12388.91034
PA(18:4/20:5) 12.8543701
PA(18:4/18:4) 314.6167207
PA(18:4/18:3) 0.072812107
PA(16:0/21:0) 366.4071164
PA(15:1/22:4) 335.3509184
PA(15:0/20:3) 206.8535602
PA(14:1/17:2) 0.708617217
PA(14:0/15:0) 4534.707717
PA(14:0/12:0) 257.1628321
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Table S3.6. Gene expression array table for selected muscle genes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S6. Gene expression array table
for selected muscle genes.

Gene HF diet (Fold of Control)
Atg12 0.82
Atg16l1 0.97
Atg3 0.86
Atg5 0.73
Atg7 1.13

Atp6v1g2 0.39
Bax 1.05
Bcl2 1.08
Bcl2a1 0.7
Bcl2l1 0.7
Bcl2l11 0.91
Becn1 0.84
Igf1 1.13
Igf1r 1.25
Tnf 0.69

Tnfrsf11b 0.69
Tnfrsf1a 0.94
Tpr53 1.32
Ulk1 1.03
Actb 1.08
Ldha 1.03
Cs 0.8

Foxo3 0.87
Hdac5 0.91
Mb 0.48

Mef2c 0.91
Mstn 1.51
Myf5 1.37
Myod1 1.25
Myog 0.89
Myh1 0.38
Myh2 0.04
Nfkb1 1.04
Pdk4 0.51
Pparg 0.85

Ppargc1a 0.65
Ppargc1b 0.98
Rhoa 0.97
Slc2a4 0.95
Tgfb1 1.19
Tnnc1 0.02
Tnni2 1.02
Tnnt1 0.02
Tnnt3 1.06
Fasn 0.18
Gys1 0.95
Hk2 0.8
Il6 0.58
Insr 0.89
Irs1 1.2
Irs2 0.96
Mtor 0.97

Slc27a1 0.66
Srebf1 1.14
Srebf2 1.17
Bnip3 0.84
Cox18 0.91
Cpt1b 0.82
Cpt2 0.78
Dnm1l 0.73
Fis1 0.82
Gpx1 0.51
Mfn1 0.74
Mfn2 0.86
Opa1 0.92
Taz 0.91

Timm44 0.96
Tomm40 1.02
Tomm22 0.94
Ucp2 1.11
Ucp3 0.8
Acly 0.48
Aldoa 1.01
Idh2 0.74
Mdh1 0.63
Mdh2 0.91
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Table S6. Gene expression array table
for selected muscle genes.
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CHAPTER IV: Dissertation Discussion  
 
 
4.1 General Discussion 

  

 The overall hypothesis of this thesis was that inhibition of BNIP3L function would improve 

mitochondrial function and insulin signaling in the skeletal muscle following diet-induced 

lipotoxicity. In this present study we demonstrated that BNIP3L responds to lipotoxicity in order 

to clear damaged mitochondria through mitophagy. In turn, it protects the myocyte against nutrient 

storage stress through desensitization of insulin signalling, via activation of mTOR-dependent 

phosphorylation of Ser-1101 of IRS1. BNIP3L induced ER calcium release with concurrent DRP1 

activation, along with increased levels of mitophagy. As previously described in the literature 

review in Chapter I, DRP1 is an important mediator of mitochondrial fission and mitophagy, which 

can be activated by sustained increased in calcium levels  (424). The latter has been reported to be 

elevated in cell culture under high glucose conditions, implicating a role for fission in the onset of 

insulin resistance and T2D (425). 

 It remains a widely debatable topic whether insulin resistance and beta-cell failure are part 

of the cause or consequence of T2D (426, 427). However, evidence from a 25-year prospective 

longitudinal follow-up study demonstrated that insulin resistance precedes the development of 

T2D and predicts its development (428). Moreover, in the skeletal muscle, insulin promotes 

glucose transport and disposal (429, 430), becoming the primary site of insulin resistance in 

offspring of parents with T2D (431). Furthermore, the skeletal muscle of these individuals present 

reduced glucose uptake and glycogen synthesis (431). This impaired glucose metabolism 

phenotype has been proposed to be a result of various defects, including decreased glucose 

transport, ATP production, and expression of genes involved in mitochondrial function (162, 432–

434). Importantly, other cellular-extrinsic factors such as lipids, metabolites and cytokines have 

also been shown to fundamentally contribute to the development of insulin resistance (35).  

 In an overfed state, high levels of circulating fatty acids and ectopic lipid accumulation in 

muscle contribute to insulin resistance via the release of metabolites such as DAG and ceramides, 

which activate PKC signaling pathways (36). Downstream activation of PKC protein members 

results in increased serine and threonine phosphorylation of INSR and IRS proteins, ultimately 
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impairing insulin signaling (435–437). Moreover, lipid overload and decreased muscle oxidative 

capacity have been a theme of the investigation by various laboratories, where most have focused 

on carnitine palmitoyltransferase-1 (CPT-1) (438). CPT-1 is necessary to allow mitochondrial fatty 

acid uptake and has been found to be reduced in skeletal muscle of obese insulin resistance 

individuals (439). Despite some clues on the possible defects in skeletal muscle, further studies 

are needed to provide a clear answer of the causes of decreased skeletal muscle oxidative capacity. 

Therefore, various aspects of mitochondrial function in the regulation of peripheral insulin 

sensitivity are an emerging area of investigation, in particular how dysfunctional mitochondria, 

including mitophagy, may be impairing glucose disposal and leading to insulin resistance (34, 132, 

440, 441). 

 There is accumulating evidence that excessive or aberrant mitophagy contributes to muscle 

insulin resistance in vivo and that genetically inhibiting mitophagy receptors, such as FUNDC1 in 

muscle, improves glucose tolerance (237). BNIP3L has been previously shown to cooperate with 

FUNDC1 (404), and our in vivo data suggest that Nix phosphorylation may be inhibited following 

HF feeding in soleus muscle. Collectively with our culture data, these observations support our 

conclusions that BNIP3L and an abnormal excessive mitophagy response impair muscle insulin 

signalling. Moreover, consistent with the results of Fu and colleagues (2018), who showed that 

deletion of the mitophagy receptor FUNDC1 protects against HF feeding (237), we observed that 

BNIP3L is the most abundantly elevated mitophagy receptor in soleus muscle followed by HF 

feeding. Regarding other mitophagy pathways, we only have a small amount of data to suggest 

that BNIP3L does not activate Parkin, but we observed that Parkin expression was increased 

following HF feeding in soleus muscle. 

 At the present study, we were not able to delineate how BNIP3L can induce mitochondrial 

depolarization, fission or mitophagy in specific. We attempted to target BNIP3L to different 

organelles, for instance, to the ER or the mitochondrial, and have also used various 

pharmacological and chemical inhibitors. However, it seems that inhibiting one aspect of BNIP3L 

function can impact multiple mitochondrial parameters, such as membrane potential, calcium, 

morphology and mitophagy activation. As of now, it is our hypothesis, these pathways are in 

parallel to one another and may have opposing effects on muscle insulin signaling. This is 

consistent with the work of others demonstrating that mitochondrial metabolism can be uncoupled 

from muscle insulin signaling (237, 442). 
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 Regarding BNIP3L regulation of insulin signaling, our data suggest that BNIP3L inhibits 

insulin signaling through phosphorylation of IRS1 at Ser-1101, an inhibitory site. Phosphorylation 

of IRS1 Ser-1101 is highly associated with the emergence of insulin resistance and T2D (443). 

Tremblay and colleagues (2006) showed that RPS6KB directly phosphorylates IRS1 in vitro and 

also indicated that nutrient activation of RPS6KB results in insulin resistance in both humans and 

mice, partly due to activation of IRS1 Ser-1101 phosphorylation (154). Furthermore, we highlight 

a link between BNIP3L-induced mTOR-RPS6KB activation and the recruitment of small GTPases 

such as RHEB to the mitochondria to initiate mitophagy and later insulin resistance. This 

phenomenon was demonstrated to depend on phosphatidic acid availability, which is also an 

important modulator of mitochondrial dynamics (444). At this time, we do not have evidence that 

BNIP3L induces a permanent inhibition on IRS1; it is only in the presence of BNIP3L and 

lipotoxicity with elevated DAGs and PAs. 

 Using several inhibitors, and an shRNA targeting RHEB, our data implicate that the mTOR 

pathway and mitochondrial fission are playing a role in mitophagy and impaired insulin signaling. 

Previous reports have shown that BNIP3L serves to recruit RHEB to mitochondria to promote 

mitophagy under high oxidative phosphorylation conditions in myotubes (445), which is consistent 

with our RHEB knockdown data. In our studies, we have demonstrated that BNIP3L activates 

MTOR-RPS6KB; however, it is not clear the precise mechanisms. One possibility is that BNIP3L 

activates MTOR-RPS6KB in a GTPase-dependent manner via direct interaction. This hypothesis 

will be further confirmed via immunofluorescence technique to investigate BNIP3L and MTOR-

RPS6KB interaction and lysosomal colocalization.  

 In a cellular model, we demonstrated that the mitochondrial phospholipase-D knockdown, 

an enzyme responsible for converting cardiolipin to phosphatidic acid, prevented BNIP3L-induced 

MTOR-RPS6KB activation. Conversely, phosphatidic acid phosphatases are also known to 

mediate phosphatidic acids conversion to diacylglycerol (DAG). Interestingly, DAGs have been 

previously reported to contribute to increasing fission while reducing fusion; via unknown 

mechanisms, independently of phosphatidic acids (446). However, our studies suggest that 

BNIP3L mediates this effect, as we see a positive correlation of BNIP3L and DAGs, concurrent 

with increased mitochondrial fission and mitophagy. Therefore, unlike previous reports, we 

propose that this effect is contingent on phosphatidic acid availability. A summary of these novel 

mechanisms is highlighted in Figure 4.1 below. 
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Figure 4.1. BNIP3L-induced mitochondrial dysfunction and muscle insulin resistance. 

 

 

 

 

 

 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
Based on the literature and our data, we propose that DAGs activate a classical pathway that leads 
to insulin resistance, and BNIP3L/Nix is activating an alternative pathway. In this classical 
pathway, DAGs accumulate and activate PKC theta and inhibit IRS1. Alternatively, DAGs also 
allow increased BNIP3L mitochondrial accumulation, which through its ER calcium mechanism 
activates DRP1 leading to mitophagy, with concurrent recruitment of RHEB GTPases and 
activation of MTOR-RPS6KB/mTOR-S6K in a PA dependent manner - ultimately resulting in 
impaired insulin-stimulated glucose uptake in the myocyte. However, we demonstrated that these 
BNIP3L/Nix-induced molecular defects could be averted via targeting BNIP3L/Nix through 
PRKA/PKA (Figure 4.2).   
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 To our knowledge, our laboratory was the first to propose that the cell death gene BNIP3L, 

involved in the regulation of both apoptosis and necrosis (245), may be a key regulator of lipid-

induced muscle insulin resistance, proposed by Mughal et al. in 2015 (243). Those preliminary 

observations laid the grounds for our current mechanistic discoveries of the possible mechanisms 

involved in this process. However, very little is known about how BNIP3L may impact insulin 

signaling in other tissues. One study by Fujimoto and colleagues (2010) demonstrates that beta-

cell depletion of pancreatic duodenal homeobox (PDX1) resulted in increased BNIP3L (297). 

Their findings further confirmed that BNIP3L accumulation resulted in pancreatic beta-cell 

programmed cell death via concurrent activation of apoptotic and mitochondrial permeability 

transition-dependent necrotic pathways (297). Furthermore, both apoptosis and necrosis of beta 

cells are involved in diabetes progression, hence implicating a possible role of BNIP3L in 

mediating this molecular defect (447).  

 One of the limitations of our studies is that we mostly used culture-based models to test 

our central hypothesis. While these models are great for answering various mechanistic questions, 

they are not always indicative of translatability to in vivo models. We acknowledge the lack of 

animal-animal variability and depth regarding the variance in fiber type of skeletal muscle tissue, 

especially in its relation to whole-body glucose homeostasis. However, no animal model has been 

reported in the literature where BNIP3L has been specifically deleted in the skeletal muscle so it 

could be assessed its effect on mitochondrial energetics and insulin signaling.  

 Currently, our laboratory is developing a conditional muscle BNIP3L knockout mouse 

model to further address these intriguing questions. Preliminary data from our newly generated 

muscle-specific BNIP3L knockout mouse (unpublished) show that these animals display evidence 

of dysfunctional mitochondrial accumulation as a ragged red fiber phenotype (MERRF syndrome 

(or myoclonic epilepsy with ragged red fibers) (448), which is a mitochondrial disease. It is 

extremely rare, clumps of diseased mitochondria accumulate in the subsarcolemmal region of the 

muscle fiber and appear as "Ragged Red Fibers" when the muscle is stained with modified Gömöri 

trichrome stain. Besides this phenotype, the BNIP3L muscle-specific knockout mice are also more 

sensitive to exogenous insulin. Even though these investigations are still in the early stages, we 

hypothesize that we will be able to replicate our in vitro findings and further confirm the role of 

BNIP3L in insulin resistance in response to HF feeding. 
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 In our in vitro studies, BNIP3L-induced mitophagy and impaired insulin signalling could 

be reversed by direct phosphorylation of BNIP3L at Serine 212 by PRKA activating agents, such 

as clenbuterol and phosphodiesterase-4 inhibitors (PDE4i). Our studies identified that upon 

phosphorylation, BNIP3L becomes highly susceptible to interact with molecular chaperones, such 

as YWHAB.  The YWHA proteins are ubiquitously expressed, abundant in the brain (449). These 

proteins contain phosphoserine and threonine-dependent binding motifs (450, 451), where once 

phosphorylated, the YWHA proteins control subcellular translocation of various proteins to 

different organelles (452). Furthermore, other Bcl-2 family members, such as the pro-apoptotic 

BAD, once phosphorylated it physically interacts with YWHAB isoform, becoming inactive and 

no longer inducing cell death, resting at the cytosol (453). Similarly, our group was the first to 

demonstrate through this work that upon PRKA phosphorylation, BNIP3L binds to YWHAB, and 

it is translocated from the outer mitochondrial membrane and the ER to the cytosol, where it is 

inactive, improving mitochondrial function and muscle insulin signalling. Therefore, this novel 

target may represent a future therapeutic strategy to circumvent the mitochondrial defects observed 

in muscle insulin resistance, summarized in Figure 4.2. 

 Notably, in recent years, PRKA activating agents such as PDE4i have gained notoriety for 

their role in diabetes (454). Animal models (65) and human studies (346) have shown that PDE4i 

treatment promotes glucose-lowering and weight loss, likely via elevated GLP-1 levels, which 

contributes to promoting insulin secretion. Even though PDE4i seems an attractive therapy to treat 

T2D, little is known about its mechanisms and how it precisely averts the disease. In our culture-

based investigations, we were able to elucidate a potential mechanism via which PDE4i treatment 

serves to induce PRKA inactivation of BNIP3L function, contributing to improved mitochondrial 

function and insulin signaling. Nonetheless, in vivo studies are necessary to further characterize 

the phenotype and role of BNIP3L function on muscle tissues of animals fed with a HF diet and 

treated with PDE4i. Additional details on how we will address this gap in our knowledge will be 

addressed in the next section of my discussion, under future directions. 

 Collectively, the data presented in this thesis emphasize that proper mitochondrial quality 

control is crucial for maintaining muscle homeostasis. Furthermore, disruption of mitochondrial 

quality control pathways, such as under lipotoxic stress, may lead to lipotoxic conditions whereby 

mitophagy becomes a maladaptive response to nutrient storage stress. Therefore, understanding 

BNIP3L’s critical role in mitophagy and how it impairs muscle insulin signalling in vitro is 
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essential to further investigate and delineate its importance in vivo and in human studies, with the 

ultimate goal to avert the early onset of insulin resistance, characteristic of T2D. 

 

Figure 4.2. Pharmacological inhibition of BNIP3L.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 
PRKA/PKA activating agents, clenbuterol and cilomilast, increase phosphorylation of 
BNIP3L/Nix at Serine 212 site. Upon phosphorylation, BNIP3L highly interacts with molecular 
chaperone YWHAB/14-3-3β, which translocate BNIP3L from mitochondria into the cytosol, 
improving mitochondrial dysfunction and preventing impairment of muscle insulin signalling.   

Myocyte 
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4.2 Future Directions 

 

 As previously reviewed in Chapter I, BNIP3L has been extensively studied in model 

systems of pressure-overload cardiac remodeling and erythrocyte differentiation; however, less is 

known about the role of BNIP3L in insulin sensitivity. Evidence from my work is that BNIP3L 

can induce insulin resistance in myocyte cultures, and that PRKA can inhibit BNIP3L function, 

raising the possibility that pharmacological agents that target BNIP3L could be an innovative 

approach to reverse the adverse metabolic effects induced by BNIP3L.  

 I demonstrate that clenbuterol treatment restores mitochondrial function and insulin 

sensitivity when myotubes were cultured in a lipotoxic media. Although clenbuterol is not a safe 

drug to treat youth, it is a useful proof-of-concept drug, mimics some of the beneficial effects of 

exercise, and is a well characterized PRKA activator in myocyte cultures (351). Conversely, 

roflumilast, apremilast, and cilomilast have been used in human clinical trials (roflumilast and 

apremilast are FDA and Health Canada approved) and are inhibitors of the cardiac, skeletal, and 

smooth muscle-enriched phosphodiesterase-4 (i.e. PDE4is) and activate PRKA signalling in these 

tissues. Intended to be used as bronchodilators for asthma and COPD therapy, PDE4is have 

beneficial effects on the cardiovascular system and skeletal muscle leading to improved 

metabolism and weight loss (319). Thus, PDE4i therapy may represent a safe and effective way to 

improve early onset myocyte insulin resistance in youth. However, before attempts are made to 

target BNIP3L in human trials, it is vital to understand how PDE4i therapy regulates BNIP3L-

induced insulin resistance and mitochondrial dysfunction in pre-clinical animal studies.  

 Therefore, the molecular framework laid in my thesis will support future investigations on 

the mechanistic role of BNIP3L-induced mitophagy and insulin resistance in vivo. Given my 

findings presented in Chapter III that BNIP3L is increased in response to lipotoxicity and 

contributes to mitophagy and myotube insulin resistance, and that BNIP3L can be 

pharmacologically modulated by PRKA activating agents, my central hypothesis is that by 

pharmacologically targeting BNIP3L we can prevent BNIP3L-induced mitochondrial dysfunction 

and insulin resistance in skeletal muscle in vivo. To evaluate this central hypothesis, I will use 

complementary approaches in animal models to accomplish the following aim:  
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To determine if targeting BNIP3L pharmacologically with PDE4i cilomilast can circumvent 

myocyte insulin resistance and mitochondrial derangements in vivo. 

 To achieve this, we will expose rodents to a LF diet (10% low fat) or a HFS diet (45% high 

fat and sucrose) for 12 weeks. At 15-weeks of age animals will be treated with PDE4i cilomilast 

(3mg/kg body weight daily) for 7, 14, and 21 days, while control animals will be treated with a 

vehicle control. At this dose, cilomilast prevented skeletal muscle atrophy elicited by denervation 

(319). Thus, this will be our starting dose; however, we will also perform dose-response analysis 

in control mice and evaluate BNIP3L phosphorylation as an end-point. We will use custom 

phospho-specific antibody designed to specifically recognize Serine-212 of BNIP3L (described in 

Chapter III) and evaluate BNIP3L phosphorylation in protein extracts made from these tissues, to 

determine if cilomilast treatment can restore BNIP3L phosphorylation in rodents exposed to HFS 

diet. In addition, we will perform glucose and insulin tolerance tests, exercise testing, and probe 

the insulin signalling pathway by western blot. We will also determine if cilomilast treatment can 

reduce BNIP3L content in isolated mitochondria from muscle tissue and determine mitochondrial 

oxygen consumption using a Seahorse metabolic flux analyzer. We predict that cilomilast 

treatment will serve to restore mitochondrial function, and reduce mitochondrial BNIP3L 

accumulation, concurrent with improvements in glucose tolerance, including insulin signalling, 

and exercise capacity.    

 These experiments will add the next logical extension to this work, whereby accurately 

understanding the causes of muscle insulin resistance at the molecular level in vitro and in vivo, 

we will be able to identify opportunities for clinical therapeutic exploitation. The anticipated 

project contributions are likely to advance knowledge of diabetes progression by providing novel 

pathways and targets for reversing early onset insulin resistance and mitochondrial dysfunction 

associated with exposure to a lipotoxic diet. Furthermore, the results of this future study will help 

us develop a therapeutic strategy to circumvent these adverse metabolic effects and minimize the 

burden of complications associated with type 2 diabetes in Canada. 
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4.3 Conclusion 

 

 In conclusion, during my PhD, I have investigated how BNIP3L, a mitophagy receptor, led 

to mitochondrial dysfunction and mitophagy in myocytes under lipotoxic conditions. This work’s 

rationale was based on the fact that lipotoxicity and mitochondrial dysfunction play an 

interconnected role in myocyte insulin resistance and T2D; yet the precise molecular mechanisms 

are not fully understood. BNIP3L is a mitochondrial outer membrane protein involved in quality 

control, and it has been previously shown by our group to be responsive to lipid stress. In my study, 

I describe a novel mitophagy-driven pathway activated by BNIP3L that contributes to impaired 

insulin signalling in skeletal muscle.  

 The most significant observation that I made was that BNIP3L alters insulin sensitivity in 

the skeletal muscle and mitophagy plays an important role in this process. I found that BNIP3L-

induced calcium release and mitophagy triggered insulin resistance through inhibitory 

phosphorylation of IRS1 by p70RPS6KB, contingent on phosphatidic acids availability. 

Furthermore, I identified a novel phosphorylation site of BNIP3L (Serine 212) at its 

transmembrane domain that can be activated by PRKA, which inhibited BNIP3L-induced 

mitochondrial dysfunction and insulin resistance. These findings allowed me to significantly 

contribute to the cellular biology field in the understanding of BNIP3L and its potential role in 

delaying or averting myocyte insulin resistance and T2D. 
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