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ABSTRACT OF THE DISSERTATION 
 

 

A Crosslink Between Mitochondrial Architecture and Metabolism 

by 

Jennifer Ngo 

 

Doctor of Philosophy in Biochemistry, Molecular and Structural Biology 

University of California, Los Angeles, 2022 

Professor Orian Shirihai, Co-Chair 

Professor Catherine F. Clarke, Co-Chair 

 

 

 

Mitochondrial architecture has long been associated with metabolic flexibility, 

although the precise causalities and the underlying mechanisms are still enigmatic. We 

showed that mitochondrial fragmentation is highly associated with fatty acid oxidation 

(FAO) rates. Furthermore, forced mitochondrial elongation using Mfn2 over-expression 

or Drp1 depletion significantly decreased FAO rates, while Mfn2 knockout lead to 

enhanced FAO rates, suggesting that mitochondrial fragmentation is functionally coupled 

with fatty acid utilization. Notably, the increased FAO rates upon mitochondrial 

fragmentation is attributed to decreased CPT1 sensitivity to malonyl-CoA, the 

endogenous CPT1 inhibitor, consistent with the observation that mitochondrial 

fragmentation specifically facilitates long chain-fatty acid oxidation (LCFAO), but not short 
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chain fatty acid oxidation. Furthermore, we show pharmacological activators of CPT1 

enhance FAO of elongate dmitochondria but not in the presence of malonyl-CoA binding. 

Suggesting mitochondrial morphology influences CPT1’s binding to a CoA moiety. Taken 

together, our study provides a biochemical and mechanistic explanation of how 

mitochondrial architecture links cellular metabolic needs to differential fuel utilization, 

such as LCFAO, which may be implicated in a myriad of human physiologies and 

pathologies.  

In non-alcoholic steatohepatitis (NASH), increased Drp1 mediated mitochondrial 

fragmentation has been observed in hepatocytes. NASH is characterized by liver 

inflammation, increased hepatocyte swelling, and some degree of fibrosis. Hepatic 

steatosis can occur when glucose and fatty acid availability exceeds the energy demand 

of the liver. This presents the question, is increased fission in NASH a compensatory or 

a pathogenic mechanism? To address this question, we decreased Drp1 function in liver 

from adult mice with established NASH (26 week-GAN diet) using GalNAc-siRNA 

mediated delivery. While NASH alone only elevated circulating AST and ALT levels, 

markers of hepatic injury, Drp1KD in the NASH liver engaged the mitochondrial integrated 

stress response (ISR) by OMA1 activation and ER stress. The fibrosis and hepatocyte 

necrosis observed only in Drp1KD of NASH mice can be explained by reduced metabolic 

adaptability as a result of inhibiting fission-mediated fragmentation, reducing FAO 

capacity, and enhancing accumulation of NEFA. Overall, our data suggests Drp1-

mediated mitochondrial fragmentation is an adaptive mechanism in NASH that prevents 

lipotoxicity, overactivation of the integrated stress response, and ER stress to limit 

fibrosis, inflammation, and necrosis. 
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INTRODUCTION 

1. Overview of intracellular heterogeneity 

Cellular heterogeneity represents the observation that in an organ, neighboring cells 

of the same type may show structural and functional differences that evolve from their 

different stages of differentiation, maturation, or exposure to environmental challenges. 

Whichever is the trigger, the outcome is structural diversity that results in varying 

functionality. Similar to cellular heterogeneity, the pool of mitochondria within a singular 

cell may also represent mitochondria at different stages of their development as well as 

the consequences of their response to the cellular environment (Aryaman et al, 2019). 

This section will focus on the subcellular heterogeneity of the mitochondria within the 

same cell, the mechanisms generating subcellular heterogeneity, and the functional 

consequences thereof (Kuznetsov et al, 2006; Wikstrom et al, 2009; Collins et al, 2002; 

Aryaman et al, 2019). 

Metabolic diseases can be inherited, known as inborn errors of metabolism, or they 

can be acquired. We will focus on heterogeneity of mitochondrial morphology reported in 

metabolic diseases resulting from excess nutrient exposure, focusing section 2 on their 

effects in the pancreatic beta-cell and the renal proximal tubule cells, section 3 on the 

effects of mitochondrial morphology on FAO, and then section 4 – 6 on hepatocytes.  

1.1. What is mitochondrial heterogeneity and why should we care? 

We define mitochondrial heterogeneity as the variation in a mitochondrial feature of a 

singular mitochondrion inside one cell. Amongst what has previously been considered as 
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homogenous groups of mitochondria, higher-resolution technology continues to further 

the discovery of variation in ultrastructural, biophysical, and electrochemical 

features(Kuznetsov et al, 2006; Wikstrom et al, 2007; Zorova et al, 2018; Chen et al, 

2005; Duchen et al, 2003). The observation that every biological structure will always 

show some level of diversity raises the question, when should we care? We suggest two 

considerations to determine if a variation in some parameter is of interest: either the 

heterogeneity yields functional consequences or the heterogeneity is an association with 

a phenomenon of interest. For example, mitochondria deficient in cristae heterogeneity 

carry the functional consequences of reduced respiratory capacity (Chen et al, 2005; Wolf 

et al, 2019; Zorzano et al, 2010). Mitochondrial fragmentation has been associated with 

stress, yet direct functional consequences of the heterogeneity introduced by 

fragmentation have not been fully determined. We will describe the observed variations 

and functional consequences in mitochondrial ultrastructure and dynamics associated 

with metabolic diseases, T2D and chronic kidney diseases. It is not to say heterogeneity 

only occurs under pathological states; rather, heterogeneity is heightened. Indeed, some 

level of heterogeneity is physiological. Mitochondrial variance at the physiological state 

provides functional fitness to specific groups of mitochondria within the cell; yet, upon 

chronic stress, physiological levels of heterogeneity begin to shift towards pathological 

levels (Twig et al, 2008a). For instance, a small percentage of mitochondria undergo 

depolarization as they prepare to be removed by mitophagy; however, under the 

pathological impairment of mitophagy, the percentage of depolarized mitochondria 

increases (Chen et al, 2005; Twig et al, 2008c). Impaired clearance and accumulation of 

depolarized and damaged mitochondria lead to the release of apoptogenic factors and 
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cellular apoptosis. Whether changes to mitochondrial features are small or large, 

mitochondrial heterogeneity matters when changes yield functional consequences or are 

associated with a phenomenon of interest. 

1.2. Nongenetic contributors to mitochondrial homogeneity and heterogeneity  

Mitochondrial heterogeneity can be caused by genetic and non-genetic mechanisms. 

Variation in mitochondrial DNA (mtDNA) sequences provides genetic sources of 

intracellular heterogeneity, influencing factors such as reactive oxygen species (ROS) 

production, protein structure conformation, and electron transport chain capacity (Palmer 

et al, 1985). However, structural and functional variation is also controlled by post-

translational mechanisms such as phosphorylation and ubiquitination of mitochondrial 

proteins. Further, mitochondrial heterogeneity can be established by the molecular 

machinery determining the mitochondrial life cycle: biogenesis, mitochondrial motility, 

fusion and fission, and clearance of damaged mitochondria. Sustained activity of fission, 

fuion, and mitophagy events of the mitochondrial life cycle serve to decrease 

mitochondrial heterogeneity (Figure 1A). However, blockades at different points of the 

mitochondrial life cycle may induce heterogeneity by expanding a specific stage of the life 

cycle disproportionally (Figure 1B). 

A higher number of fusion events promote homogeneity by increasing the rate by which 

different mitochondria within a cell mix and equilibrate mitochondrial content (Twig et al, 

2008c). Impaired fusion reduces the rate of mitochondrial content mixing and increases 

heterogeneity. Depolarization of an individual mitochondrion induces the recruitment of 

fission mechanisms. The impaired portion of a mitochondrion can be removed through 
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fission into two daughter mitochondria. One of the daughter mitochondria will come out 

of the fission event with reduced membrane potential. If membrane potential does not 

recover, the mitochondrion will sustain depolarization and remain solitary until it is 

removed by mitophagy. During this period, this mitochondrion remains depolarized and 

fusion-less, two characteristics of the mitochondrial pre-autophagic pool. Autophagic 

clearance of mitochondria reduces heterogeneity by removing depolarized mitochondria 

and promotes homogeneity by maintaining a pool of similarly polarized mitochondria. 

Thus, the progression at the fission and mitophagy stages influences mitochondrial 

heterogeneity (Figure 1). Mitochondrial heterogeneity in this sense may seem to be 

detrimental to cellular function; however, observations have shown mitochondrial 

heterogeneity to be beneficial and to play an important role in cellular fitness (Chen et al, 

2005; Herms et al, 2013). Additionally, the long-term consequences of declining 

heterogeneity lead to disease onset (Gottlieb & Stotland; Georgiadou et al, 2020). 

Through the use of MitoTimer, it was revealed that the age of mitochondrial protein is 

homogenous across the cell. Yet, inhibition of mitochondrial fusion resulted in the 

appearance of two mitochondrial populations, mitochondria primarily containing old 

protein and mitochondria containing primarily young protein. Such heterogeneity based 

on protein age demonstrated the role of mitochondrial fusion in homogenizing the 

distribution of newly synthesized proteins (Gottlieb & Stotland). 

In section 2, we focus on literature concerning mitochondrial heterogeneity in 

pancreatic beta-cells and proximal tubules. Specifically, how mitochondrial heterogeneity 

fluctuates in response to nutrient excess and affects cellular behavior at the pathological 

state. 
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2. Mitochondrial heterogeneity increases under pathological states  

Mitochondria are highly dynamic organelles that respond to changes in their 

immediate environment through diverse structural and functional adaptation, resulting in 

intracellular heterogeneity. When subcellular heterogeneity is induced by metabolic 

stress, we define this occurrence as the pathological state, under which mitochondria 

display an increase in functional diversity. In pancreatic beta-cells and renal proximal 

tubule cells, metabolic stress via high levels of glucose and free fatty acids increase 

heterogeneity by disrupting the mitochondrial fusion. Depending on the degree and 

duration of metabolic stress, increased heterogeneity affects cellular behavior and can 

contribute to the pathogenesis of T2D and chronic kidney disease (Georgiadou et al, 

2020; Brooks et al, 2009; Zhan et al, 2013). 

2.1. Brief overview of mediators in mitochondrial fusion and fission  

Mitochondrial architecture is determined by motility, fusion, and fission events. 

Although some disorders of mitochondrial dynamics result from monogenic mutation, 

most reflect changes in the function of fission and fusion mediators due to changes in the 

cellular environment. Fission and fusion influence cellular processes such as ATP 

production, ROS generation, and calcium homeostasis and consequently impact 

bioenergetics and mitophagy(Liesa et al, 2009). 

Fusion in mammals is mediated by the outer mitochondrial membrane proteins 

Mitofusin 1 and 2 (Mfn1 and Mfn2) and the inner mitochondrial membrane protein, optic 

atrophy gene 1 (Opa1). Mitofusins are targeted to the mitochondria by sequences in their 

transmembrane and C-terminal domains. Through the C-terminal, Mfn1/2 initiate fusion 
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by creating homodimeric or heterodimeric, antiparallel, coiled-coil linkages between 

mitochondria. Mfn2 is also located in the endoplasmic reticulum (ER) and promotes ER-

mitochondria tethering. Calcium storage is one of the functions commonly attributed to 

the ER; hence, mitochondria–ER tethering enhances mitochondrial calcium uptake and 

alters morphology. In the case of OpaI, fusion activity is mediated by proteolytic 

processing. OpaI also controls cristae remodeling independent of fusion (Liesa et al, 

2009; Ishihara et al, 2006; Frezza et al, 2006). OPA1 has eight splice variants, each with 

differential fusion activity and mitochondrial protease susceptibility. The fusion mediators 

also regulate mitochondrial metabolism, and when they are downregulated or 

dysfunctional, there is generally a reduction in mitochondrial oxidative capacity (Zorzano 

et al, 2010). 

On the other hand, mitochondrial fission is mediated by the outer mitochondrial 

membrane proteins, fission 1 protein (Fis1) and mitochondrial fission factor (Mff), and the 

cytosolic dynamin-related protein 1 (Drp1). GTP hydrolysis and recruitment of Drp1 to the 

outer mitochondrial membrane are required for Drp1-mediated fission (Liesa & Shirihai, 

2013a). Furthermore, Drp1 activity is regulated by the phosphorylation of serine 616 and 

serine 637. Phosphorylation of serine 616 increases DRP1 activity, whereas 

phosphorylation of serine 637 decreases it. Mff and Fis1 have been shown to mediate 

fission by recruiting Drp1 to the mitochondria (van der Bliek et al, 2013; Gandre-Babbe & 

Bliek, 2008; Zorzano et al, 2010). 

2.2. Architectural variance under pathological states introduces metabolic defects  

Mitochondrial function and morphology are closely linked; the mitochondria life cycle 
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involves changes to morphology to preserve mtDNA integrity and mitochondrial 

bioenergetic efficiency. Increases in intracellular mtDNA heterogeneity (i.e., accumulation 

of damaged mtDNA) and declines in fusion/fission regulation result in tissue dysfunction 

(Srinivasan et al, 2017). 

Increased intracellular heterogeneity in mitochondrial membrane potential (MMP) and 

morphology has been observed under various metabolic states, such as glucotoxicity, 

oxidative stress, and starvation (Figure 2). Under glucotoxicity-induced ROS, enhances 

in mtDNA oxidation and mitochondrial fragmentation result in an increased pool of 

fragmented mitochondria. Skeletal muscles under oxidative stress yield increased 

architectural heterogeneity due to a 30% reduction in mitochondrial velocity. Additionally, 

reductions in fission and fusion rates led to a 41% increase in fragmentation (Iqbal & 

Hood, 2014). During starvation, mitochondria unable to elongate are latently dysfunctional 

and consume cytosolic ATP to sustain their membrane potential. The survival of non-

elongated mitochondria suggests a favoring for elongation; however, survival of 

fragmented mitochondria increases intracellular mitochondrial architectural heterogeneity 

(Gomes et al, 2011). These three cases demonstrate increased architectural 

heterogeneity under nutrient stress. Apart from the mitochondrial genome, metabolic 

stress or pathology increase morphological heterogeneity at the level of fusion and fission 

rates. 

In the pancreatic beta-cell, mitochondria go through frequent fusion and fission events 

that are changed by altered nutrient exposure (Stiles & Shirihai, 2012). Thus, fission and 

fusion are strong modifiers of mitochondrial heterogeneity. Under pathological conditions 

such as T2D, the balance of fusion and fission leans in favor of fission and reduction in 
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fusion(Molina et al, 2009b; Zorzano et al, 2009). Beta-cells are susceptible to chronic 

exposure to high glucose levels, a condition termed glucotoxicity. Glucotoxicity has been 

shown to inhibit mitochondrial fusion and induce mitochondrial fragmentation. Further 

increasing the duration of exposure to high glucose concentrations exacerbates the 

degree of architectural heterogeneity so much that the degree of changes becomes 

pathological fragmentation. As glucose concentration increases, there is a reduction in 

the mitochondrial fission protein, Fis1. In this pathological state, morphology is altered 

and fragmentation occurs whereby Fis1 impairs ATP production and insulin 

secretion(Wada & Nakatsuka, 2016; Twig et al, 2008c; Heart et al, 2006). Under 

glucolipotoxic conditions, high glucose and high fatty acid levels, beta-cell mitochondria 

become more fragmented, resulting in reduced glucose-stimulated insulin secretion 

(Molina et al, 2009b). Although there was an overall average reduction in the fusion rate 

of treated cells, fusion rates varied both intercellularly and intracellularly. Fusion rate was 

measured by the diffusion rate of GFP in mitochondria expressing photo-activatable 

mitochondrially targeted GFP (PAGFPmt). Focusing specifically on intracellular 

measurements, mitochondria with more branched networks had greater fusion rates than 

less branched mitochondria. At the time, mitochondria reported to perform fusion at higher 

rates were termed super fusers (Molina et al, 2009b). More recent literature suggests 

super fusers and mitochondria of reduced fusion may be two separate populations of 

mitochondria within the same cell (further discussed in Section 3). Another established 

feature of T2D is reduced circulating insulin levels due to decreased beta-cell mass 

caused by beta-cell apoptosis (Donath & Halban, 2004; Nasteska & Hodson, 2018). In a 

cultured beta-cell model, high glucose concentrations induce the functional outturn of 
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apoptosis; however, inhibition of mitochondrial fission prevents beta-cell apoptosis (Men 

et al, 2009). Reiterating fission and fusion are strong modifiers of mitochondrial 

heterogeneity and the consequences thereof. 

Mitochondrial fragmentation is not only limited to the pancreatic beta-cell; increased 

fission has also been observed in kidney biopsies of diabetic human patients (Zhan et al, 

2013). Recent work modeling renal ischemia-reperfusion, nephrotoxicity, and 

hyperglycemia-induced kidney injury have all demonstrated increased mitochondrial 

fragmentation (Zhan et al, 2013; Bhargava & Schnellmann, 2017; Kang et al, 2015). The 

above studies suggest increased morphological heterogeneity as an associated 

phenomenon. Specifically, intracellular variability in the degree of mitochondrial 

fragmentation has been observed to be associated with renal pathology. Different 

pharmacological approaches have been used to overcome the loss of mitochondrial 

performance in kidney diseases; of these, a predominant target is the Ser/Thr protein 

kinase 5′AMP-activated kinase (AMPK). Activation of AMPK downregulates ATP-

consuming pathways and shifts the metabolic state towards catabolism, and long-term 

activation yields mitochondrial biogenesis (Kodiha et al, 2018). In the clinical setting, 

AMPK activity is enhanced by the antidiabetic drug metformin. To study the pathway more 

in the context of kidney disease, Kodiha et al. induced pathology through AMPK inhibition. 

The pathological model elicited fragmentation; however, intracellular morphological 

changes were not homogenous—rather, the degree of fragmentation differed by 

subcellular region. For the most part, the degree of architectural change was compound-

specific and observed to correlate with mitochondrial compartmentalization (Kodiha et al, 

2018). 
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Increased intracellular fragmentation was associated with the pathological model of 

AMPK inhibition. If inhibiting intracellular fragmentation is no longer feasible, is it still 

feasible to ameliorate pathology by reducing intercellular fragmentation? In both 2D and 

3D EM micrographs of control tubular cells, a large intercellular population of long and 

filamentous mitochondria was observed. In sharp contrast, mitochondria of tubular cells 

injured by ischemia/reperfusion were completely fragmented. Looking broadly at the 

intercellular population, ischemia/reperfusion fragmented 42% of the cellular population 

(Brooks et al, 2009). Upon pharmacological blockade of mitochondrial fission in 

ischemically injured cells, attenuation of tubular cell apoptosis, tissue damage, and renal 

injury was observed (Brooks et al, 2009). Perhaps intracellular heterogeneity occurs in 

the early stages of pathology, and once a threshold has been surpassed intercellular 

heterogeneity is reached. Mitochondrial fragmentation has been observed to occur early 

in pathology and contributes to the subsequent development of mitochondrial membrane 

permeabilization, release of apoptogenic factors, and cellular apoptosis (Nowak et al, 

2011). Inhibition of intercellular mitochondrial fragmentation has been observed to protect 

against tubular cell apoptosis and renal injury. Benefits in reversing morphological 

changes suggest the pathological shortcomings of increasing mitochondrial 

heterogeneity both intracellularly and intercellularly. Thus, mediators of fusion and fission 

would identify possible targets for preventing and treating kidney diseases, such as acute 

renal failure (Brooks et al, 2009). 

Kidney function depends on oxidative metabolism to support its high energy demand 

to maintain electrolyte homeostasis, acid-base homeostasis, and reabsorption of 

nutrients. Energy depletion is a key contributor to the development and progression of 
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kidney diseases including acute kidney injury (AKI) (Bhargava & Schnellmann, 2017), 

chronic kidney disease (CKD) (Kang et al, 2015), and diabetic and glomerular 

nephropathy. Mitochondrial fatty acid oxidation (FAO) serves as the preferred fuel source 

supporting ATP production in the kidney, and its dysfunction results in ATP depletion and 

lipotoxicity (Nowak et al, 2011; Kang et al, 2015; Bhargava & Schnellmann, 2017). FAO 

dysfunction elicits tubular injury, inflammation, and subsequent progression of fibrosis 

(Kang et al, 2015; Jang et al, 2020; Hall & Schuh, 2016). Miguel et al. assessed 

intracellular morphological alterations in cortical proximal tubule cells by transmission 

electron microscopy. At basal conditions, most mitochondria were elongated and 

localized to the basolateral part of the kidney cells. In contrast, in the 100 µM palmitate-

treated primary mouse kidney epithelial cells, fewer mitochondria were localized to the 

basolateral region and exhibited a fragmented, small, and round appearance. Upon 

overexpression of the fatty acid shuttling enzyme, CPT1A, morphological alterations 

induced by fatty acids were abrogated in renal epithelial cells. The gain of function in FAO 

by CPT1A overexpression protected proximal tubules from fibrosis. In Miguel et al.’s 

study, defective FAO was observed in fibrotic kidneys from control mice of various fibrosis 

models, including the unilateral ureteral obstruction (UUO), folic acid nephropathy injury 

(FAN) model, and adenine-induced renal failure (AND). Overexpression of CPT1A in the 

mentioned fibrotic models counteracted impaired FAO and maintained comparable rates 

of FAO to that of healthy kidneys. The UUO, FAN, and AND models were all utilized to 

assess the benefits of recovering FAO at different stages whereby fibrosis occurred. The 

UUO model’s inflammation and fibrosis evident at 7 days due to obstruction to renal blood 

flow and glomerular filtration rate. The FAN model’s interstitial fibrosis in the chronic 
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phase induced by high folic acid dosage. The AND model further complements renal 

failure models as a reflection of tubulointerstitial disease stemming from tubular toxicity 

of adenine metabolites. Miguel et al. postulate to preserve mitochondrial morphology, 

appropriate levels of CPT1A and metabolic function are necessary to maintain ATP 

demand (Miguel et al, 2020). Heterogeneity in this example is intriguing as the 

phenomenon of fragmentation is associated with the pathological impairment of reduced 

FAO through unknown mechanisms. 

Under pathology, the balance between mitochondrial fusion and fission is disrupted, 

whereby fusion is reduced and the rate of fission is increased. The observed increases in 

intracellular fission occur to varying degrees, yet the outcome remains the same: altered 

mitochondrial function. Excess nutrient-induced mitochondrial fragmentation in islets 

significantly reduced insulin secretion. Additionally, an increase in the population of 

fragmented proximal tubule mitochondria consistently yielded reduced FAO. Overall, 

increased morphological heterogeneity is associated with metabolic defects seen in 

diabetic islets and kidney diseases (Figure 2). 

3. Overiview of mitochondrial fatty acid oxidation.  

Lipid metabolism is critical in the liver for controlling glucose production through the 

regulation of mitochondrial fatty acid oxidation (FAO). In the liver, FAO also serves an 

additional role in producing ketone bodies as an important fuel for extrahepatic organs. 

The liver thus serves as a metabolic hub by providing glucose and ketone bodies during 

starvation and, conversely, storing glucose and fat after feeding.  

Depending on the tissue and its metabolic demand, fatty acids are either converted to 



35 
 

triglycerides or membrane phospholipids or oxidized in the mitochondria for energy 

production. Before oxidation of fatty acids within the mitochondrial matrix, fatty acids must 

permeate the mitochondrial membrane. Long-chain acyl-CoA synthetase, located on the 

mitochondrial outer membrane, first activate fatty acids to acyl-CoAs. Then carnitine 

acyltransferases catalyze the transesterification between acyl-CoA esters and L-carnitine 

to yield carnitine esters permeable to the mitochondrial outer membrane. The specific 

carnitine acyltransferase involved is dependent on the length of the fatty acyl moiety to 

be transported. Carnitine palmitoyltransferases (CPTs) I and II facilitate the transport of 

long-chain acyl groups into the mitochondrial matrix and enabling FAO. In the presence 

of increased glucose concentrations import of fatty acids to hepatic mitochondria via CPT-

1 is inhibited by a glucose-metabolism product, malonyl-CoA. Malonyl-CoA levels are 

elevated in hepatocytes after feeding, serving as a shut-off switch for FAO by inhibiting 

beta-oxidation and promoting anabolic processes. 

3.1 . Regulation of CPT1.  

CPT1’s physiologically important role in regulating mitochondrial FAO identifies CPT1 

as a potential pharmacological target for the treatment of metabolic lipid disorders. Three 

isoforms of CPT1 have been identified currently, a liver isoform (CPT1A), a heart/skeletal 

muscle isoform (CPT1B), and a brain isoform (CPT1C). A characteristic differentiating the 

three isoforms is their sensitivity to inhibition by malonyl-CoA. The liver isoform, CPT1A, 

has a tenfold higher Ki for malonyl-CoA making it the prevailing enzyme that accomplishes 

the rate-limiting step in FAO (Casals et al, 2016; McGarry & Brown, 1997). Additionally, 

the sensitivity of CPT-1A to malonyl-CoA inhibition changes during the transition of fed to 
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fasting states, generating an amplification system to control FAO.  

Rat liver CPT1 has been identifies to contain two malonyl-CoA binding sites. The first 

site has a greater binding affinity to malonyl-CoA and is not susceptible to acyl-CoA 

competition. The second acyl-CoA binding site, in which palmitoyl-CoA is bound, is 

located near CPT1’s catalytic site (López-Viñas et al, 2007). Pharmacological activators 

of CPT1 acting on these sites have been shown to stimulate CPT1 activity, increase FAO, 

energy production, liver fat and weight loss. The present study will examine FAO in the 

context of regulating CPT1 through these two acyl-CoA binding sites.  

3.2 . Contribution of CPT1 to pathology.  

In obese and insulin resistant Zucker diabetic (ZDF) rats, a rodent with a non-

functioning leptin receptor, skeletal muscle confer a reduction in Mfn2 expression, 

resulting in smaller mitochondrial size (Putti et al, 2015). It has also been shown in the 

pancreatic beta-cell, that changes in malonyl-CoA fuel-sensing signaling is important in 

the pathogenesis of glucolipotoxicity. In order to prevent apoptosis induced by 

glucolipotoxicity, FAO is favored through activation of AMPK (Ruderman & Prentki, 2004). 

In the diabetic patient, the affinity of CPT-1A for malonyl-CoA decreases and the activity 

of CPT-1A is increased (Cook & Gamble, 1987). Additionally, ZDF rats, have shown 

increased hepatic FAO rates, even in the presence of high nutrient levels, indicating a 

potential change in the regulation of CPT-1 (UNGER & Orci, 2001). In alignment with 

previous studies, sensitivity of CPT-1A has been observed to decrease when its tertiary 

structure is altered due to changes in membrane structure (López-Viñas et al, 2007). 

However, these mechanistic adaptations differ between cell types and currently no 
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mechanism in increased hepatic FAO despite intact insulin signaling has been 

established. A potential mechanism will be discussed in chapter 2. 

4. The role of mitochondrial oxidative function in liver in health and NAFLD.  

Despite constituting 2-4% of total body weight, the liver is responsible for 15% of 

organismal oxygen consumption in humans (Rolfe & Brown, 1997). This large ratio of 

respiration/liver weight demonstrates that hepatocytes are highly enriched with 

mitochondria consuming oxygen to produce ATP. Accordingly, 60% of the organismal 

mitochondrial ATP demand imposed by glucose production and ureagenesis is covered 

by hepatocytes, with the remaining 40% covered by the kidney (Rolfe & Brown, 1997). 

Thus, liver is the main organ providing glucose and ketone bodies to other tissues when 

nutrients are scarce. During fasting, fatty acids released from adipose tissue are oxidized 

by hepatocyte mitochondria, generating ketones and supplying the ATP that fuels 

gluconeogenesis and ureagenesis. It is estimated that fasting increases mitochondrial fat 

oxidation 10-fold (McGarry & Foster, 1980). Urea is produced inside mitochondria from 

the ammonia and bicarbonate generated by hepatic amino-acid catabolism, which is also 

upregulated during fasting as an additional source of ATP and carbons for 

gluconeogenesis.  

In the fed state, hepatocytes conserve and store nutrients to fulfill their specialized 

function of providing nutrients to other tissues when food is scarce. To this end, insulin 

action in hepatocytes increases glucose storage as glycogen and transforms dietary 

glucose into lipids. The carbon intermediates required for lipid synthesis and the ATP 

needed to energize anabolism are provided by mitochondria. Specifically, glucose-
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derived pyruvate oxidation in mitochondria elevates the synthesis of citrate, which is then 

consumed to generate the carbon precursor of de novo synthesized fatty acids, namely 

malonyl-CoA. Then, these new fatty acids are esterified into triglycerides and packed into 

lipid droplets and lipoproteins. Remarkably, malonyl-CoA promotes lipoprotein and lipid 

droplet expansion as well by blocking the entry of fatty acids into the mitochondria to 

prevent their oxidation (McGarry & Foster, 1980). Importantly, large intrahepatic lipid 

droplets by histology are not observed in healthy livers and hepatocytes can re-uptake 

secreted lipoproteins. Thus, lipids storage units inside healthy hepatocytes are highly 

dynamic, with this dynamism being an ATP demanding process. In all, mitochondrial 

oxidative function is highly active in the fed and fasted state, as mitochondria participate 

both in the production and consumption of glucose and lipids. 

Hepatic steatosis or fatty liver is defined as the visualization of large lipid droplets 

in hepatocytes by histology. Simple steatosis is the first stage of NAFLD, which can 

progress to non-alcoholic steatohepatitis (NASH), characterized by liver inflammation, 

increased hepatocyte ballooning, cell death and some degree of fibrosis. The pro-

inflammatory state of NASH can eventually lead to cirrhosis and hepatocarcinoma. 

Fatty liver can occur when glucose and fatty acid availability exceeds both the capacity 

of adipose tissue to store energy and the demand for ATP of hepatocytes. Accordingly, 

steatosis is not exclusively generated by the positive energy balance associated with diet-

induced obesity or over-eating. Lipodystrophy, a pathology primarily caused by an 

inability of adipose tissue to store fatty acids, induces hepatic steatosis and 

hyperinsulinemia as well. Interestingly, 25.3% of individuals with NAFLD are lean, 

suggesting that NAFLD prevalence is increasing independently of obesity and genetic 
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lipodystrophy (Young et al, 2020).  

Hyperinsulinemia is deemed a major driver of simple steatosis, as 

hyperinsulinemia can develop in obese, lean and lipodystrophic individuals (Young et al, 

2020; Bril et al, 2014). However, prolonged fasting in normo-insulinemic healthy mice can 

induce fatty liver as well, indicating that hepatic steatosis can occur independently of 

hyperinsulinemia. In the case of normo-insulinemic fasting, hepatic steatosis is explained 

by white adipose tissue releasing more fatty acids and glycerol than needed for liver 

mitochondria to cover their demand for ATP. This fatty acid excess is stored into 

intrahepatic lipid droplets to prevent free-fatty acid mediated toxicity, while concurrently 

allowing hepatocytes to have a reservoir of fatty acids.  

The requirement of mitochondrial function to oxidize fat, generate ketones and 

increase hepatic glucose production, as well as to increase lipid synthesis and storage, 

raises a simple question: Should we decrease or increase mitochondrial oxidative 

function in liver to reverse hepatic steatosis and decrease hepatic glucose production? 

The answer is further complicated by the fact that mitochondrial respiration regulates 

intracellular signaling by releasing reactive oxygen species (ROS), particularly hydrogen 

peroxide (H2O2). At low concentrations, H2O2 produced by mitochondria can transduce a 

signal modulating the activity of multiple enzymes. These include kinases and 

phosphatases, such as Protein Tyrosine Phosphatase 1B, that regulate transcriptional 

programs determining gluconeogenesis, lipogenesis and insulin sensitivity (Jais et al, 

2014; Loh et al, 2009). In this context, how will a change in mitochondrial oxidative 

function impact H2O2-regulated mechanisms controlling glucose and lipid metabolism in 

hepatocytes?  



40 
 

In sections 5 and 6, we will review recent studies to answer these questions, as well 

as identify some proposed approaches that target mitochondria to combat NAFLD and 

hyperglycemia. 

5. Overiview whereby decreased mitochondrial oxidative function contributes to 

NAFLD  

A decrease in mitochondrial ATP-synthesizing respiration was observed in mouse 

models with simple steatosis or with NASH, concluding that fat accumulates in liver 

because their mitochondria cannot oxidize enough fatty acids (Figure 3). Accordingly, 

genetic and diet-induced obesity lowers mitochondrial respiration measured in isolated 

mouse hepatocytes (Arruda et al, 2014; Boland et al, 2020). Mechanistically, high fat diet 

feeding causes an excessive increase in calcium uptake by liver mitochondria that 

disrupts respiration and elevates ROS production (Arruda et al, 2014). Defective 

respiration and thus decreased fat consumption was attributed as a major factor driving 

steatosis, while mitochondrial ROS-mediated c-Jun-N terminal kinase (JNK) activation 

was responsible for the disruption of insulin signaling that promotes hyperglycemia 

(Arruda et al, 2014). In all, this study showed that cellular control of mitochondrial 

respiration by calcium released from the ER, is a major cause of mitochondrial 

dysfunction in simple steatosis induced by obesity. 

The upregulation of hepatic ceramide (Cer) synthesis, caused by high fat diet feeding, 

was shown to decrease mitochondrial respiration and drive both simple steatosis and 

NASH in mice. Indeed, the sphingolipid Cer16:0 itself, synthesized by the enzyme 

CERS6, had a direct action decreasing mitochondrial fat oxidation in hepatocytes from 
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mice with simple steatosis. In addition, Cer16:0 decreased hepatic insulin signaling, 

leading to hyperglycemia (Turpin et al, 2014). Higher hepatic ceramide content was 

associated with decreased mitochondrial oxidative capacity in human NASH as well 

(Apostolopoulou et al, 2018). The inhibitory effect on mitochondrial function induced by 

ceramides was attributed to mitochondrial fragmentation. More specifically, by the direct 

interaction of ceramides with the mitochondrial and peroxisomal fission/fragmentation 

factor (Mff) (Hammerschmidt et al, 2019).  

5.1. The role of mitochondrial fragmentation in the decrease in mitochondrial 

oxidative function observed in simple steatosis and NASH 

Mitochondrial fragmentation refers to the process by which long mitochondria 

segregate into smaller units, which can be induced by an inhibition of fusion or an 

activation of fission. While mitochondrial fragmentation can amplify apoptosis (Liesa et al, 

2009), it is unclear why mitochondrial fragmentation mediated by Mff decreases 

mitochondrial fat oxidation and promotes steatosis (Hammerschmidt et al, 2019; 

Galloway et al, 2014).  

Mitochondrial fragmentation mediated by Drp1 and Mff is a physiological process that 

occurs in healthy cells. Mitochondrial fragmentation mediated by Drp1 was shown to 

increase fatty acid oxidation in adipocytes and can be recruited in other tissues as an 

adaptive mechanism counteracting nutrient excess (Liesa & Shirihai, 2013b; Wikstrom et 

al, 2014). Accordingly, fragmentation of mitochondria in hepatocytes by deleting the 

mitochondrial fusion protein Mfn1 increased mitochondrial oxidative function in mice with 

simple steatosis (Kulkarni et al, 2016).  
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Furthermore, fragmentation does not only allow mitochondrial oxidative function to 

adapt to changes in ATP demand and nutrient availability. Indeed, mitochondrial 

fragmentation allows autophagy to remove damaged mitochondria, a process named 

mitophagy (Liesa & Shirihai, 2013b; Twig et al, 2008b). Autophagy and thus mitophagy 

require intact lysosomal function, which is achieved by preserving their acidity (low pH). 

Remarkably, fatty acids and the concurrent increase in ceramides elevate lysosomal pH 

in pancreatic beta-cells and liver, which disrupts the digestive function of lysosomes and 

halts autophagic flux (González-Rodríguez et al, 2014; Trudeau et al, 2016; Yamane et 

al, 2017). Consequently, lysosomal dysfunction causes the accumulation of damaged 

mitochondria by impairing mitophagy, with lysosomal dysfunction even directly causing 

mitochondrial damage by releasing lysosomal components (Assali et al, 2019; Hughes & 

Gottschling, 2012). It is possible that lysosomal dysfunction and disruption in mitophagy, 

rather than mitochondrial fragmentation per se, are the main mechanisms behind 

ceramides decreasing mitochondrial function. 

Of note, mitochondrial fragmentation induced by hepatocyte-specific deletion of the 

mitochondrial fusion protein Mitofusin 2 (Mfn2) exacerbates NAFLD progression, 

inflammation and hyperglycemia in high fat diet fed mice (Hernández-Alvarez et al, 2019; 

Sebastián et al, 2012a). These data could be interpreted as evidence supporting the view 

that mitochondrial fragmentation drives steatosis and NASH by decreasing fat oxidation. 

However, Mfn2 plays additional roles beyond counteracting fragmentation, explaining the 

opposite effects caused by Mfn2 versus Mfn1 deletion. Mfn2, but not Mfn1, regulates ER-

mitochondria contacts (De Brito & Scorrano, 2008) and transfers phospholipid 

intermediates between mitochondria and ER, facilitating phospholipid synthesis 
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(Hernández-Alvarez et al, 2019). Thus, this role of Mfn2 promoting phospholipid synthesis 

could explain how Mfn2 aided to the formation of new autophagosomal membranes, 

which are generated from ER phospholipids (Hailey et al, 2010). 

Major metabolic consequences of deleting Mfn2 in hepatocytes are decreased 

mitochondrial respiration, reduced fat oxidation, elevated ROS production and JNK 

activation (Hernández-Alvarez et al, 2019; Sebastián et al, 2012a). The exacerbation of 

NASH and the decrease in hepatic fat oxidation in mice induced by Mfn2 deletion were 

explained by ER stress, not by mitochondrial fragmentation (Kulkarni et al, 2016; 

Hernández-Alvarez et al, 2019; Sebastián et al, 2012a). Mfn2 deletion reduced the 

transfer of phospholipid intermediates between mitochondria and ER, while causing 

PERK hyperactivation. Prevention of ER stress in Mfn2 KO livers decreased NASH, 

insulin resistance and reversed the decrease in fat oxidation induced by Mfn2 deletion 

(Hernández-Alvarez et al, 2019; Sebastián et al, 2012a; Muñoz et al, 2013). Importantly, 

preventing ER stress in Mfn2 KO livers did not reverse hepatic steatosis, despite 

increasing fat oxidation (Hernández-Alvarez et al, 2019). Thus, it seems that the decrease 

in fat oxidation in Mfn2 KO livers would only contribute to inflammation. Hence, the 

mechanism by which Mfn2 deletion promotes hepatic steatosis is unclear. A potential 

mechanism will be discussed in chapter 3. 

5.2. JNK can induce mitochondrial fragmentation, decrease fat oxidation and 

elevate mitochondrial ROS in simple steatosis and NASH  

Some reports support that decreased mitochondrial fat oxidation and elevated ROS 

production in simple steatosis and NASH are initiated by the activation of c-Jun-N terminal 
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kinase (JNK), which can phosphorylate mitochondrial proteins. Exposing primary 

hepatocytes to high levels of fatty acids activates JNK to phosphorylate the mitochondrial 

protein SAB (spectrin-actin binding). The phosphorylation of SAB results in elevated 

mitochondrial ROS production and decreased respiration (Win et al, 2016). Moreover, 

JNK phosphorylates Mfn2 to activate its degradation (Leboucher et al, 2012) and blocks 

PPARa-mediated upregulation of mitochondrial fat oxidation in livers from obese mice 

(Vernia et al, 2014). Accordingly, hepatocyte-specific deletion of JNK1/2 protects obese 

mice from hepatic steatosis, enlarges mitochondria (phenocopying Mfn2 gain-of-function) 

and elevates mitochondrial fatty acid oxidation via transcriptional upregulation of 

mitochondrial proteins (Vernia et al, 2014).  

An important therapeutic approach aiming to treat NAFLD by promoting mitochondrial 

fat oxidation is the use of PPARa and PPARd - dual agonists (NCT02704403, currently 

in Phase 3). The preclinical data supporting this approach lies in the data showing that 

PPARa-mediated increases in fat oxidation occur without promoting glucose production 

in humans. In mice, PPARa agonism properly mimics fasting, as mitochondrial fatty acid 

oxidation (FAO) is upregulated to match the ATP demand imposed by gluconeogenesis. 

This human-mouse difference suggests that PPARa activation in humans might drive an 

uncharacterized ATP demanding process different from gluconeogenesis. Mitochondria 

will only increase FAO if ATP demand is increased, as ATP synthase controls respiration 

rates in coupled mitochondria. 

Another option would be that PPARa increases the expression of a mitochondrial 

uncoupler in humans. Consequently, more fatty acids would be oxidized to produce the 

same amount of ATP. In agreement with this hypothesis, pharmacological approaches 
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uncoupling mitochondria selectively in hepatocytes from rodents and non-human 

primates protect from hepatic steatosis (Goedeke et al, 2019; Perry et al, 2013). This 

uncoupler improved insulin signaling in liver and muscle as well, the latter by reducing 

hepatic lipid export to muscles (Goedeke et al, 2019; Perry et al, 2013). Hence, the ATP 

sink in humans allowing PPARa activation to promote fat oxidation remains to be 

identified. 

The transition from simple steatosis to NASH is associated with a decrease in 

mitochondrial oxidative capacity. This decrease supports that the upregulation of 

mitochondrial fat oxidation might be a feasible therapeutic approach to treat NASH as 

well. However, the decrease in mitochondrial function in NASH has been attributed to 

mitochondrial damage caused by ceramides (Apostolopoulou et al, 2018). Thus, repairing 

the damage, rather than stimulating the damaged mitochondria that are already there, 

might seem a safer approach to treat NASH. 

5.3. Defects in mitophagy contribute to reduced oxidative capacity in NAFLD  

Mitochondrial depolarization is the major event targeting mitochondria to autophagy 

(mitophagy), which is mainly caused by defective and decreased respiration. As 

mitochondria from livers with NASH showed decreased respiratory function, one could 

conclude that mitophagy is not effectively recruited in NASH. In other words, the 

mechanisms that repair and/or remove damaged mitochondria need to fail or be dormant 

to allow the presence of a large number of damaged mitochondria.  

Accordingly, a recent study showed that hepatocyte-specific deletion of Parkin, an E3 

ubiquitin ligase selectively targeting damaged mitochondria to mitophagy, exacerbates 
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fatty liver disease and insulin resistance in high-fat diet-fed mice (Edmunds et al, 2020). 

The exacerbation of NAFLD induced by Parkin deletion supports the view that mitophagy 

is still active in simple steatosis. Thus, the additional decrease in mitochondrial respiration 

observed in NASH could be triggered by the acquisition of an additional defect in 

mitophagy. In agreement with this conclusion, the decrease in Mfn2 activity induced by a 

greater activation of JNK in NASH could contribute to impaired mitophagy, as Mfn2 aids 

the formation of autophagosomes needed for mitophagy (Hernández-Alvarez et al, 2019; 

Hailey et al, 2010). These studies suggest that removing damaged mitochondria by 

activating mitophagy could be a promising approach to counteract simple steatosis and 

NASH. 

In agreement with this conclusion, the in vitro activation of the glucagon receptor 

(GCGR) in primary hepatocytes isolated from mice with NASH was sufficient increased 

mitophagy and mitochondrial oxidative function (Boland et al, 2020). The activation of the 

glucagon receptor was achieved with a dual agonist of Glucagon-like peptide-1 receptor 

(GLP1R) and GCGR, named Cotadutide.  Accordingly, in vivo treatments of mice fed an 

Amylin diet (AMLN, model of diet-induced NASH) with Cotadutide markedly improved 

liver histopathology (Boland et al, 2020). The ability of Cotadutite to increase mitophagy 

in a hepatocyte-autonomous manner supports that mitophagy is silenced in NASH, rather 

than irreversibly suppressed. The rescue of mitophagy and mitochondrial function 

induced by Cotadutide was dependent on PKA activity (Boland et al, 2020). Interestingly, 

PKA induces mitochondrial fragmentation by increasing Drp1 recruitment to 

mitochondria, where it binds to Mff (Cereghetti et al, 2008), while Drp1-mediated 

fragmentation is required for mitophagy as well (Liesa & Shirihai, 2013b; Twig et al, 
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2008a). Thus, Cotadutide possibly causes PKA-dependent fragmentation to facilitate 

mitophagy as a defense mechanism against simple steatosis and NASH. In all, the PKA-

dependent benefits of Cotadutide action further support that fragmentation is a 

physiological process and not a synonym of mitochondrial dysfunction. Cotadutide is 

currently in clinical trials for NASH (NCT04019561). 

6. Ovierview whereby mitochondrial oxidative function is not impaired in NAFLD  

Not all studies have shown that mitochondrial oxidative function is decreased or 

impaired in simple steatosis and NASH. Indeed, no defects were observed in the 

respiratory function of liver mitochondria isolated from Ob/Ob mice with hepatic steatosis 

(Brady et al, 1985). Furthermore, the capacity of isolated liver mitochondria to oxidize 

fatty acids was even increased in Ob/Ob mice (Brady et al, 1985). However, and in 

marked to contrast to the increase in FAO observed in isolated mitochondria, a decrease 

in mitochondrial FAO was observed in perfused livers and isolated hepatocytes from 

obese rats with fatty liver (McCune et al, 1981).  

An integrated interpretation of these seemingly contradictory findings is that fatty liver 

does not result from a primary damage to mitochondria, but is rather caused by an 

alteration on how hepatocytes regulate and control mitochondrial FAO (Clouet et al, 

1986). This decrease in FAO observed in perfused livers with steatosis was concluded to 

be a result from the inhibition of carnitine palmitoyl-transferase 1 (CPT1)  (Brady et al, 

1985; Clouet et al, 1986). The rate-limiting step of mitochondrial FAO is indeed executed 

by CPT1, which catalyzes the entry of long-chain fatty acid into mitochondria. An 

endogenous mechanism to block CPT1 activity is elevated glycolysis, which promotes 
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the synthesis of the CPT1 inhibitor malonyl-CoA. As a result, it could be hypothesized 

that obesity associated with hyperglycemia caused steatosis by blocking CPT1 and FAO 

in the liver, via excessive production of malonyl-CoA. This malonyl-CoA would be diluted 

and washed after isolating mitochondria, explaining the increase in FAO when measured 

in isolated mitochondria. Consequently, reducing malonyl-CoA synthesis or decreasing 

CPT1 sensitivity to malonyl-CoA-mediated inhibition was deemed as a strategy to prevent 

steatosis. In agreement with this view, the treatment of obese mice with PPARa agonists 

decreased the ability of malonyl-CoA to inhibit CPT1 in isolated liver mitochondria 

(Henninger et al, 1987). The mechanism(s) by which PPARa agonists decrease the 

sensitivity of CPT1 to malonyl-CoA-mediated inhibition is unclear. However, studying 

these mechanisms of CPT1-sensitivity to malonyl-CoA could be harnessed to reverse 

hepatic steatosis. 

Developments in non-invasive metabolite labeling and tracing in liver allowed the 

quantification of FAO and mitochondrial fluxes in intact livers from mice and humans 

(Koliaki et al, 2015; Sunny et al, 2011). These non-invasive studies support that the 

suppression of FAO observed in isolated hepatocytes and perfused livers with steatosis 

does not occur in vivo (Figure 4). Accordingly, humans with simple steatosis and insulin 

resistance show elevated mitochondrial FAO and respiratory function when measured in 

vivo using non-invasive methods, and even ex-vivo after isolating mitochondria from liver 

biopsies (Koliaki et al, 2015; Sunny et al, 2011; Iozzo et al, 2010). Preservation of higher 

respiratory capacity after isolating mitochondria demonstrates that the composition of 

mitochondria is changed by NAFLD. From these data, one can conclude that higher FAO 

and mitochondrial function observed in NAFLD is not just a consequence of a change in 
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the cellular control of FAO and mitochondrial respiration (Koliaki et al, 2015). Further, this 

change in mitochondrial composition might reflect an adaptation to the chronic increase 

in gluconeogenesis and intrahepatic lipid handling induced by NAFLD, which increase the 

demand for mitochondrial ATP and TCA cycle intermediates (Figure 4). Such 

mitochondrial remodeling might prevent free fatty acid-mediated toxicity in hepatocytes 

as well. 

Increased mitochondrial FAO in the liver from patients with simple steatosis and 

insulin resistance agrees with the hypothesis presented by McGarry titled: What if 

Minkowski had been ageusic? McGarry argued that increased FAO in liver could be a 

major driver of hyperglycemia in diabetes, as FAO generates ATP that will energize 

hepatic glucose production. Thus, if Minkowski could not have tasted glucose in the urine, 

but smelled the ketones in the breath resulting from FAO, diabetes treatments would have 

aimed to block FAO and restore lipid metabolism. Supporting McGarry’s hypothesis, short 

term treatment of type 2 diabetic humans and obese rodents with etomoxir, a drug 

blocking CPT1 and thus FAO, showed positive effects on insulin sensitivity, decreased 

glycemia and even circulating lipids (Lundsgaard et al, 2020; Ratheiser et al, 1991). 

However, longer-term treatments with etomoxir exacerbated steatosis and hyperglycemia 

in obese rodents (Lundsgaard et al, 2020), demonstrating that the benefits of blocking 

FAO on glycemic control are only transient. It is a possibility that chronic etomoxir 

treatments could mimic the systemic fatty acid spillover characteristic of lipodystrophy 

and obesity. This spillover would outcompete the beneficial effect of etomoxir decreasing 

hepatic glucose production. Supporting this view, the increase in acylcarnitine 

intermediates due to incomplete fatty acid oxidation is associated with NAFLD (Enooku 
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et al, 2019; Peng et al, 2018), and these intermediates were shown to contribute to insulin 

resistance in muscle (Koves et al, 2008).  

Remarkably, the increase in respiratory capacity and FAO are not the only changes 

observed in mitochondria from mice and humans with NAFLD. There is also a change in 

the proportion of fuels that support mitochondrial respiration (Figure 4). In humans and 

mice with fatty liver, mitochondrial pyruvate oxidation and TCA cycle flux are elevated in 

the fasted state, while ketogenesis does not increase (Sunny et al, 2011). As FAO is a 

major source of ketones, the lack of ketosis seemed contradictory to elevated FAO 

observed in obese humans with insulin resistance (Iozzo et al, 2010). This apparent 

contradiction was reconciled by data showing that FAO-derived acetyl-CoA, which is 

normally used for ketogenesis, is diverted to the TCA cycle in simple steatosis (Fletcher 

et al, 2019). Indeed, in healthy liver mitochondria, FAO results in a decrease of TCA cycle 

flux and citrate synthase activity, to facilitate ketogenesis by diverting acetyl-CoA away 

from citrate synthase (Garland et al, 1968). Thus, a key pathogenic mechanism in NAFLD 

could be the acquired ability of mitochondria to sustain high TCA fluxes concurrently to 

high rates of FAO. It is a possibility that a primary defect in the machinery synthesizing 

ketones is driving the elevation in TCA flux in NAFLD, by making more acetyl-CoA 

available to the TCA cycle (d’Avignon et al, 2018). 

In agreement with high TCA fluxes participating in NAFLD pathogenesis, decreasing 

TCA cycle fluxes by deleting the mitochondrial pyruvate importer MPC1 diminishes both 

hepatic glucose production and inflammation in high-fat diet-fed mice (Gray et al, 2015; 

Rauckhorst et al, 2017). Hepatitis driven by high MPC1 activity was attributed to an 

increase in mitochondrial ROS production, resulting from the elevation in mitochondrial 
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respiration caused by perennial anabolism, concurrent with a decrease in antioxidant 

capacity (Rauckhorst et al, 2017; Satapati et al, 2015). However, hepatic steatosis was 

unchanged in liver-specific MPC1 or MPC2 KO mice fed a high-fat diet (Gray et al, 2015; 

Rauckhorst et al, 2017; McCommis et al, 2015, 2017). In this regard, MPC deletion would 

be expected to protect from steatosis only by decreasing de novo fatty acids synthesis 

fueled by the TCA cycle intermediate citrate generated from pyruvate, not by decreasing 

dietary fatty acid esterification (Duarte et al, 2014). Thus, preserved steatosis in high- fat 

diet fed (HFD) MPC KO mice is in agreement with HFD mostly inducing steatosis by 

increasing dietary fatty acid esterification into intrahepatic TG (Duarte et al, 2014). 

In contrast to HFD-induced hepatic steatosis in mice, up to 38% of hepatic TG 

accumulated in humans with fatty liver stem from de novo synthesized fatty acids (Smith 

et al, 2020). This relatively high percentage opens the possibility that MPC inhibition could 

efficiently protect humans from steatosis by decreasing de novo fatty acid synthesis. The 

reason is that mitochondrial acetyl-CoA generated from pyruvate oxidation fuels citrate 

and malonyl-CoA synthesis. Accordingly, pharmacological inhibition of the enzymes 

responsible for malonyl-CoA synthesis, Acetyl-CoA Carboxylases (ACC1 and ACC2), 

reversed hepatic TG accumulation in humans (Kim et al, 2017). Remarkably, despite that 

ACC inhibition resulted in elevated mitochondrial FAO and ketogenesis as expected by 

unleashing CPT1 activity, blocking ACC activity markedly increased plasma lipid levels 

(Kim et al, 2017).  

The increase in plasma lipids was explained by an upregulation in hepatic triglycerides 

synthesis (TG) selectively directed towards VLDL assembly and excretion. Elevated 

VLDL assembly was attributed to the transcriptional upregulation of the rate-limiting 



52 
 

enzyme in hepatic TG synthesis, GPAT1, as a result of increased SREBP-1c activity (Kim 

et al, 2017). However, a transcriptional upregulation of GPAT1 alone cannot explain how 

some fatty acids escape mitochondrial FAO and are selectively directed towards VLDL 

assembly. Elevated circulating levels of TG and VLDL by ACC inhibition strongly support 

the existence of a pool of fatty acids that escape from fat oxidizing mitochondria and are 

exclusively destined to VLDL synthesis. We are presenting a hypothesis on how some 

fatty acids escape mitochondria oxidation in chapters 2 and 4, proposing a new 

mechanism. 

The transition from simple steatosis to NASH is associated with a reduction in total 

oxidative capacity measured in isolated mitochondria and liver homogenates (Koliaki et 

al, 2015; Pérez-Carreras et al, 2003). While Perez-Carreras et al. showed that the 

individual activities of each mitochondrial OXPHOS complex were lower in NASH patients 

than in lean controls, particularly ATP synthase, Koliaki et al. reported that NASH patients 

showed higher mitochondrial respiratory capacity than lean controls. The decrease in 

mitochondrial oxidative capacity in NASH can have two interpretations: i) it is an acquired 

defect in the transition to NASH that further exacerbates steatosis and ROS production 

(Figure 5) or ii) it is an adaptive mechanism to inflammation and uncontrolled steatosis, 

aiming to limit anabolism and ROS production from mitochondrial OXPHOS. The 

reduction in OXPHOS as an adaptive mechanism can explain why mitochondrial mass is 

preserved in patients with NASH or, in other words, why mitophagy does not eliminate 

these mitochondria deemed as dysfunctional based on lower OXPHOS.  

If the reduction in OXPHOS was an adaptive mechanism, one could interpret the 

specific reduction in complex V and increased proton leak as mitochondrial remodeling 
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caused by NASH, rather than damage. Proton leak together with decreased complex V 

would allow mitochondria to escape the limitation in fat oxidation imposed by the ATP 

demand while impeding an additional increase in ROS by limiting electron transport chain 

activity. This premise is supported by NASH patients still showing higher oxidative 

capacity that lean controls, but lower than in simple steatosis (Koliaki et al, 2015).  

Overall, this study shows fission-mediated mitochondrial fragmentation is neither 

solely pathological nor solely compensatory. Metabolic phenotypes associated with 

mitochondrial fragmentation differ at different stages of disease progression. In chapter 

2, we discuss how mitochondrial fragmentation may be pathological as FAO enhanced 

by mitochondrial fragmentation aligns with observaitons that fatty acids derived from 

adipose tissue stimulate dysregulated gluconeogenesis in obese animals, presumably 

due to uncontrolled beta-oxidation (Taddeo et al, 2017). In chapter 3, we discuss how 

mitochondrial fragmentation may be compensatory in alignment with observations that 

Mfn2KO livers decreased NASH, insulin resistance and reversed the decrease in fat 

oxidation (Hernández-Alvarez et al, 2019; Sebastián et al, 2012a; Muñoz et al, 2013).  
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FIGURES 

 

Figure 1- 1.The role of mitochondrial dynamics in mitochondrial heterogeneity.  

During the mitochondrial life cycle, mitochondrial heterogeneity primarily occurs at three 

main phases (from left to right): biogenesis, fusion/fission, and autophagy of mitochondria 

(mitophagy). (A) While increases in mitochondrial heterogeneity are beneficial to cellular 
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health, sustained activity of the mitochondrial life cycle reduces mitochondrial 

heterogeneity. Specifically, fusion events result in the contents of two different 

mitochondria mixing, ultimately resulting in their contents becoming the same, 

equilibrating the mitochondrial population within the cell, and thereby decreasing 

intracellular heterogeneity. After fission, one daughter mitochondrion will depolarize 

(green) while the other will maintain normal membrane potential (red). Depolarized 

mitochondria will undergo one of two fates: either a transient depolarization will occur and 

they will slowly regain their membrane potential to fuse again (green mitochondria back 

to red), or they will remain depolarized and undergo mitophagy (the mitochondria will 

remain green). Mitophagy events remove depolarized mitochondria from the 

mitochondrial population, thereby reducing intracellular membrane potential 

heterogeneity. (B) Dysregulation and blockades within the mitochondrial life cycle lead to 

increases in heterogeneity. Impaired clearance of mitochondria with sustained 

depolarization, via mitophagy, increases the pre-autophagic pool. Increasing the pre-

autophagic pool size increases intracellular heterogeneity, and the mitochondrial 

population now transitions from a population with a common membrane potential (red) to 

one with multiple membrane potentials (red and green). 
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Figure 1- 2. Pathogenesis of the pancreatic beta-cell and renal proximal tubule cell 

induced by increased mitochondrial heterogeneity. 

Mitochondrial heterogeneity under the pathological state, such as glucolipotoxicity (GLT), 

yields various functional readouts. (A) Increased mitochondrial membrane potential (ΔΨ) 

heterogeneity has been associated with various metabolic defects in both the pancreatic 

beta-cell and renal proximal tubule cell. Intracellular heterogeneity is observed by an 

increase in differences in ΔΨ. Reduced ΔΨ is presented as green and increased ΔΨ is 

presented as red. Mitochondria of normal ΔΨ are presented as pink. (B) Architectural 

heterogeneity yields mitochondria varying from short to long mitochondrial lengths as a 



57 
 

result of varying fusion and fission rates. Increased heterogeneity in mitochondrial 

morphology, specifically increased short mitochondria due to reduced fusion, is 

associated with reductions in impaired glucose-stimulated insulin secretion (GSIS) in 

pancreatic beta-cells and reductions in renal fatty acid oxidation (FAO).  

 

 

 

 

 

 

 

 

 

 

 

 



58 
 

 

Figure 1- 3. Compromised mitochondria promote NAFLD.  
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Mitochondria in hepatocytes oxidize fatty acids to produce ketone bodies, as well as ATP 

to cover glucose production during fasting. Mitochondria rely on diverse mechanisms to 

preserve their function including dynamics, redox signaling, mitophagy and calcium 

homeostasis. In contrast to a healthy liver, mitochondria in NAFLD were reported to be 

fragmented, overloaded with calcium, with decreased oxidative capacity and increased 

ROS production, which cause JNK activation. JNK activation itself can induce these same 

defects in mitochondrial function as well, being a feed-forward cycle of mitochondrial 

defects. These mitochondrial defects in NAFLD were also explained by defective 

mitophagy. The decrease in fatty acid oxidation caused by this compromise in 

mitochondrial function was deemed to cause fat accumulation in hepatocytes, while 

impairing insulin signaling. JNK, c-Jun NH2-terminal Kinase. 
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Figure 1- 4. Enhanced mitochondrial activity promote NAFLD. 

 

As the liver supplies glucose, ketone bodies and lipids to other organs, proper control of 

hepatic gluconeogenesis and lipid metabolism in the fasted and fed state is essential. 

NAFLD is associated with increases in hepatic glucose production and lipid 

synthesis/storage in part due to higher glucose and lipid supply. The elevation in 

gluconeogenesis and lipid storage increase mitochondrial ATP demand, explaining the 

increase in mitochondrial oxidative capacity reported in simple steatosis and even in 

NASH. Interestingly, fatty liver is not only associated with increased mitochondrial fat 

oxidation, which normally fuels glucose production and ketogenesis, but it also increases 

TCA cycle flux. Further, it was proposed that increased oxidative function of mitochondria 

increases ROS production, which can underpin inflammation, impaired insulin signaling 

and cell death. Evidence suggests that increased TCA cycle flux and impaired 

ketogenesis cause hepatic steatosis and hyperglycemia, supporting that restoration of 

mitochondrial fuel preference can be a therapeutic target for NAFLD. IR, insulin 

resistance; GPX1, glutathione peroxidase 1; HMOX1, heme oxygenase 1; PTP1B, 

protein-tyrosine phosphatase 1B, SREBP1, Sterol regulatory element-binding 

transcription factor 1. 
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Figure 1- 5. Mitochondrial states throughout the progression of NAFLD. 

In the early stages of NAFLD, namely simple steatosis, adaptative mechanisms occur to 

compensate for the increase in fuel availability and anabolism: mitochondrial respiration 

increases due to higher substrate availability and increased ATP demand, which will 

increase ROS production, activate mitochondrial biogenesis and antioxidant responses. 

As hepatocytes store more lipids and reach full storage capacity, free-fatty acid mediated 

toxicity impairs mitophagy and damages mitochondria. In the transition to NASH, 

mitochondrial function is decreased and ROS is further increased, which were deemed 

to be responsible for higher inflammation and cell death characteristic of NASH. However, 

some mouse models with antioxidant enzymes selectively deleted in hepatocytes are 
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protected from NASH, questioning whether the increase in ROS observed in simple 

steatosis and NASH contributes to the disease. In certain cases, NASH will progress to 

cirrhosis, meaning that hepatocytes will be replaced with cell types with fewer 

mitochondria, contributing to the decline in liver oxidative function. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



64 
 

REFERENCES 
 

Akkaoui M, Cohen I, Esnous C, Lenoir V, Sournac M, Girard J & Prip-Buus C (2009) 

Modulation of the hepatic malonyl-CoA-carnitine palmitoyltransferase 1A 

partnership creates a metabolic switch allowing oxidation of de novo fatty acids. 

Biochem J 420 

Apostolopoulou M, Gordillo R, Koliaki C, Gancheva S, Jelenik T, De Filippo E, Herder 

C, Markgraf D, Jankowiak F, Esposito I, et al (2018) Specific Hepatic Sphingolipids 

Relate to Insulin Resistance, Oxidative Stress, and Inflammation in Nonalcoholic 

Steatohepatitis. Diabetes Care 41: 1235–1243 

Arruda AP, Pers BM, Parlakgül G, Güney E, Inouye K & Hotamisligil GS (2014) Chronic 

enrichment of hepatic endoplasmic reticulum-mitochondria contact leads to 

mitochondrial dysfunction in obesity. Nat Med 20: 1427–1435 

Aryaman J, Johnston IG & Jones NS (2019) Mitochondrial heterogeneity. Front Genet 

10: 718 doi:10.3389/fgene.2018.00718 [PREPRINT] 

Assali EA, Shlomo D, Zeng J, Taddeo EP, Trudeau KM, Erion KA, Colby AH, Grinstaff 

MW, Liesa M, Las G, et al (2019) Nanoparticle-mediated lysosomal reacidification 

restores mitochondrial turnover and function in β cells under lipotoxicity. FASEB J 

33: 4154–4165 

Bach D, Pich S, Soriano FX, Vega N, Baumgartner B, Oriola J, Daugaard JR, Lloberas 

J, Camps M, Zierath JR, et al (2003) Mitofusin-2 Determines Mitochondrial Network 

Architecture and Mitochondrial Metabolism. J Biol Chem 278: 17190–17197 

Baron AD, Brechtel G & Edelman S V. (1989) Effects of free fatty acids and ketone 

bodies on in vivo non-insulin-mediated glucose utilization and production in 



65 
 

humans. Metabolism 38: 1056–1061 

Benador IY, Veliova M, Mahdaviani K, Petcherski A, Wikstrom JD, Assali EA, Acín-

Pérez R, Shum M, Oliveira MF, Cinti S, et al (2018) Mitochondria Bound to Lipid 

Droplets Have Unique Bioenergetics, Composition, and Dynamics that Support 

Lipid Droplet Expansion. Cell Metab 27: 869-885.e6 

Bhargava P & Schnellmann RG (2017) Mitochondrial energetics in the kidney Nature 

Publishing Group 

van der Bliek AM, Shen Q & Kawajiri S (2013) Mechanisms of mitochondrial fission and 

fusion. Cold Spring Harb Perspect Biol 5 

Boland ML, Laker RC, Mather K, Nawrocki A, Oldham S, Boland BB, Lewis H, Conway 

J, Naylor J, Guionaud S, et al (2020) Resolution of NASH and hepatic fibrosis by 

the GLP-1R/GcgR dual-agonist Cotadutide via modulating mitochondrial function 

and lipogenesis. Nat Metab 2: 413–431 

Brady LJ, Brady PS, Romsos DR & Hoppel CL (1985) Elevated hepatic mitochondrial 

and peroxisomal oxidative capacities in fed and starved adult obese (ob/ob) mice. 

Biochem J 231: 439–444 

Bremer J, Woldegiorgis G, Schalinske K & Shrago E (1985) Carnitine 

palmitoyltransferase. Activation by palmitoyl-CoA and inactivation by malonyl-CoA. 

Biochim Biophys Acta 833: 9–16 

Bril F, Lomonaco R, Orsak B, Ortiz-Lopez C, Webb A, Tio F, Hecht J & Cusi K (2014) 

Relationship between disease severity, hyperinsulinemia, and impaired insulin 

clearance in patients with nonalcoholic steatohepatitis. Hepatology 59: 2178–2187 

De Brito OM & Scorrano L (2008) Mitofusin 2 tethers endoplasmic reticulum to 



66 
 

mitochondria. Nature 456: 605–610 

Brooks C, Wei Q, Cho SG & Dong Z (2009) Regulation of mitochondrial dynamics in 

acute kidney injury in cell culture and rodent models. J Clin Invest 119: 1275–1285 

Caro P, Kishan AU, Norberg E, Stanley IA, Chapuy B, Ficarro SB, Polak K, Tondera D, 

Gounarides J, Yin H, et al (2012) Metabolic Signatures Uncover Distinct Targets in 

Molecular Subsets of Diffuse Large B Cell Lymphoma. Cancer Cell 22: 547–560 

Casals N, Zammit V, Herrero L, Fadó R, Rodríguez-Rodríguez R & Serra D (2016) 

Carnitine palmitoyltransferase 1C: From cognition to cancer. Prog Lipid Res 61: 

134–148 

Cereghetti GM, Stangherlin A, Martins De Brito O, Chang CR, Blackstone C, Bernardi P 

& Scorrano L (2008) Dephosphorylation by calcineurin regulates translocation of 

Drp1 to mitochondria. Proc Natl Acad Sci U S A 105: 15803–15808 

Chen H, Chomyn A & Chan DC (2005) Disruption of fusion results in mitochondrial 

heterogeneity and dysfunction. J Biol Chem 280: 26185–26192 

Clouet P, Henninger C & Bezard J (1986) Study of some factors controlling fatty acid 

oxidation in liver mitochondria of obese Zucker rats. Biochem J 239: 103–108 

Collins TJ, Berridge MJ, Lipp P & Bootman MD (2002) Mitochondria are morphologically 

and functionally heterogeneous within cells. EMBO J 21: 1616–1627 

Cook GA & Gamble MS (1987) Regulation of Carnitine Palmitoyltransferase bs Insulin 

Results in Decreased Activity and Decreased Apparent Ki-Values for Malonyl-

CoA*. J Biol Chem 262: 2050–2055 

d’Avignon DA, Puchalska P, Ercal B, Chang YJ, Martin SE, Graham MJ, Patti GJ, Han 

X & Crawford PA (2018) Hepatic ketogenic insufficiency reprograms hepatic 



67 
 

glycogen metabolism and the lipidome. JCI insight 3 

Dai J, Liang K, Zhao S, Jia W, Liu Y, Wu H, Lv J, Cao C, Chen T, Zhuang S, et al 

(2018) Chemoproteomics reveals baicalin activates hepatic CPT1 to ameliorate 

diet-induced obesity and hepatic steatosis. Proc Natl Acad Sci U S A 115: E5896–

E5905 

Divakaruni AS, Hsieh WY, Minarrieta L, Duong TN, Kim KKO, Desousa BR, Andreyev 

AY, Bowman CE, Caradonna K, Dranka BP, et al (2018) Etomoxir Inhibits 

Macrophage Polarization by Disrupting CoA Homeostasis. Cell Metab 28: 490-

503.e7 

Donath MY & Halban PA (2004) Decreased beta-cell mass in diabetes: Significance, 

mechanisms and therapeutic implications. Diabetologia 47: 581–589 

doi:10.1007/s00125-004-1336-4 [PREPRINT] 

Duarte JAG, Carvalho F, Pearson M, Horton JD, Browning JD, Jones JG & Burgess SC 

(2014) A high-fat diet suppresses de novo lipogenesis and desaturation but not 

elongation and triglyceride synthesis in mice. J Lipid Res 55: 2541–2553 

Duchen MR, Surin A & Jacobson J (2003) Imaging mitochondrial function in intact cells. 

Methods Enzymol 361: 353–389 

Edmunds LR, Xie B, Mills AM, Huckestein BR, Undamatla R, Murali A, Pangburn MM, 

Martin J, Sipula I, Kaufman BA, et al (2020) Liver-specific Prkn knockout mice are 

more susceptible to diet-induced hepatic steatosis and insulin resistance. Mol 

Metab 41 

Enooku K, Nakagawa H, Fujiwara N, Kondo M, Minami T, Hoshida Y, Shibahara J, 

Tateishi R & Koike K (2019) Altered serum acylcarnitine profile is associated with 



68 
 

the status of nonalcoholic fatty liver disease (NAFLD) and NAFLD-related 

hepatocellular carcinoma. Sci Rep 9 

Fex M, Nitert MD, Wierup N, Sundler F, Ling C & Mulder H (2007) Enhanced 

mitochondrial metabolism may account for the adaptation to insulin resistance in 

islets from C57BL/6J mice fed a high-fat diet. Diabetologia 50: 74–83 

Flavin R, Peluso S, Nguyen PL & Loda M (2010) Fatty acid synthase as a potential 

therapeutic target in cancer. Futur Oncol 6: 551–562 

Fletcher JA, Deja S, Satapati S, Fu X, Burgess SC & Browning JD (2019) Impaired 

ketogenesis and increased acetyl-CoA oxidation promote hyperglycemia in human 

fatty liver. JCI insight 5 

Frank S, Gaume B, Bergmann-Leitner ES, Leitner WW, Robert EG, Catez F, Smith CL 

& Youle RJ (2001) The role of dynamin-related protein 1, a mediator of 

mitochondrial fission, in apoptosis. Dev Cell 1: 515–25 

Frezza C, Cipolat S, Martins de Brito O, Micaroni M, Beznoussenko G V., Rudka T, 

Bartoli D, Polishuck RS, Danial NN, De Strooper B, et al (2006) OPA1 Controls 

Apoptotic Cristae Remodeling Independently from Mitochondrial Fusion. Cell 126: 

177–189 

Galloway CA, Lee H, Brookes PS & Yoon Y (2014) Decreasing mitochondrial fission 

alleviates hepatic steatosis in a murine model of nonalcoholic fatty liver disease. 

Am J Physiol - Gastrointest Liver Physiol 307: G632–G641 

Gandre-Babbe S & Bliek AM van der (2008) The Novel Tail-anchored Membrane 

Protein Mff Controls Mitochondrial and Peroxisomal Fission in Mammalian Cells. 

https://doi.org/101091/mbc.e07-12-1287 19: 2402–2412 



69 
 

Gao Y, Li F, Zhang A, Wang L, Tong W & Liu B (2014) Evaluation of mitochondrial 

divisions in mouse with type-2 diabetes and effect of glucose-oxidase on mouse 

islet cells RIN-m5F. Cell Biol Int 38: 368–373 

Garland PB, Shepherd D, Nicholls DG & Ontko J (1968) Energy-dependent control of 

the tricarboxylic acid cycle by fatty acid oxidation in rat liver mitochondria. Adv 

Enzyme Regul 6: 3–30 

Georgiadou E, Muralidharan C, Martinez M, Chabosseau P, Tomas A, Wern FYS, 

Stylianides T, Rothery SM, Gregorio A Di, Leclerc I, et al (2020) Pancreatic beta 

cell selective deletion of mitofusins 1 and 2 (Mfn1 and Mfn2) disrupts mitochondrial 

architecture and abrogates glucose-stimulated insulin secretion in vivo. bioRxiv: 

2020.04.22.055384 doi:10.1101/2020.04.22.055384 [PREPRINT] 

Goedeke L, Peng L, Montalvo-Romeral V, Butrico GM, Dufour S, Zhang XM, Perry RJ, 

Cline GW, Kievit P, Chng K, et al (2019) Controlled-release mitochondrial 

protonophore (CRMP) reverses dyslipidemia and hepatic steatosis in dysmetabolic 

nonhuman primates. Sci Transl Med 11 

Gomes LC, Benedetto G Di & Scorrano L (2011) During autophagy mitochondria 

elongate, are spared from degradation and sustain cell viability. Nat Cell Biol 13: 

589–598 

González-Rodríguez A, Mayoral R, Agra N, Valdecantos MP, Pardo V, Miquilena-Colina 

ME, Vargas-Castrillón J, Lo Iacono O, Corazzari M, Fimia GM, et al (2014) 

Impaired autophagic flux is associated with increased endoplasmic reticulum stress 

during the development of NAFLD. Cell Death Dis 5 

Gooptu M, Whitaker-Menezes D, Sprandio J, Domingo-Vidal M, Lin Z, Uppal G, Gong J, 



70 
 

Fratamico R, Leiby B, Dulau-Florea A, et al (2017) Mitochondrial and glycolytic 

metabolic compartmentalization in diffuse large B-cell lymphoma. Semin Oncol 44: 

204–217 

Gottlieb RA & Stotland A MitoTimer: a novel protein for monitoring mitochondrial 

turnover in the heart 

Gray LR, Sultana MR, Rauckhorst AJ, Oonthonpan L, Tompkins SC, Sharma A, Fu X, 

Miao R, Pewa AD, Brown KS, et al (2015) Hepatic Mitochondrial Pyruvate Carrier 1 

Is Required for Efficient Regulation of Gluconeogenesis and Whole-Body Glucose 

Homeostasis. Cell Metab 22: 669–81 

Hailey DW, Rambold AS, Satpute-Krishnan P, Mitra K, Sougrat R, Kim PK & Lippincott-

Schwartz J (2010) Mitochondria supply membranes for autophagosome biogenesis 

during starvation. Cell 141: 656–667 

Hall AM & Schuh CD (2016) Mitochondria as therapeutic targets in acute kidney injury. 

Curr Opin Nephrol Hypertens 25: 355–362 

Hammerschmidt P, Ostkotte D, Nolte H, Gerl MJ, Jais A, Brunner HL, Sprenger HG, 

Awazawa M, Nicholls HT, Turpin-Nolan SM, et al (2019) CerS6-Derived 

Sphingolipids Interact with Mff and Promote Mitochondrial Fragmentation in 

Obesity. Cell 177: 1536-1552.e23 

Heart E, Corkey RF, Wikstrom JD, Shirihai OS & Corkey BE (2006) Glucose-dependent 

increase in mitochondrial membrane potential, but not cytoplasmic calcium, 

correlates with insulin secretion in single islet cells. Am J Physiol Metab 290: E143–

E148 

Henninger C, Clouet P, Danh HC, Pascal M & Bezard J (1987) Effects of fenofibrate 



71 
 

treatment on fatty acid oxidation in liver mitochondria of obese Zucker rats. 

Biochem Pharmacol 36: 3231–3236 

Herms A, Bosch M, Ariotti N, Reddy BJN, Fajardo A, Fernández-Vidal A, Alvarez-Guaita 

A, Fernández-Rojo MA, Rentero C, Tebar F, et al (2013) Cell-to-cell heterogeneity 

in lipid droplets suggests a mechanism to reduce lipotoxicity. Curr Biol 23: 1489–

1496 

Hernández-Alvarez MI, Sebastián D, Vives S, Ivanova S, Bartoccioni P, Kakimoto P, 

Plana N, Veiga SR, Hernández V, Vasconcelos N, et al (2019) Deficient 

Endoplasmic Reticulum-Mitochondrial Phosphatidylserine Transfer Causes Liver 

Disease. Cell 177: 881-895.e17 

Hoppel C, Kerner J, Turkaly P & Tandler B (2001) Rat Liver Mitochondrial Contact Sites 

and Carnitine Palmitoyltransferase-I. Arch Biochem Biophys 392: 321–325 

Hughes AL & Gottschling DE (2012) An early age increase in vacuolar pH limits 

mitochondrial function and lifespan in yeast. Nature 492: 261–265 

Huynh FK, Green MF, Koves TR & Hirschey MD (2014) Measurement of fatty acid 

oxidation rates in animal tissues and cell lines. Methods Enzymol 542: 391–405 

Iozzo P, Bucci M, Roivainen A, Någren K, Järvisalo MJ, Kiss J, Guiducci L, Fielding B, 

Naum AG, Borra R, et al (2010) Fatty acid metabolism in the liver, measured by 

positron emission tomography, is increased in obese individuals. Gastroenterology 

139 

Iqbal S & Hood DA (2014) Oxidative stress-induced mitochondrial fragmentation and 

movement in skeletal muscle myoblasts. Am J Physiol - Cell Physiol 306 

Ishihara N, Fujita Y, Oka T, Mihara K, Kushnareva Y, Graber S, Kovacs I, Lee W, 



72 
 

Waggoner J, Cui J, et al (2006) Regulation of mitochondrial morphology through 

proteolytic cleavage of OPA1. EMBO J 25: 2966–2977 

Jais A, Einwallner E, Sharif O, Gossens K, Lu TTH, Soyal SM, Medgyesi D, Neureiter 

D, Paier-Pourani J, Dalgaard K, et al (2014) Heme oxygenase-1 drives 

metaflammation and insulin resistance in mouse and man. Cell 158: 25–40 

Jang HS, Noh MR, Kim J & Padanilam BJ (2020) Defective Mitochondrial Fatty Acid 

Oxidation and Lipotoxicity in Kidney Diseases. Front Med 7: 65 

doi:10.3389/fmed.2020.00065 [PREPRINT] 

Kang HM, Ahn SH, Choi P, Ko YA, Han SH, Chinga F, Park ASD, Tao J, Sharma K, 

Pullman J, et al (2015) Defective fatty acid oxidation in renal tubular epithelial cells 

has a key role in kidney fibrosis development. Nat Med 21: 37–46 

Kim CW, Addy C, Kusunoki J, Anderson NN, Deja S, Fu X, Burgess SC, Li C, 

Chakravarthy M, Previs S, et al (2017) Acetyl CoA Carboxylase Inhibition Reduces 

Hepatic Steatosis but Elevates Plasma Triglycerides in Mice and Humans: A 

Bedside to Bench Investigation. Cell Metab 26: 394-406.e6 

Kodiha M, Flamant E, Wang YM & Stochaj U (2018) Defining the short-term effects of 

pharmacological 50-AMP activated kinase modulators on mitochondrial 

polarization, morphology and heterogeneity. PeerJ 2018 

Koliaki C, Szendroedi J, Kaul K, Jelenik T, Nowotny P, Jankowiak F, Herder C, 

Carstensen M, Krausch M, Knoefel WT, et al (2015) Adaptation of hepatic 

mitochondrial function in humans with non-alcoholic fatty liver is lost in 

steatohepatitis. Cell Metab 21: 739–746 

Koves TR, Ussher JR, Noland RC, Slentz D, Mosedale M, Ilkayeva O, Bain J, Stevens 



73 
 

R, Dyck JRB, Newgard CB, et al (2008) Mitochondrial overload and incomplete 

fatty acid oxidation contribute to skeletal muscle insulin resistance. Cell Metab 7: 

45–56 

Kulkarni SS, Joffraud M, Boutant M, Ratajczak J, Gao AW, Maclachlan C, Hernandez-

Alvarez MI, Raymond F, Metairon S, Descombes P, et al (2016) Mfn1 Deficiency in 

the Liver Protects Against Diet-Induced Insulin Resistance and Enhances the 

Hypoglycemic Effect of Metformin. Diabetes 65: 3552–3560 

Kuznetsov A V., Troppmair J, Sucher R, Hermann M, Saks V & Margreiter R (2006) 

Mitochondrial subpopulations and heterogeneity revealed by confocal imaging: 

Possible physiological role? Biochim Biophys Acta - Bioenerg 1757: 686–691 

Lam TKT, Carpentier A, Lewis GF, Van de Werve G, Fantus IG & Giacca A (2003a) 

Mechanisms of the free fatty acid-induced increase in hepatic glucose production. 

Am J Physiol - Endocrinol Metab 284 

Lam TKT, Van de Werve G & Giacca A (2003b) Free fatty acids increase basal hepatic 

glucose production and induce hepatic insulin resistance at different sites. Am J 

Physiol Metab 284: E281–E290 

Leboucher GP, Tsai YC, Yang M, Shaw KC, Zhou M, Veenstra TD, Glickman MH & 

Weissman AM (2012) Stress-induced phosphorylation and proteasomal 

degradation of mitofusin 2 facilitates mitochondrial fragmentation and apoptosis. 

Mol Cell 47: 547–557 

Liesa M, Palacín M & Zorzano A (2009) Mitochondrial dynamics in mammalian health 

and disease. Physiol Rev 89: 799–845 doi:10.1152/physrev.00030.2008 

[PREPRINT] 



74 
 

Liesa M & Shirihai OS (2013a) Mitochondrial Dynamics in the Regulation of Nutrient 

Utilization and Energy Expenditure. Cell Metab 17: 491–506 

Liesa M & Shirihai OSS (2013b) Mitochondrial dynamics in the regulation of nutrient 

utilization and energy expenditure. Cell Metab 17: 491–506 

Lionetti L, Mollica MP, Donizzetti I, Gifuni G, Sica R, Pignalosa A, Cavaliere G, Gaita M, 

De Filippo C, Zorzano A, et al (2014) High-Lard and High-Fish-Oil Diets Differ in 

Their Effects on Function and Dynamic Behaviour of Rat Hepatic Mitochondria. 

PLoS One 9: e92753 

Loh K, Deng H, Fukushima A, Cai X, Boivin B, Galic S, Bruce C, Shields BJ, Skiba B, 

Ooms LM, et al (2009) Reactive oxygen species enhance insulin sensitivity. Cell 

Metab 10: 260–272 

López-Viñas E, Bentebibel A, Gurunathan C, Morillas M, de Arriaga D, Serra D, Asins 

G, Hegardt FG & Gómez-Puertas P (2007) Definition by functional and structural 

analysis of two malonyl-CoA sites in carnitine palmitoyltransferase 1A. J Biol Chem 

282: 18212–24 

Lundsgaard AM, Fritzen AM, Nicolaisen TS, Carl CS, Sjøberg KA, Raun SH, Klein AB, 

Sanchez-Quant E, Langer J, Ørskov C, et al (2020) Glucometabolic consequences 

of acute and prolonged inhibition of fatty acid oxidation. J Lipid Res 61: 10–19 

Mahdaviani K, Benador IY, Su S, Gharakhanian RA, Stiles L, Trudeau KM, Cardamone 

M, Enríquez-Zarralanga V, Ritou E, Aprahamian T, et al (2017) Mfn2 deletion in 

brown adipose tissue protects from insulin resistance and impairs thermogenesis. 

EMBO Rep 18: 1123–1138 

Masini M, Martino L, Marselli L, Bugliani M, Boggi U, Filipponi F, Marchetti P & De Tata 



75 
 

V (2017) Ultrastructural alterations of pancreatic beta cells in human diabetes 

mellitus. Diabetes Metab Res Rev 33 

McCommis KS, Chen Z, Fu X, McDonald WG, Colca JR, Kletzien RF, Burgess SC & 

Finck BN (2015) Loss of Mitochondrial Pyruvate Carrier 2 in the Liver Leads to 

Defects in Gluconeogenesis and Compensation via Pyruvate-Alanine Cycling. Cell 

Metab 22: 682–694 

McCommis KS, Hodges WT, Brunt EM, Nalbantoglu I, McDonald WG, Holley C, 

Fujiwara H, Schaffer JE, Colca JR & Finck BN (2017) Targeting the mitochondrial 

pyruvate carrier attenuates fibrosis in a mouse model of nonalcoholic 

steatohepatitis. Hepatology 65: 1543–1556 

McCune SA, Durant PJ, Jenkins PA & Harris RA (1981) Comparative studies on fatty 

acid synthesis, glycogen metabolism, and gluconeogenesis by hepatocytes isolated 

from lean and obese Zucker rats. Metabolism 30: 1170–1178 

McGarry JD & Brown NF (1997) The mitochondrial carnitine palmitoyltransferase 

system. From concept to molecular analysis. Eur J Biochem 244: 1–14 

McGarry JD & Foster DW (1980) Effects of exogenous fatty acid concentration on 

glucagon-induced changes in hepatic fatty acid metabolism. Diabetes 29: 236–240 

Men X, Wang H, Li M, Cai H, Xu S, Zhang W, Xu Y, Ye L, Yang W, Wollheim CB, et al 

(2009) Dynamin-related protein 1 mediates high glucose induced pancreatic beta 

cell apoptosis. Int J Biochem Cell Biol 41: 879–890 

Miguel V, Tituaña J, Herrero JI, Herrero L, Serra D, Cuevas P, Barbas C, Puyol DR, 

Márquez-Exposito L, Ruiz-Ortega M, et al (2020) Renal tubule Cpt1a 

overexpression mitigates kidney fibrosis by restoring mitochondrial homeostasis. 



76 
 

bioRxiv: 2020.02.18.952440 

Molina AJ a, Molina AJ a, Wikstrom JD, Wikstrom JD, Stiles L, Stiles L, Las G, Las G, 

Mohamed H, Mohamed H, et al (2009a) Mitochondrial Networking Protects Beta 

Cells from Nutrient Induced Apoptosis. Diabetes 58: 2303–2315 

Molina AJA, Wikstrom JD, Stiles L, Las G, Mohamed H, Elorza A, Walzer G, Twig G, 

Katz S, Corkey BE, et al (2009b) Mitochondrial networking protects β-cells from 

nutrient-induced apoptosis. Diabetes 58: 2303–2315 

Moore MP, Cunningham RP, Meers GM, Johnson SA, Wheeler AA, Ganga RR, 

Spencer NM, Pitt JB, Diaz-Arias A, Swi AIA, et al (2022) Compromised hepatic 

mitochondrial fatty acid oxidation and reduced markers of mitochondrial turnover in 

human NAFLD. Hepatology 

Muñoz JP, Ivanova S, Sánchez-Wandelmer J, Martínez-Cristóbal P, Noguera E, 

Sancho A, Díaz-Ramos A, Hernández-Alvarez MI, Sebastián D, Mauvezin C, et al 

(2013) Mfn2 modulates the UPR and mitochondrial function via repression of 

PERK. EMBO J 32: 2348–2361 

Mynatt RL, Greenhaw JJ & Cook GA (1994) Cholate extracts of mitochondrial outer 

membranes increase inhibition by malonyl-CoA of carnitine palmitoyltransferase-I 

by a mechanism involving phospholipids. Biochem J 299 ( Pt 3): 761–7 

Nasteska D & Hodson DJ (2018) The role of beta cell heterogeneity in islet function and 

insulin release. J Mol Endocrinol 61: R43–R60 doi:10.1530/JME-18-0011 

[PREPRINT] 

Nolan CJ, Leahy JL, Delghingaro-Augusto V, Moibi J, Soni K, Peyot M-LL, Fortier M, 

Guay C, Lamontagne J, Barbeau A, et al (2006a) Beta cell compensation for insulin 



77 
 

resistance in Zucker fatty rats: increased lipolysis and fatty acid signalling. 

Diabetologia 49: 2120–2130 

Nolan CJ, Madiraju MSR, Delghingaro-Augusto V, Peyot M-L & Prentki M (2006b) Fatty 

acid signaling in the beta-cell and insulin secretion. Diabetes 55 Suppl 2: S16-23 

Norberg E, Lako A, Chen PH, Stanley IA, Zhou F, Ficarro SB, Chapuy B, Chen L, Rodig 

S, Shin D, et al (2017) Differential contribution of the mitochondrial translation 

pathway to the survival of diffuse large B-cell lymphoma subsets. Cell Death Differ 

24: 251 

Nowak G, Bakajsova D & Samarel AM (2011) Protein kinase C-εon induces 

mitochondrial dysfunction and fragmentation in renal proximal tubules. Am J 

Physiol - Ren Physiol 301: F197–F208 

Palmer JW, Tandler B & Hoppel CL (1985) Biochemical differences between 

subsarcolemmal and interfibrillar mitochondria from rat cardiac muscle: Effects of 

procedural manipulations. Arch Biochem Biophys 236: 691–702 

Peng KY, Watt MJ, Rensen S, Willem Greve J, Huynh K, Jayawardana KS, Meikle PJ & 

Meex RCR (2018) Mitochondrial dysfunction-related lipid changes occur in 

nonalcoholic fatty liver disease progression. J Lipid Res 59: 1977–1986 

Pérez-Carreras M, Del Hoyo P, Martín MA, Rubio JC, Martín A, Castellano G, Colina F, 

Arenas J & Solis-Herruzo JA (2003) Defective hepatic mitochondrial respiratory 

chain in patients with nonalcoholic steatohepatitis. Hepatology 38: 999–1007 

Perry RJ, Kim T, Zhang XM, Lee HY, Pesta D, Popov VB, Zhang D, Rahimi Y, Jurczak 

MJ, Cline GW, et al (2013) Reversal of hypertriglyceridemia, fatty liver disease, and 

insulin resistance by a liver-targeted mitochondrial uncoupler. Cell Metab 18: 740–



78 
 

748 

Poulaki A & Giannouli S (2021) Metabolic Swifts Govern Normal and Malignant B Cell 

Lymphopoiesis. Int J Mol Sci 22 

Putti R, Sica R, Migliaccio V & Lionetti L (2015) Diet impact on mitochondrial 

bioenergetics and dynamics. Front Physiol 6: 109 

Qu Q, Zeng F, Liu X, Wang QJ & Deng F (2016) Fatty acid oxidation and carnitine 

palmitoyltransferase I: emerging therapeutic targets in cancer. Cell Death Dis 7: 

e2226–e2226 

Quirós PM, Ramsay AJ, Sala D, Fernández-Vizarra E, Rodríguez F, Peinado JR, 

Fernández-García MS, Vega JA, Enríquez JA, Zorzano A, et al (2012) Loss of 

mitochondrial protease OMA1 alters processing of the GTPase OPA1 and causes 

obesity and defective thermogenesis in mice. EMBO J 31: 2117–33 

Ratheiser K, Schneeweiß B, Waldhäusl W, Fasching P, Korn A, Nowotny P, Rohac M & 

Wolf HPO (1991) Inhibition by etomoxir of carnitine palmitoyltransferase I reduces 

hepatic glucose production and plasma lipids in non-insulin-dependent diabetes 

mellitus. Metabolism 40: 1185–1190 

Rauckhorst AJ, Gray LR, Sheldon RD, Fu X, Pewa AD, Feddersen CR, Dupuy AJ, 

Gibson-Corley KN, Cox JE, Burgess SC, et al (2017) The mitochondrial pyruvate 

carrier mediates high fat diet-induced increases in hepatic TCA cycle capacity. Mol 

Metab 6: 1468–1479 

Rocha AG, Franco A, Krezel AM, Rumsey JM, Alberti JM, Knight WC, Biris N, 

Zacharioudakis E, Janetka JW, Baloh RH, et al (2018) MFN2 agonists reverse 

mitochondrial defects in preclinical models of Charcot-Marie-Tooth disease type 



79 
 

2A. 360: 336–341 

Rolfe DFS & Brown GC (1997) Cellular energy utilization and molecular origin of 

standard metabolic rate in mammals. Physiol Rev 77: 731–758 

Ruderman N & Prentki M (2004) AMP kinase and malonyl-CoA: targets for therapy of 

the metabolic syndrome. Nat Rev Drug Discov 3: 340–351 

Rui L (2014) Energy metabolism in the liver. Compr Physiol 4: 177–97 

Satapati S, Kucejova B, Duarte JAG, Fletcher JA, Reynolds L, Sunny NE, He T, Arya 

Nair L, Livingston K, Fu X, et al (2015) Mitochondrial metabolism mediates 

oxidative stress and inflammation in fatty liver. J Clin Invest 125: 4447–4462 

Schreurs M, Kuipers F & van der Leij FR (2010) Regulatory enzymes of mitochondrial 

β-oxidation as targets for treatment of the metabolic syndrome. Obes Rev 11: 380–

388 

Sebastián D, Hernández-Alvarez MI, Segalés J, Sorianello E, Muñoz JP, Sala D, Waget 

A, Liesa M, Paz JC, Gopalacharyulu P, et al (2012a) Mitofusin 2 (Mfn2) links 

mitochondrial and endoplasmic reticulum function with insulin signaling and is 

essential for normal glucose homeostasis. Proc Natl Acad Sci U S A 109: 5523–

5528 

Sebastián D, Hernández-Alvarez MI, Segalés J, Sorianello E, Muñoz JP, Sala D, Waget 

A, Liesa M, Paz JC, Gopalacharyulu P, et al (2012b) Mitofusin 2 (Mfn2) links 

mitochondrial and endoplasmic reticulum function with insulin signaling and is 

essential for normal glucose homeostasis. Proc Natl Acad Sci U S A 109: 5523–8 

Smith GI, Shankaran M, Yoshino M, Schweitzer GG, Chondronikola M, Beals JW, 

Okunade AL, Patterson BW, Nyangau E, Field T, et al (2020) Insulin resistance 



80 
 

drives hepatic de novo lipogenesis in nonalcoholic fatty liver disease. J Clin Invest 

130: 1453–1460 

Song JE, Alves TC, Stutz B, Šestan-Peša M, Kilian N, Jin S, Diano S, Kibbey RG & 

Horvath TL (2021) Mitochondrial fission governed by drp1 regulates exogenous 

fatty acid usage and storage in hela cells. Metabolites 11 

Srinivasan S, Guha M, Kashina A & Avadhani NG (2017) Mitochondrial dysfunction and 

mitochondrial dynamics-The cancer connection. Biochim Biophys Acta - Bioenerg 

1858: 602–614 doi:10.1016/j.bbabio.2017.01.004 [PREPRINT] 

Stiles L & Shirihai OS (2012) Mitochondrial dynamics and morphology in beta-cells. 

Best Pract Res Clin Endocrinol Metab 26: 725–738 

doi:10.1016/j.beem.2012.05.004 [PREPRINT] 

Sunny NE, Parks EJ, Browning JD & Burgess SC (2011) Excessive hepatic 

mitochondrial TCA cycle and gluconeogenesis in humans with nonalcoholic fatty 

liver disease. Cell Metab 14: 804–810 

Supale S, Li N, Brun T & Maechler P (2012) Mitochondrial dysfunction in pancreatic β 

cells. Trends Endocrinol Metab 23: 477–487 doi:10.1016/j.tem.2012.06.002 

[PREPRINT] 

Taddeo EP, Hargett SR, Lahiri S, Nelson ME, Liao JA, Li C, Slack-Davis JK, Tomsig JL, 

Lynch KR, Yan Z, et al (2017) Lysophosphatidic acid counteracts glucagon-induced 

hepatocyte glucose production via STAT3. Sci Rep 7: 127 

Titchenell PM, Quinn WJ, Lu M, Chu Q, Lu W, Li C, Chen H, Monks BR, Chen J, 

Rabinowitz JD, et al (2016) Direct Hepatocyte Insulin Signaling Is Required for 

Lipogenesis but Is Dispensable for the Suppression of Glucose Production. Cell 



81 
 

Metab 23: 1154–1166 

Trudeau KM, Colby AH, Zeng J, Las G, Feng JH, Grinstaff MW & Shirihai OS (2016) 

Lysosome acidification by photoactivated nanoparticles restores autophagy under 

lipotoxicity. J Cell Biol 214: 25–34 

Turpin SM, Nicholls HT, Willmes DM, Mourier A, Brodesser S, Wunderlich CM, Mauer J, 

Xu E, Hammerschmidt P, Brönneke HS, et al (2014) Obesity-induced CerS6-

dependent C16:0 ceramide production promotes weight gain and glucose 

intolerance. Cell Metab 20: 678–686 

Twig G, Elorza A, Molina AJA, Mohamed H, Wikstrom JD, Walzer G, Stiles L, Haigh SE, 

Katz S, Las G, et al (2008a) Fission and selective fusion govern mitochondrial 

segregation and elimination by autophagy. EMBO J 27: 433–446 

Twig G, Elorza A, Molina AJA, Mohamed H, Wikstrom JD, Walzer G, Stiles L, Haigh SE, 

Katz S, Las G, et al (2008b) Fission and selective fusion govern mitochondrial 

segregation and elimination by autophagy. EMBO J 27: 433–446 

Twig G, Hyde B & Shirihai OS (2008c) Mitochondrial fusion, fission and autophagy as a 

quality control axis: The bioenergetic view. Biochim Biophys Acta - Bioenerg 1777: 

1092–1097 

UNGER RH & Orci L (2001) Diseases of liporegulation: new perspective on obesity and 

related disorders. FASEB J 15: 312–321 

Vernia S, Cavanagh-Kyros J, Garcia-Haro L, Sabio G, Barrett T, Jung DY, Kim JK, Xu 

J, Shulha HP, Garber M, et al (2014) The PPARα-FGF21 hormone axis contributes 

to metabolic regulation by the hepatic JNK signaling pathway. Cell Metab 20: 512–

525 



82 
 

Wada J & Nakatsuka A (2016) Mitochondrial dynamics and mitochondrial dysfunction in 

diabetes. Acta Med Okayama 70: 151–158 doi:10.18926/AMO/54413 [PREPRINT] 

Wajchenberg BL (2010) Clinical Approaches to Preserve β-Cell Function in Diabetes. In 

pp 515–535. Springer, Dordrecht 

Wang L, Ishihara T, Ibayashi Y, Tatsushima K, Setoyama D, Hanada Y, Takeichi Y, 

Sakamoto S, Yokota S, Mihara K, et al (2015) Disruption of mitochondrial fission in 

the liver protects mice from diet-induced obesity and metabolic deterioration. 

Diabetologia 58: 2371–2380 

Whitley BN, Lam C, Cui H, Haude K, Bai R, Escobar L, Hamilton A, Brady L, 

Tarnopolsky MA, Dengle L, et al (2018) Aberrant Drp1-mediated mitochondrial 

division presents in humans with variable outcomesHuman Molecular Genetics, 

Vol. 00, No. 0Human Molecular Genetics, Vol. 00, No. 0. Hum Mol Genet 27: 

3710–3719 

Wikstrom JD, Katzman SM, Mohamed H, Twig G, Graf S a., Heart E, Molina AJ a, 

Corkey BE, De Vargas LM, Danial NN, et al (2007) Beta-Cell mitochondria exhibit 

membrane potential heterogeneity that can be altered by stimulatory or toxic fuel 

levels. Diabetes 56: 2569–2578 

Wikstrom JD, Mahdaviani K, Liesa M, Sereda SB, Si Y, Las G, Twig G, Petrovic N, 

Zingaretti C, Graham A, et al (2014) Hormone-induced mitochondrial fission is 

utilized by brown adipocytes as an amplification pathway for energy expenditure. 

EMBO J 33: n/a-n/a 

Wikstrom JD, Twig G & Shirihai OS (2009) What can mitochondrial heterogeneity tell us 

about mitochondrial dynamics and autophagy? Int J Biochem Cell Biol 41: 1914–



83 
 

1927 doi:10.1016/j.biocel.2009.06.006 [PREPRINT] 

Win S, Than TA, Min RWM, Aghajan M & Kaplowitz N (2016) c-Jun N-terminal kinase 

mediates mouse liver injury through a novel Sab (SH3BP5)-dependent pathway 

leading to inactivation of intramitochondrial Src. Hepatology 63: 1987–2003 

Wolf DM, Segawa M, Kondadi AK, Anand R, Bailey ST, Reichert AS, Bliek AM, 

Shackelford DB, Liesa M & Shirihai OS (2019) Individual cristae within the same 

mitochondrion display different membrane potentials and are functionally 

independent. EMBO J 38 

Xiong J & Zhao WL (2018) Targetable Metabolic Vulnerability in Diffuse Large B-Cell 

Lymphoma. EBioMedicine 28: 5–6 

Yamane M, Moriya S & Kokuba H (2017) Visualization of ceramide channels in 

lysosomes following endogenous palmitoyl-ceramide accumulation as an initial step 

in the induction of necrosis. Biochem Biophys reports 11: 174–181 

Young S, Tariq R, Provenza J, Satapathy SK, Faisal K, Choudhry A, Friedman SL & 

Singal AK (2020) Prevalence and Profile of Nonalcoholic Fatty Liver Disease in 

Lean Adults: Systematic Review and Meta-Analysis. Hepatol Commun 4: 953–972 

Zhan M, Brooks C, Liu F, Sun L & Dong Z (2013) Mitochondrial dynamics: Regulatory 

mechanisms and emerging role in renal pathophysiology. Kidney Int 83: 568–581 

doi:10.1038/ki.2012.441 [PREPRINT] 

Zhang W, Bu SY, Mashek MT, O-Sullivan I, Sibai Z, Khan SA, Ilkayeva O, Newgard CB, 

Mashek DG & Unterman TG (2016) Integrated Regulation of Hepatic Lipid and 

Glucose Metabolism by Adipose Triacylglycerol Lipase and FoxO Proteins. Cell 

Rep 15: 349–359 



84 
 

Zhou X, Zhu X, Zeng H & Zeng CH (2021) Fatty acid metabolism in adaptive immunity. 

FEBS J 

Zorova LD, Popkov VA, Plotnikov EY, Silachev DN, Pevzner IB, Jankauskas SS, 

Babenko VA, Zorov SD, Balakireva A V., Juhaszova M, et al (2018) Mitochondrial 

membrane potential. Anal Biochem 552: 50–59 

Zorzano A, Liesa M & Palacín M (2009) Role of mitochondrial dynamics proteins in the 

pathophysiology of obesity and type 2 diabetes. Int J Biochem Cell Biol 41: 1846–

1854 doi:10.1016/j.biocel.2009.02.004 [PREPRINT] 

Zorzano A, Liesa M, Sebastián D, Segalés J & Palacín M (2010) Mitochondrial fusion 

proteins: Dual regulators of morphology and metabolism 

 

 

 

 

 

 

 

 

 

 

 

 

 



85 
 

CHAPTER 2 

 

 

Mitochondrial architecture controls fatty acid utilization by regulating CPT1 

sensitivity to malonyl-CoA 
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ABSTRACT 
 

Mitochondrial architecture has long been associated with metabolic flexibilities, 

although the precise causalities and the underlying mechanisms are still enigmatic. 

Herein, using multiple cellular models where the physiological relevance of fatty acid is 

well-established, we showed that mitochondrial fragmentation is highly associated with 

fatty acid oxidation (FAO) rates. Furthermore, forced mitochondrial elongation using Mfn2 

over-expression or Drp1 depletion significantly decreased FAO rates, while Mfn2 KO 

leads to enhanced FAO rates, suggesting that mitochondrial fragmentation is functionally 

coupled with fatty acid utilization. Such manipulations also changed FAO-regulated 

cellular physiologies including gluconeogenesis in hepatocytes, insulin secretion in islet 

beta-cells, and cell survival of various DLBCL cancer subtypes. Notably, the increased 

FAO upon mitochondrial fragmentation is attributed to decreased CPT1 sensitivity to 

malonyl-CoA, the endogenous CPT1 inhibitor, consistent with the observation that such 

biochemical connections are fatty acid chain length-specific; mitochondrial fragmentation 

specifically facilitates long chain-fatty acid oxidation (LCFAO), but not short chain fatty 

acid oxidation. Taken together, our study provides a biochemical and mechanistic 

explanation of how mitochondrial architecture links cellular metabolic needs to differential 

fuel utilization, such as LCFAO, which may be implicated in a myriad of human 

physiologies and pathologies.  
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INTRODUCTION 
 

Mitochondrial dynamics maintain quality control of energy metabolism. Cells in 

nutrient-rich environment tend to keep their mitochondria in a fragmented state while cells 

under starvation reveal the opposite phenotype, mitochondrial elongation. Arrest of 

mitochondrial fusion (and not increased fission) is largely responsible for mitochondrial 

fragmentation in conditions which mimic obesity, suggesting that mitochondrial fusion 

proteins, mitofusin 1& 2 (Mfn1 & Mfn2) and optic atrophy 1 (Opa1), may be involved in 

the regulation of morphology in response to an excess nutrient supply. Functionally, 

previous studies have shown liver-specific ablation of Mfn2 in mice led to numerous 

metabolic abnormalities, characterized by glucose intolerance and enhanced hepatic 

gluconeogenesis (Sebastián et al, 2012b). Conversely, other groups have shown 

disruption of hepatic mitochondrial fission, through depletion of dynamin-related protein 

1 (DRP1), results in elongated mitochondria, improved glucose tolerance, and decreased 

gluconeogenesis (Mynatt et al, 1994; Wang et al, 2015). Similarly, fragmented 

mitochondria of beta-cell specific Mfn1/2 dKO displayed impaired glucose sensing, insulin 

secretion, and glucose homeostasis (Georgiadou et al, 2020). In the same context, OMA1 

knockout mice revealed disruption of the mitochondrial fusion-fission equilibrium (OMA1-

Opa1 interaction) led to increased obesity due to the inability to fragment and thus favored 

fatty acids (Quirós et al, 2012). Although investigations implicate mitochondrial 

fragmentation and elongation as bioenergetic adaptations to various metabolic demands 

and nutrient availability, no known mechanism has been resolved (Frank et al, 2001; 

Liesa & Shirihai, 2013b).  

Impairment of mitochondrial function and the mitochondrial network has been 



89 
 

associated with obesity related diseases. In the obese and insulin-resistant Zucker 

diabetic (ZDF) rats, which express a non-functioning leptin receptor (Ob-Rb), skeletal 

muscle displayed a reduction in the fusion protein, Mfn2, thereby yielding fragmented 

mitochondria (Putti et al, 2015). The reduced Mfn2 expression was also seen, clinically, 

in skeletal muscle of obese type 2 diabetic patients (Bach et al, 2003). Additionally, ZDF 

rats have shown increased hepatic fatty acid oxidation (FAO) rates, indicating a potential 

change in CPT-1A regulation due to changes in mitochondrial architecture (Ruderman & 

Prentki, 2004). Similarly, lean rats fed a high fat diet rich in saturated fatty acids 

manifested hepatic fat accumulation and an increase in mitochondrial fatty acid utilization. 

Interestingly, this high saturated fatty acid diet also decreased Mfn2 and increased fission 

processes (Lionetti et al, 2014). Moreover, pancreatic beta-cells of ZDF rats and beta-

cells chronically treated with elevated FFA at high glucose levels revealed mitochondrial 

dysfunction and fragmentation (Liesa & Shirihai, 2013b; Ruderman & Prentki, 2004). 

Although elevated glucose levels increased malonyl-CoA levels, it was shown that FAO 

was favored as a fuel source and was sufficient in preventing glucolipotoxicity-induced 

apoptosis. Additionally, brown adipose tissue preferentially oxidizes fatty acids upon 

complete mitochondrial fragmentation and depolarization, supporting the observed 

correlation of mitochondrial fragmentation and fuel preference for FAO (Liesa & Shirihai, 

2013b). In previous studies, enhanced respiratory capacity and preference for lipids as 

the main energy source were observed in liver specific Mfn1 ablated mitochondria with 

increased expression of ETC complexes and a highly fragmented mitochondrial network 

(Kulkarni et al, 2016). Thus, whether increased FAO capacity and increased HGP are 

due to changes in mitochondrial morphology have not yet been determined. Although it 
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has been demonstrated in multiple cell types that an excess nutrient environment 

promotes mitochondrial fragmentation and a switch to FAO, there currently remains no 

known mechanism of increased FAO. Several factors can account for increased fatty acid 

utilization, including higher expression of enzymes involved in mitochondrial beta-

oxidation and the ETC machinery, and increased mitochondrial mass.  

FAO is a multi-step process largely occurring in the mitochondria where the liver 

produces energy by shortening very-long chain fatty acids to produce Acetyl-CoA and 

ketone bodies. This process is highly regulated, however, long-chain acyl-CoAs (chains 

comprised of 12 or more carbons) are not permeable across the mitochondrial inner 

membrane therefore, carnitine palmitoyl transferase 1 (CPT-1) is required for shuttling 

long-chain acyl-CoAs into the mitochondria from the cytoplasm. CPT-1 thereby plays a 

central role in regulating FAO as the rate-limiting step (Cook & Gamble, 1987). In the 

presence of increased glucose concentrations, import of fatty acids to mitochondria via 

CPT-1 is inhibited by malonyl-CoA, a glucose-metabolism product. malonyl-CoA thereby 

serves as a shut-off switch for FAO by inhibiting beta-oxidation and promoting anabolic 

processes. It is important to note that there are three isoforms of CPT1: CPT-1A (liver), 

CPT-1B (muscle), and CPT-1C (brain), all of which have tissue-specific distribution 

(Flavin et al, 2010; Schreurs et al, 2010). Due to this tissue-specific distribution, the 

sensitivity of each isoform to their endogenous inhibitor, malonyl-CoA, differs greatly. The 

liver isoform, CPT-1A, has a tenfold higher Ki for malonyl-CoA making it the prevailing 

enzyme that accomplishes the rate-limiting step in FAO (Casals et al, 2016; McGarry & 

Brown, 1997). Additionally, the sensitivity of CPT-1A to malonyl-CoA inhibition changes 

during the transition of fed to fasting states, generating an amplification system to control 
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FAO. In the diabetic patient, the affinity of CPT-1A for malonyl-CoA decreases and the 

activity of CPT-1A is increased (Cook & Gamble, 1987). In alignment with previous 

studies, sensitivity of CPT-1A has been observed to decrease when its tertiary structure 

is altered due to changes in membrane structure (López-Viñas et al, 2007). Here, we 

demonstrate mitochondrial architecture affects CPT1 sensitivity to malonyl-CoA in 

hepatocytes, B-cell lymphomas, and in islets, which, in turn, controls FAO. Mitochondrial 

morphology not only play a role in preferential fuel utilization, but the unique differences 

between tissues indicate morphology is important to bioenergetics and pathophysiology 

(Wajchenberg, 2010; Titchenell et al, 2016; Zhang et al, 2016). 

 

EXPERIMENTAL PROCEDURES 
 

Animals 

C57BL/6J male mice (8 weeks old) were obtained from The Jackson Laboratory. 

At 9 weeks old, mice were put on a custom diet from Research Diets (D09100310) 

containing 40% fat, 20% fructose, and 2% cholesterol or a control diet (PicoLab Rodent 

Diet 20 5053) for 14-19 weeks (23-28 weeks of age). All animal care was in accordance 

with National Institutes of Health guidelines and University of California, Los Angeles 

(UCLA), institutional animal care and use committee approval (UCLA protocol #16–018). 

Mice were housed at the UCLA Animal Resources Facility in a 12-h/12-h light-dark cycle 

and maintained at 20–22.2°C. Animals were provided water and food ad libitum until the 

day of islet isolation.  

All animal procedures for primary hepatocytes cultures were approved by the 

Institutional Animal Care and Use Committee of Dana-Farber Cancer Institute. Mice were 
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put on a standard chow diet and were housed at a barrier facility in a 12-h/12-h light-dark 

cycle and maintained at 20–22.2°C. Animals were provided water and food ad libitum 

until the day of hepatocytes isolation.  

 

Plasmids, Lentivirus, and Cell Culturing 

Clonal HepG2 cells were cultured in low glucose (5mM) Dulbecco's Modified Eagle 

Medium (Ref#31600-026) supplemented with 10% FBS, 50 U/ml penicillin, and 5mM 

HEPES buffer. For excess nutrient conditions, cells were incubated for 19hrs in 25mM 

Dulbecco's Modified Eagle Medium (Ref#12100-038) supplemented with 2% FBS, 50 

U/ml penicillin, 5mM HEPES buffer, and 250µM 4:1 palmitate: BSA. 

Clonal INS1 cells were cultured in RPMI-1640 media supplemented with 10% FBS, 

10 mM HEPES buffer, 1 mM pyruvate, 50 µM 2-ß-mercaptoethanol, 50 U/ml penicillin 

and 50 µg/ml streptomycin. 1*10^5 cells were seeded per cell culture microplate 

(Seahorse Bioscience) well the day prior to experiment as described previously (Wikstrom 

et al. 2012). For excess nutrient conditions, cells were incubated for 19hrs in 20mM RPMI-

1640 media supplemented with 10% FBS, 10 mM HEPES buffer, 1 mM pyruvate, 50 µM 

2-ß-mercaptoethanol, 50 U/ml penicillin and 50 µg/ml streptomycin and 300µM 4:1 

palmitate: BSA. 

All DLBCL-OxPhos (Toledo and Pfeiffer) and BCR cell lines (DHL4, DHL6 were 

cultured in RPMI supplemented with 10% fetal bovine serum, 2 mM glutamine, 2 mM 

HEPES, and 1% penicillin/streptomycin with following exception. HBL1 cells were grown 

in the aforementioned medium supplemented with 1% sodium pyruvate. Ly3, Ly10 cells 
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were cultured in IMDM containing 20% fetal bovine serum or human serum AB (Gemini, 

West Sacramento, CA), respectively. 

Viruses and siRNAs used for genetic modifications include Mfn2KD (Ad-miR2 

encoding for 5 miRNAs against Mfn2; PMID: 22427360), dnDrp1 (welgen; gift from the 

Van Der Bliek lab; PMID:18200046), Drp1 siRNA (ambion; AM51331; ID#19561; 

lot#ASO28I4C), and Mfn2OE (Virovek; lot#17-606). 

Respirometry 

Respirometry in Intact Islet & INS1 Cells 

Respirometry of whole murine islets and isolated INS1 cell mitochondria were 

performed using the Seahorse Bioscience XF 24 and XF96 platform (Agilent 

Technologies, Santa Clara, CA) as previously described (Ferrick et al., 2008). Wild type 

islets, βMfn2 KO, chow, and HFD islets were isolated and allowed to recover after 

isolation in culture overnight before respirometry was performed.  

For XF24 assays, an 80-micron screen kept islets in place directly over the oxygen 

sensors. After 3 days, mitochondria were isolated and respirometry was performed using 

the Seahorse XF 24. Data was normalized by islet number and size. Drug concentrations 

were as follows: 5μM oligomycin, 1μM FCCP, 5μM rotenone, and 5μM antimycin A 

(Sigma). In order to ensure the number of mitochondria was consistent between groups; 

40 μg of protein was loaded into every well. 

For XF96 assays, islets (1–6 per well) were seeded in 1 μL/well Matrigel in a poly-

d-lysine–coated XF96 plate and size matched between conditions. Islets were incubated 

at 37°C for 3.5 min to solidify the Matrigel before the addition of 100–150 μL/well 

Seahorse assay media (XF Base Media Minimal DMEM, pH 7.4, supplemented with 3 
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mmol/L glucose and 0.1% FBS). Islets were incubated at 37°C for 1 hr before starting the 

assay (without CO2) (Wu et al.,2007). For port injections, indicated nutrients/compounds 

were injected in port A (final concentrations in figure legends) followed by oligomycin (final 

concentration 4.5 μmol/L) in port B, FCCP diluted in a mixture of 80% sodium pyruvate 

and 20% of 1:1 l-leucine/l-glutamine (final concentration 1 μmol/L FCCP in 11.4 mmol/L 

sodium pyruvate and 2.9 mmol/L each of leucine/glutamine) in port C, and antimycin A 

(final concentration 2.5 μmol/L) in port D.  

For respirometry experiments in INS1 cells, cells were transfected with a micro 

RNA mfn2 KD delivered by adenovirus at a MOI of 500. After 3 days, respirometry was 

performed using the Seahorse XF 96. Prior to the assay, INS1 cells were incubated for 

1hr in 100–150 μL/well Seahorse assay media (XF Base Media Minimal DMEM, pH 7.4, 

supplemented with 2 mmol/L glucose, 1mM sodium pyruvate, and 2mM l-glutamine) at 

37°C (without CO2) (Wu et al.,2007). For port injections, indicated nutrients/compounds 

were injected in port A (final concentrations in figure legends) followed by oligomycin (final 

concentration 3 μmol/L) in port B, FCCP diluted in sodium pyruvate (final concentration 1 

μmol/L FCCP in 11.4 mmol/L sodium pyruvate) in port C, and antimycin A (final 

concentration 2 μmol/L) in port D. 

Respirometry in isolated mitochondria from DLBCLs 

OCR measurement was carried out using the XF24 extracellular flux analyzer 

instrument and the AKOS algorithm v1.5.069 software (Seahorse Bioscience Inc., 

Chicopee, MA). Briefly, the heavy membrane fraction containing mitochondria isolated as 

mentioned in this section was loaded on XF24 V7 plates at 15 ug/well in 100 uL of 

mitochondria assay solution (MAS; 70 mM sucrose, 220 mM mannitol, 10 mM KH2PO4, 
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5 mM MgCl2, 2 mM HEPES pH 7.2, 1 mM EGTA, 0.2% defatted BSA). 300 ul MAS was 

added on top of the samples, and the plates were incubated at 37°C for 10 min. Different 

mitochondrial respiratory states was measured in as previously described (Chance and 

Williams, 1955). Briefly, OCR was measured in 4 to 6 min periods with 30 s intervals 

between measurements for 37 min. State II respiration (non-phosphorylating state) was 

measured following addition of respiratory substrates including of glutamate/malate or 

succinate at 5 mM each in 100 ul MAS. For state III and IV, measurement, 2 mM ADP 

and 4 uM oligomycin were sequentially added in plates using the instrument’s individual 

injection ports. Following oligomycin administration, 4 uM of the uncoupler FCCP and 

antimycin A (AA) were consecutively added into the plate for the experimental quality 

control assessment in all experiments.  

Respirometry in Permeabilized Cells 

HepG2 and INS1 cells were permeabilized using 8-12nM XF PMP reagent (Agilent 

Technologies, Santa Clara, CA). Respirometry assay was performed in MAS buffer (220 

mM mannitol, 70 mM sucrose, 10 mM KH2PO4, 5 mM MgCl2, 2 mM HEPES, and 1 mM 

EGTA) supplemented with 0.5mM malic acid and 0.2% BSA. The following substrates 

were used: 5 mM pyruvate, 5 mM malate, 5 mM succinate, 2 µM rotenone, 40µM 

palmitoyl-CoA, 0.5 mM carnitine, 40µM palmitoyl-carnitine, 4 mM ADP, 0.5 µM malonyl-

CoA, and 3 µM etomoxir (Sigma-Aldrich, St. Louis, MO). The following compounds were 

injected: 6 μM oligomycin (Calbiochem, San Diego, CA), 3 μM Carbonyl cyanide 4-

(trifluoromethoxy) phenylhydrazone (FCCP; Sigma-Aldrich, St. Louis, MO), 4 μM 

antimycin A (Sigma-Aldrich, St. Louis, MO). Oxygen consumption rates were measured 

using the Seahorse XF96 extracellular flux analyzer (Agilent Technologies, Santa Clara, 
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CA). All respiratory modulators were used at ideal concentrations titrated during 

preliminary experiments (not shown) and oxygen consumption rates were recorded for 

up to 15 min due the toxicity of these compounds. After the assay, cells were fixed using 

4% paraformaldehyde (Thermo Fisher Scientific, Roskilde, Denmark) and normalized by 

cell count. Cells were stained with 1 µg/mL Hoechst 33342 (Thermo Fisher Scientific, 

Roskilde, Denmark) then imaged using an Operetta high-throughput imaging device 

(PerkinElmer, Waltham, MA) with 350/461nm (EX/EM) under 2× or 10× objectives. All the 

OCR values were subtracted from the lowest antimycin OCR. 

Confocal Microscopy and Immunostaining 

Confocal microscopy was performed on live cells in glass bottom dishes (MatTek, 

Ashland, MA) using an inverted Leica TCS SP2 confocal microscope or a Zeiss LSM 710 

DUO with a plan apochromat 100x (NA = 1.4) oil immersion objectives. Super-resolution 

live-cell imaging was performed on a Zeiss LSM880 using a 63× Plan-Apochromat oil-

immersion lens and AiryScan super-resolution detector with humidified 5% CO2 chamber 

on a temperature-controlled stage (37°C). Mitochondria were stained with 15nM 

Tetramethylrhodamine Ethyl Ester Perchlorate (TMRE) (Invitrogen, Eugene, OR.) or with 

200 nM MitoTracker green (MTG) (Thermo Fisher Scientific, Roskilde, Denmark) for 45 

minutes prior to imaging.  Insulin promoter mediated paGFP expression in the 

mitochondrial matrix was induced by lentiviral transduction.  The generation of these 

constructs was previously described in detail (Molina and Shirihai, 2009). MTG was 

excited with 488 nm laser and TMRE was excited with 561 nm laser. 

For immunostaining, cells were plated on poly-D-lysine coated coverslips 72 hrs 

prior imaging. Cells were fixed at 4% vol/vol paraformaldehyde (PFA) for 15 min at room 
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temperature. After washing two times in PBS, cells were incubated in 50mM NH4Cl for 

10min at room temperature to block unspecific antibody binding by the PFA. The 50mM 

NH4Cl was aspirated and cells were incubated in 20mM glycine in PBS for 10min. 

Afterwards, cells were then incubated in permeabilization buffer (2 μl/ml Triton X-100 and 

0.5 mg/ml sodium deoxycholate in PBS, pH 7.4) for 15 min at room temperature. 

Subsequently, cells were blocked with 10% FBS for 1 hr at room temperature. Next, cells 

were incubated with 1:200 primary antibody of GPR75/Mortalin (Abcam, ab110325) at 

4 °C overnight. The next day, cells were washed in PBS and incubated with 1:200 primary 

antibody of TOM20 (Santa Cruz, Tom20 FL-145) at 4 °C for overnight. On the last day, 

cells were incubated with 1:500 Anti-Rabbit Alexa Fluor 488 (Thermo, A11008) or Anti-

Mouse Alexa Fluor 568 antibodies (Thermo, A11004) for 1 hr at room temperature, and 

samples were kept in PBS. A Zeiss LSM 880 confocal microscope in Airyscan mode was 

used for super‐resolution imaging, with a 488 nm Argon laser and Zeiss 63×/1.4NA oil 

immersion objective. 

Analysis of Mitochondrial Morphology 

At least 3 separate experiments and 30 cells per condition per experiment were 

collected for all three cell types, the cells were individualized as areas of interest using 

FIJI ImageJ software (https://fiji.sc/). Identifying mitochondria within areas of interest were 

individualized through the CellProfiler cell image analysis software 

(https://cellprofiler.org/). To minimize background, images were subjected to a median 

filter. Segmentation of mitochondria was performed by utilizing a global, three-class, otsu-

thresholding method and minimizing the weighted-variance to shape. Identified objects 

were then subjected to automated mitochondrial form factor (the degree of branching (FF; 
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perimeter2/4π*area)), eccentricity, and aspect ratios (the proportional relationship 

between width and height) were measured. Data are presented as symbols that represent 

average form factor, eccentricity, and aspect ratio per cell. Mitochondrial fission is 

expected to decrease form factor towards a value of 1, decrease eccentricity towards a 

value of 0, and decrease the aspect ratio. Representative images shown were adjusted 

in brightness and contrast for better visualization. 

Isotope tracing analysis 

For stable isotope tracing analysis, primary hepatocytes or DLBCLs with genetic 

manipulation (dnDrp1 or Mfn2 expression) or pharmacological activation of CPT1 (C75 

(C5490, Sigma-Aldrich): 80 uM, 3hr or Baicalin (572667, Sigma-Aldrich): 100 uM, 3hr) 

were cultured in aforementioned media supplemented with the 13C isotope tracer of 

interest. Isotope tracers were employed at the following concentrations: 200 uM BSA-

conjugated U-C13-palmitate, 50 uM 1-C13 hexanoic acids (all from Cambridge Isotope 

Laboratories, Tewksbury, MA). Cells were incubated for 2 h prior to the harvest. 

Metabolite extraction and derivatization 

Metabolite extraction was carried out as previously described (PMID: 24550282; 

24348278; 32694660). Briefly, primary hepatocytes cells were gently washed twice on 

the plates with 1 mL of ice-cold isotonic saline solution (0.9% NaCl), whereas DLBCLs 

were pelleted in 1.5 mL eppendorf tube, followed by two times of washes with the ice-

cold isotonic saline solution. After the washes, metabolites were extracted in 350 µL of 

ice-cold 80% methanol solution supplemented with 2 µg/mL norvaline (as an internal 

control). The cells were sonicated at high intensity with a 10 sec on/off cycle for 10 min 

at 4 °C using a BioRuptor (UCD-200 TM, Diagenode). Samples were then pelleted for 10 
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min at 16,400 rpm at 4 °C. The supernatants were transferred into new vials for drying 

overnight in a vacuum centrifuge (Labconco, Kansas City, MO) at 4 °C. Dried extracts 

were desolved in 10 mg/mL methoxylamine in pyridine (Sigma Aldrich). After the 

incubation for 30 min at 37 °C, the samples were derivatized with 70 μL of N-methyl-N-

tert-butyldimethylsilyltrifluoroacetamide (MTBSTFA, Sigma) for 1 h at 70 °C. 

Metabolite analysis by GC-MS 

GC-MS for metabolite analysis were carried out as previously described (PMID: 

24550282; 24348278; 24304688; 32694660). Briefly, samples were run on an Agilent 

5977B mass selective detector coupled to a 7890B gas chromatograph (Agilent 

Technologies, Santa Clara, CA) with a 7693 autosampler and a DB-5MS+DG capillary 

column (30 m plus 10 m Duraguard® by Agilent Technologies). Data collection was 

conducted in electron ionization set at 70 eV. 1 µL of the derivatized sample was injected 

in splitless mode at 280 °C (inlet temperature), using helium as a carrier gas with a flow 

rate of 1.5512 mL/min. The quadrupole was set at 150 °C with GC/MS interface at 285 

°C. The oven program for all the metabolite analyses initiated at 60 °C held for 1 min, 

then increased at a rate of 10 °C/min until 320 °C.  Data were minded in full scan mode 

(1–600 m/z). All metabolites measured in this study were previously validated standards 

with mass spectra and retention times (PMID: 24348278).  

GC-MS data analysis 

Integration of peak area was performed using MassHunter Quantitative Analysis 

(Agilent Technologies). Measurement of carbon flux was conducted using previously 

developed algorithms including natural isotope enrichment correction and mass isotope 

distributions (MIDs) (PMID: 24304688, 24304688, 32694660, 24304688, 17035687).  
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Hepatic Glucose Production 

Primary hepatocytes in six-well plates were cultured in M199 media supplemented 

with 1% BSA overnight. The medium was then replaced with 1 ml of glucose-free DMEM 

without phenol red, supplemented with 20 mM sodium lactate and 2 mM sodium pyruvate. 

After a 6 hr incubation, 200 ul of the medium was collected and pelleted at 3,000 rpm for 

2 mins to remove floating cells or cell debris, then 30 ul of the supernatants was taken to 

measure the glucose concentration with a colorimetric glucose assay kit (GAGO20-1KT, 

Sigma-Aldrich). The readings were normalized to the total protein concentration 

measured by BCA kit (23227, Thermo Fisher Scientific, Roskilde, Denmark).  

Western Blot 

Primary antibodies used include anti-Mfn2 (ab56889, AbCam, Cambridge, MA), 

anti-Beta-Actin (NB600-501, Novus Biologicals, Littleton, CO), anti-porin (ab61273, 

AbCam, Cambridge, MA), anti-CPT1A [C1C2] (GTX114337, GeneTex, Irvine, CA), and 

anti-vinculin (V9131, Sigma-Aldrich).  

Cell lysates were diluted in Laemmli sample buffer (100 mMTris–HCl, 2% SDS, 

10% glycerol, 0.1% bromophenol blue) containing 5% b-mercaptonoethanol. After 

heating at 95°C, proteins were separated by SDS-PAGE and transferred onto PVDF 

membranes. Membranes were blocked with 5% non-fat milk or 5% BSA and detection of 

individual proteins was carried out by blotting with specific primary antibody against 

CPT1A [C1C2] (GeneTex, 1:1000), Mfn2 (Abcam, 1:1,000), VDAC (Abcam, 1:1,000), 

beta-actin (1:1,000, Santa Cruz), and vinculin (Sigma-Aldrich, 1:10,000). Proteins of 

interest were detected by chemiluminescence using a secondary peroxidase-linked anti-

rabbit (1:10,000) or anti-mouse (1:10,000) and a detection system. 
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Pa-GFP activation and imaging of mitochondria 

Photoconversion of PA-GFPmt to its active (fluorescent) form was achieved by 

using 2-photon laser (750nm) to give a 375 nm photon-equivalence at the focal plane. 

This allowed for selective activation of regions that have submicron thickness and are 

less than 0.5 μm2. Using the multi-track scanning mode of the Zeiss LSM-710 microscope 

and the Zeiss LSM-880, red-emitting TMRE was excited with a 1 mW 543 nm helium / 

neon laser set at 0.3% and emission was recorded through a BP 650–710nm filter. 

Activated PA-GFPmt protein was excited using a 25 mW 488 nm argon laser set at 0.2%. 

Emission was recorded through a BP 500–550 nm filter. Prior work from our lab has 

determined optimal concentrations of probes and laser power to avoid photobleaching in 

our models (Twig et al. 2008), which was utilized in this study to avoid similar artifacts. 

Measuring entrapment of 14C-CO2 from 14C-Palmitate  

To test the production of CO2 from palmitate, whole islets from 7-month-old female 

animals (25 islets per condition; n= 4; 400 islets total) were washed twice in PBS and 

preincubated for 30 min in 3mM glucose Krebs buffer (no BSA). Islets were then placed 

on a 5 min ice bath. Preincubation media was aspirated and islets were incubated in 

various buffer conditions (3mM glucose, 15mM glucose, or 10uM etomoxir in Krebs 

Buffer) 24 hrs at room temperature in the presence of 10uM of palmitate spiked with 0.2 

μCi of 14C-U-palmitate. To trap the produced CO2, Whatman paper was placed in the top 

of the tube and embedded in 2 drops of base (B-phenylethylanine) from a 1mL syringe 

w/ 23 gauge 1 ¼ inch needle. Acidification vials were prepared with 2 drops of 6M H2SO4. 

The 14CO2 trapped by this reaction was quantified by scintillation. (PMID: 24862277, 

9632669, 1654856) 
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Generation and genotyping of βMfn2KO mice 

The generation of Mfn2loxP mice has been previously described by Hsiuchen 

Chen (Chen et al., 2007).  Briefly, ES clones (129 strain) carrying targeted mutations were 

injected into C57BL/6 blastocysts. Founder chimeric mice were bred to Black Swiss mice, 

and agouti offspring were bred to FLPeR mice to remove the neomycin resistance 

cassette. Resulting mice were maintained as homozygous stocks (Farley et al., 2000).  

B6. Cg-Tg(Ins2-cre)25Mgn/J mice (RIP-Cre) were obtained from JAX mice (Bar Harbor, 

ME.) and bred with homozygous Mfn2loxP to generate F1, double heterozygous mice.  

F1 mice were then bred with the original Mfn2loxP mice in order to generate the βMfn2KO 

mice.  Littermates include Mfn2loxP +/+ RIP-Cre -/- and Mfn2 +/- RIP-Cre -/- which were 

used at WT controls.  In addition, Mfn2loxP +/- RIP-Cre +/- were tested and found to 

possess a mild phenotype.   

Genotyping was performed by PCR of tail snip lysates (Viagen, DirectPCR, Los 

Angeles, CA.) obtained during the weaning of pups.  Floxed Mfn2 transgene was detected 

using GoTaq Green Master Mix (Promega, Madison, WI.) and the following primers: gaa 

gta ggc agt ctc cat cg and ccc aag aag agc atg tgt gc.  The unexcised conditional band is 

810bp and the WT is 710 bp.  Cre transgene was detected in the same samples by 

following the genotyping protocol provided by JAX Mice using the following primers: gcg 

gtc tgg cag taa aaa cta tc and gtg aaa cag cat tgc tgt cac tt.   

Islet Isolation 

Islets were isolated from 23–30-week-old mice through collagenase P injection into 

the bile duct, as previously described (Wikstrom et al. 2012; Lacy and Kostianovsky 

1967), with minor modifications. Briefly, excised pancreata were digested in a 37°C water 
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bath for 8–10 min, and the digested tissue was washed with RPMI medium containing 

1% fatty acid–free BSA. Isolated islets were then cultured overnight at 37°C in 5% CO2 

in mouse islet medium (11 mmol/L glucose RPMI medium + 10% FBS + 100 units/mL 

penicillin, and 100 μg/mL streptomycin) before experiments. 

Insulin Secretion 

Islets were cultured in RPMI 1640 media supplemented with 10% FBS and 50 U/ml 

penicillin and 50 μg/ml streptomycin overnight prior to insulin secretion assay. Insulin 

secretion was run in quintuplicate and collected in a parallel fashion.  Islets were washed 

and preincubated for 30 min in modified Krebs-Ringer bicarbonate buffer (KRB) 

containing (in mM) 119 NaCl, 4.6 KCl, 5 NaHCO3, 2 CaCl2, 1 MgSO4, 0.15 Na2HPO4, 

0.4 KH2PO4, 20 HEPES, 2 glucose, 0.05% BSA, pH 7.4. This was followed by a 30 min 

incubation in media containing either 3 mM or 15 mM glucose. Media was collected and 

stored at –20°C for insulin measurement. Insulin was measured by radioimmunoassay 

(LINCO Research Inc., St. Charles, MO.). Normalization was performed by cell count then 

by lysing the cells and measuring total insulin content.  In order to measure insulin 

secretion, islets from three different animals were measured per genotype.  For each 

animal in the same samples whereby isulin secretion was assessed, islet insulin content 

was then measured in triplicate. For each measurement, six islets were lysed and diluted 

for insulin and protein measurements. Insulin was measured using the HTRF Insulin 

Assay (Cisbio Bioassays, Bedford, MA). Total protein was measured using the Bio-Rad 

Protein Assay, which is based on the Bradford method. Insulin content is presented as 

nanograms of insulin per milligram of total protein. Insulin concentration of the samples 

was calculated from an insulin standard curve (0–20 ng/mL or 0–100 ng/mL). 
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Palmitate-induced secretion was performed acutely, islets were incubated in media 

containing 0.4mM palmitate in addition to either 3mM or 15mM glucose for 30mins. Fatty 

acid sensitive secretion was performed with addition of 3µM etomoxir. 

DLBCL survival 

The cell viability of DLBCLs infected with adenovirus expressing dnDrp1 or Mfn1 

was measured using the Annexin V: FITC Apoptosis Detection Kit (BD Bioscience) 

followed by flow cytometry.  

Mitochondria isolation for CPT1 assay 

DLBCLs or primary hepatocytes were resuspended in mitochondria isolation buffer 

(MIB; 200 mM mannitol, 70 mM sucrose; 1 mM EGTA; 10 mM HEPES, pH 7.4) 

supplemented with protease inhibitors, followed by homogenization with 20 strokes of a 

teflon-glass homogenizer. The nuclei and cell debris were pelleted at 1000 × g for 5 min 

and the supernatant containing crude mitochondria was washed with MIB buffer twice. 

The resultant pellet including mitochondria-enriched heavy membrane (HM) fraction was 

resuspended in MIB for subsequent CPT1 enzyme activity assays. 

CPT1 activity 

CPT1 activity was measured according to a colorimetric assay established 

previously with slight modification (PMID:16542821, 21733226). Briefly, 15 ug of isolated 

heavy membrane fractions containing mitochondria was loaded into the 96 well plates 

and filled up to 200 ul with reaction buffer (2 mM DTNB, 116 mM Tris–HCl (pH 8.0), 2.5 

mM EDTA, and 0.2 % Triton-X 100). The plates were incubated at RT for 20 mins to 

eliminate all pre-existing reactive thiol group in the heavy membrane fraction, then 100 
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mM palmitoyl CoA (Sigma-Aldrich) and 1 mM carnitine (Sigma-Aldrich), CPT1 substrate 

and cofactor respectively, were subsequently added to initiate the CPT1 assay reaction. 

After another 20 mins of incubation, release of CoA-SH from palmitoyl-CoA, as a readout 

of CPT1 activity, was spectrophotometrically determined at 412 nm using a Versa Max 

microplate reader (Molecular Devices, USA) in kinetics mode with 10 sec intervals for a 

total assay time of 1 hour.  

Representative Images 

Representative images were generated using FIJI (https://fiji.sc/). Images were 

cropped for detail, separated into respective channels, and the window and level 

parameters were adjusted identically per channel in all images to emphasize the 

fluorescent structures in the images without manipulation of raw pixel values. 

Images were then inserted in PowerPoint software. For super-resolution 

microscopy experiments assessing mitochondrial architecture, the aim is to show 

morphological changes. In the GPR75/Mortalin and PAGFPmt experiments photo-

correction was used to enhance the brightness of all images by increasing it by 40% and 

increasing the contrast by 40% for illustrative purposes. 

Western blot images were also transferred to PowerPoint. When 

Brightness/Contrast were applied, it was done equally to control and experimental groups 

including all blot area. 

Statistical Analysis 

Data are expressed as means ± SD, or as means ± SEM when indicated in figure legends, 

of at least three independent experiments or animals per group. Each independent 

experiment with at least three technical replicates per condition. P values were calculated 
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using Graphpad Prism software by unpaired two-tailed t test, one-way ANOVA with Sidak 

or Dunnett multiple comparisons test, two-way ANOVA with Tukey multiple comparisons 

test, or linear regression. Statistical significance was set at P < 0.05.  

 

Supplemental Materials and Methods: 

Preparation of 4:1 Palmitate-BSA conjugates 

Palmitic acid at 400 mM was solubilized in DMSO. BSA free fatty acids (FFA BSA) 

(Sigma Aldrich) was dissolved in PBS and warmed up to 45°C with continuous stirring. 

Solubilized palmitate was added to BSA at 45°C with continuous stirring (for a final 

concentration of 4 mM in 6.7% BSA). The conjugated palmitate-BSA was aliquoted and 

stored at −80°C. 

qPCR  

Total RNA was isolated from islets using the Qiagen RNesay Plus Mini Kit.  cDNA 

was obtained from RNA by a reverse transcriptase reaction using Applied Biosystems 

High Capacity cDNA Reverse Transcription Kit.  Changes in gene expression were 

detected with SYBR Green.  All samples were normalized to 18S content, which served 

as an endogenous control.   

Tissue Collection and Shotgun Lipidomics Analysis 

Samples were cultured on 6- well plates and trypsinized then resuspended in 

250ml-500ml phosphate buffered saline (PBS), pelleted, and stored at -80C prior to 

extraction.  A modified Bligh and Dyer extraction [Hsieh W-Y] is carried out on samples.  

Prior to biphasic extraction, an internal standard mixture consisting of 70 lipid standards 

across 17 subclasses is added to each sample (AB Sciex 5040156, Avanti 330827, Avanti 
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330830, Avanti 330828, Avanti 791642).  Following two successive extractions, pooled 

organic layers are dried down in a Thermo SpeedVac SPD300DDA using ramp setting 4 

at 35°C for 45 min with a total run time of 90 min.  Lipid samples are resuspended in 1:1 

methanol/dichloromethane with 10mM Ammonium Acetate and transferred to robovials 

(Thermo 10800107) for analysis. 

Samples are analyzed on the Sciex Lipidyzer Platform with an expanded targeted 

acquisition list consisting of 1450 lipid species across 17 subclasses.  Differential Mobility 

Device on Lipidyzer was tuned with EquiSPLASH LIPIDOMIX (Avanti 330731).  

Instrument settings, tuning settings, and MRM list available upon request.  Data analysis 

performed on an in-house data analysis platform comparable to the Lipidyzer Workflow 

Manager [BK U].  Quantitative values were normalized to cell counts. 

Histology 

Whole pancreata were excised, placed in a tissue cassette, and submerged in 4% 

paraformaldehyde for at least 24 hours.  Tissues were embedded in paraffin, sectioned 

(5μm), and stained with Hematoxylin and Eosin for visualization.  Images were taken 

using an inverted Olympus IX71 microscope equipped with a 40X dry objective and color 

camera (Photometrics CoolSnap HQ). 

RESULTS 
 

Mitochondrial fatty acid utilization is associated with mitochondrial morphology  

To assess the correlation between mitochondrial architecture and the capacity to 

utilize fatty acids, we studied the relationship between mitochondrial architecture and on 

fatty acid oxidation (FAO) in cells exposed to different levels of fatty acids as well as in 

cells where genes affecting mitochondrial architecture were manipulated (Figure 1A). The 
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capacity to oxidize fatty acids was measured as the maximal oxygen consumption fueled 

by 40µM palmitoyl-CoA + 5mM carnitine and induced by ADP. To control the 

concentrations of Palmitoyl-CoA, carnitine and ADP, and to remove other substrates, 

cells were permeabilized using Perfringolysin O. Permeabilization enables entry of 

substrates, while maintaining structural integrity of the mitochondria and its interaction 

with other organelles. Cells were permeabilized before respirometry analysis was 

initiated. To verify that cells were indeed permeabilized we measured oxygen 

consumption rates (OCR) in the absence of ADP prior to any injections (Figure 1B). Lack 

of detectible OCR in the absence of ADP, with elevated OCR upon addition of ADP is an 

indication that cells are permeabilized. To quantify the isolated contribution of fatty acids 

to the measured OCR, the capacity to oxidize fatty acids was determined by measuring 

the etomoxir-sensitive component of OCR. Etomoxir was used at 3µM, a concentration 

that was shown to block CPT1 without depleting the CoA pool (Figure 1B)(Divakaruni et 

al, 2018). To quantify mitochondrial fragmentation and elongation, each experimental 

group was also analyzed for Aspect Ratio (AR) of all mitochondria within each cell. Aspect 

Ratio is defined as the measurement of the long axis over the short axis. AR is utilized as 

a readout for mitochondrial elongation, where an AR of 2 would indicate a mitochondrion 

that is two times longer than it is wide. As such, a higher AR value indicates a more 

elongated mitochondrion, while a smaller AR value indicates a more fragmented 

mitochondrion. Treatment of HepG2 cells with Glucose (25mM) in combination with 

palmitate (250 µM) increased the occurrence of shorter mitochondria (Figure 1Bi). 

Confocal images of mitochondria stained with TMRE had an averaged cellular AR of 

2.183 ± 0.144 a.u (SEM). Respirometry analysis of cells exposed to identical treatment 
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yielded an average of 3.056 ± 0.409 (pmoles/min)/1000 cells ± SEM of FA-oxidation as 

determined by Etomoxir-sensitive, palmitoyl-CoA+ carnitine-induced OCR. Opposite to 

mitochondrial fragmentation is elongation. To assess the effects of mitochondrial 

elongation on FAO we overexpressed the dominant negative form of Drp1 (dnDrp1; Drp1 

K38A) which has been shown to very effectively inhibit mitochondrial fission and induce 

elongation (Whitley et al, 2018). Cells were transduced with an adenovirus expressing 

dnDRP1 and analyzed 48 hours after transduction (Figure 1Bii). Expression of DnDrp1 

induced hyper-elongation of mitochondria as determined by AR analysis (2.906 ± 0.0452 

a.u). Respirometry analysis of cells exposed to identical treatment with dnDRP1 yielded 

an average of 1.516 ± 0.2309 (pmoles/min)/1000 cells ± SEM of FA-oxidation as 

determined by Etomoxir-sensitive, palmitoyl-CoA+ carnitine-induced OCR. When 

combining the data obtained from cells with fragmented and those with elongated 

mitochondria we found that the correlation between mitochondrial architecture and the 

capacity to utilize fatty acids spans across a large spectrum of architectural changes 

including perturbations that fragment as well as those that elongate the mitochondria 

(Figure 1B, C).  

Respirometry determined the capacity to utilize fatty acids. To determine if 

mitochondrial architecture changes fuel preference in the presence of a diverse set of 

nutrients (glucose and amino acids) we employed metabolite tracing. Fuel preference for 

FAO was determined as the incorporation of palmitate-derived carbons into the TCA cycle 

intermediates using gas-chromatography/mass spectrometry (GC/MS) (Figure 1D). [U-

13C16] palmitate, glucose, and glutamine were concurrently provided to HepG2 cells and 

primary hepatocytes for 48 hr. Enrichment of 13C in TCA cycle metabolites was quantified 
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in polar metabolite extracts from total lysates. To confirm fragmented mitochondria have 

an increased preference for fatty acids as suggested by respirometry, mitochondrial 

fusion was inhibited through knockdown of Mfn2 in HepG2 cells using an Ad-miR2 

(encoding for 5 miRNAs against Mfn2; Mfn2-KD) (Sebastián et al, 2012b). Fragmentation 

by Mfn2KD resulted in a two-fold increase in 13C16 -palmitate incorporation (Viral Control: 

4.638 ± 3.659 (SD) or 2.112 (SEM) percent enrichment from 13C16 -palmitate; Mfn2KD: 

10.2378 ± 1.354 (SD) or 0.782 (SEM) percent enrichment from 13C16 -palmitate) (Figure 

1E). Forced mitochondrial elongation via knockout of Drp1 in primary mouse hepatocytes 

(Figure 1F) reduced the incorporation of 13C from labeled palmitate into citrate thus 

indicating mitochondrial elongation decreased FAO. To address the possibility that Drp1 

plays a role in fatty acid metabolism independent of its GTPase activity, we also utilized 

Drp1 K38A (in which GTPase activity is inactivated) and observed reduced incorporation 

of 13C from labeled palmitate (Figure 1G). Collectively, our data indicate mitochondrial 

architecture dictates the capacity to oxidize fatty acids in the hepatic mitochondria.  

Changes to fatty acid utilization induced by mitochondrial architecture are reflected in 

hepatic glucose production 

FAO has been shown to contribute to hepatic glucose production by providing ATP 

which is required for gluconeogenesis (GNG) (Satapati et al, 2015; Rui, 2014; Lam et al, 

2003a, 2003b; McCune et al, 1981; Baron et al, 1989). Since mitochondrial architecture 

affects FAO, we tested if changes to mitochondrial architecture affect GNG by measuring 

hepatic glucose production (HGP). Primary hepatocytes isolated from mice were cultured 

in 6-well plates overnight, the media was then replaced with glucose-free DMEM, and 

HGP was measured by examining the glucose present after 6 hrs (Figure 1 H, I, J). 
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Hepatocytes isolated from mice injected with the dnDrp1 siRNA (Expanded View Figure 

1A) had a 40% reduction (0.6533 ± 0.0321 units) in hepatic glucose secretion as 

compared to the siRNA control (0.97 ± 0.0466 units) (Figure 1H). Whereas Drp1 knockout 

hepatocytes (Expanded View Figure 1B) showed a 30% reduction in glucose production 

(Figure 1I). To eliminate the possibility that reduced glucose production is limited to fission 

events we also assessed HGP in elongated mitochondria induced by hyper fusion, by 

overexpression of Mitofusin 2 (Mfn2OE). Mfn2OE using adenovirus in mouse primary 

hepatocytes resulted in mitochondrial elongation as determined by western blot. Mfn2OE 

primary hepatocytes displayed a ~70% reduction (0.3536 ± 0.1022 units) in hepatocyte 

glucose secretion compared to control (0.9309 ± 0.04139 units) (Figure 1J).  

Hepatic mitochondria displayed more elongated mitochondria yielded reduced FAO 

whereas mitochondria more structurally fragmented had higher rates of FAO. To assess 

if this phenomenon exists in another system we utilized a model observed to dynamically 

alter their mitochondrial architecture in the face of different nutrient conditions.  

Obesity models yield reduction in Mfn2 levels and mitochondrial fragmentation in beta-

cells  

Diabetes and obesity have been shown to induce mitochondrial fragmentation in the 

pancreatic beta-cells (Masini et al, 2017; Supale et al, 2012; Gao et al, 2014). This 

observation has also been modeled in vitro by long term exposure to an excess nutrient 

environment (Molina et al, 2009a). Molina et. al. developed an in vitro model using a 

clonal beta-cell line, INS1, where a high-nutrient environment (20mM glucose/400µM 

palmitate; glucolipotoxicity) inhibit mitochondrial fusion and induce fragmentation (Molina 

et al, 2009a; Stiles & Shirihai, 2012). Moreover, beta-cells from obese animals have been 
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shown to increase FAO and secret insulin in response to fatty acids (Nolan et al, 2006a). 

As such, the beta-cell is another system where mitochondrial fragmentation may change 

the cellular response to lipids. To determine if mitochondrial fragmentation in beta-cells 

increased FAO, INS1 cells were incubated for 19hrs with 20mM glucose/400µM palmitate 

(glucolipotoxicity; GLT) and, mitochondrial fragmentation was confirmed by image 

analysis (Figure 2A, B). We examined alterations to morphology that were induced by 24 

hrs exposure to excess nutrient culture conditions using confocal imaging of mitochondria 

in intact cells stained with MitoTracker Green and TMRE (Figure 2A). Mitochondria of the 

control group (11mM glucose) largely consisted of intermediate shaped mitochondria of 

similar membrane potential. Mitochondria from INS1 cells incubated in excess nutrient 

largely displayed puncta-like mitochondria of various membrane potentials. To further 

validate visual observations that excess nutrient conditions yielded more fragmented 

mitochondria we quantified mitochondrial fragmentation by AR (Figure 2B). Exposure to 

20mM glucose/400µM palmitate significantly reduced mitochondrial length (AR= 2.41 ± 

0.00471 a.u.; 3 replicates, n=148 cells, p-value ≤ 0.0001) as compared to mitochondria 

in the control group cultured in 11mM glucose control (AR= 2.669 ± 0.00389 a.u.; 3 

replicates, n=219 cells).  

Upon verifying mitochondria were more fragmented under GLT, the capacity to oxidize 

fatty acids was determined by permeabilized respirometry (Figure 2C). FAO capacity was, 

then assessed by measuring oxygen consumption in permeabilized cells exposed to 

palmitoyl CoA plus carnitine, in the presence and absence of etomoxir. Cells with 

fragmented mitochondria yielded a higher capacity to oxidize palmitoyl-CoA + carnitine 

(12.562 ± 0.5166 (pmoles O2/min)/1000 cells; n =4, p-value ≤ 0.05) versus control (9.75 
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± 0.9663 (pmoles O2/min)/1000 cells; n =5). To determine if under excess nutrient 

conditions, the increase in FAO is a direct consequence of mitochondrial fragmentation 

we next determined the molecular mechanism of nutrient-induced fragmentation in the 

beta-cells. We rationalized that the isolated contribution of fragmentation to changes in 

beta-cell FAO could only be determined if we could identify the molecular mechanism 

behind the fragmentation observed in models of diet-induced diabetes. By identifying the 

molecular mechanism, we can study the effect of fragmentation independently of 

exposure to excess nutrient. 

A previous study by Molina et. al. indicated that an excess nutrient environment 

directly affects mitochondrial fusion, suggesting that mitochondrial fusion proteins levels 

or function may be affected. We examined the levels of the mitochondrial fusion protein, 

Mfn2, in high fat diet fed mice. C57BL/6J mice were placed on a high fat diet (HFD, 58% 

kcal from fat, New Brunswick, NJ.) for 12 weeks. Islets were isolated from three mice per 

group at weeks 1, 2, 3, 5, and 7.  Western blot analysis of Mfn2 revealed that during 

weeks 1-5 there are no significant changes in Mfn2 protein levels; however, by week 7, a 

statistically significant decrease in Mfn2 expression of 27% was observed (Expanded 

View Figure 2A).  By week 12, Mfn2 expression levels were reduced by 67 % compared 

with control mice (Figure 2D). Interestingly, Mfn2 mRNA levels from islets of the same 

cohort of animals is not decreased indicating that the change in Mfn2 protein is not due 

to decreased transcription and could be attributable to an increase in degradation 

(Expanded View Figure 2B).  These results suggest that either weight, poor glycemic 

control, or both contribute to the reduction of whole islet Mfn2 levels. To determine the 

isolated contribution of weight gain, insulin resistance, and hyperglycemia to Mfn2 levels, 



114 
 

we examined islets isolated from Zucker rats (Figure 2E). Three animals from each 

experimental group (Zucker Lean, Zucker Fatty, Zucker Diabetic Lean, and Zucker 

Diabetic Fatty) were assayed at eight weeks of age.  Comparison of the Zucker fatty and 

the Zucker diabetic to their corresponding lean control showed that Mfn2 was reduced in 

the Zucker diabetic (by 41%, p-value ≤ 0.05), but not in the Zucker fatty (Figure 2E).  

Mfn2-deficient beta-cells display fragmented mitochondrial morphology 

To determine the isolated contribution of reduced Mfn2 levels to the observed increase 

in FAO, we knocked out Mfn2 in the pancreatic beta-cell and examined islet FAO in the 

absence of excess nutrients. We created a mouse lacking Mfn2 in insulin secreting cells 

by using the Cre/LoxP system.  Rat Insulin Promoter (RIP)-mediated Cre expression 

produced excision of Mfn2 (β-Mfn2KO) in beta-cells of the islets of Langerhans. β-

Mfn2KO animals are viable and litter sizes are similar to breedings between lox 

homozygous mice. Tissue specific excision of Mfn2 from isolated pancreatic islets was 

confirmed by western blot and PCR (Expanded View Figure 2C, 2D, 2E).  Comparison of 

Mfn2 expression in other tissues (liver, muscle, heart, fat, thymus, and brain) obtained 

from β-Mfn2KO indicates that these tissues are not significantly affected (Expanded View 

Figure 2C, 2D, 2E).  

Following isolation, islets were dispersed and cells were plated for confocal 

microscopy. Mitochondria were stained using TMRE. Beta-cells were identified by 

expression of an insulin promotor driven fluorescent protein (pa-GFP) that was 

transduced using an adenoviral vector. Mitochondrial fragmentation was only evident in 

beta-cells obtained from βMfn2KO samples (3 mice). We determined Mfn2 deletion was 

sufficient to induce a fragmented mitochondrial network compared to WT littermates via 
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confocal microscopy (Figure 2F).     

Enhanced fatty acid utilization increases secretion at non-stimulating glucose levels  

Having confirmed that Mfn2 deletion induces mitochondrial fragmentation, we set out 

to determine the effect of Mfn2 deletion on fatty acid utilization in the islet. Rates of FAO 

were measured in isolated islets as the levels of 14CO2 produced from oxidized 14C-

labeled palmitate (Huynh et al, 2014). An increase in basal beta-oxidation was observed 

in Mfn2KO islets (12.603 ± 0.8046 14C-CO2 pmoles; 100 islets/condition; n=4 female, p-

value ≤ 0.01) compared to control (8.862 ± 0.5562 14C-CO2 pmoles; 100 islets/condition; 

n=4 female) (Figure 2G). The observed altered fatty acid metabolism indicate Mfn2-null 

beta-cells have greater preference to oxidize fatty acids. To address the possibility that 

increased FAO was due to an increase in Alpha cells in Mfn2KO islets, islets were stained 

for glucagon and insulin, assessed for islet composition. The ratio of beta-cells to alpha 

cells in both control and Mfn2KO islets were unchanged, indicating changes to FAO are 

not due to changes in islet composition (Expanded View Figure 2F). 

To test the effects of Mfn2 deletion on islet function, namely insulin secretion, was 

measured in islets isolated from LoxP homozygous wild type and β-Mfn2KO mice. Mfn2 

deletion induced a 2.5x fold increase (5.99*10-4 ± 1.82*10-4 ng/mL/content) (Figure 2I) 

in basal insulin secretion in unstimulated islets (under 3mM glucose), compared to WT 

islets (2.24*10-4 ± 6.77*10-5 ng/mL/content). Mfn2 deletion did not affect glucose 

stimulated insulin secretion, as revealed by a 30-minute 15mM glucose stimulation test 

(WT: 1.74*10-4 ± 5.11*10-4 ng/mL/content, β-Mfn2KO islets: 1.74*10-4 ± 3.19*10-4 

ng/mL/content) (Figure 2H). On average, there was no difference in the average islet size 

between the two groups. However, to eliminate the possibility that insulin secretion levels 
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are affected by islet size, the diameter of isolated islets was measured and the average 

islet diameter was size matched.  Furthermore, we eliminated the possibility that insulin 

secretion was affected by insulin content (Expanded View Figure 2G). There was no 

significant change in insulin content between size matched control (3196 ng insulin/mg 

protein) and β-Mfn2KO (2763 ng insulin/mg protein) islets (p-value of 0.193) (Expanded 

View Figure 2G). Increased mitochondrial membrane potential has also been shown to 

induce insulin secretion, to eliminate the possibility that membrane potential enhanced 

insulin response we assessed membrane potential by measuring the fluorescence 

intensity of the membrane potential dependent dye, TMRE, over MitoTracker Green. β-

Mfn2KO islets yielded reduced in membrane potential indicating observed insulin defects 

are not due to enhanced mitochondrial membrane potential (Expanded View Figure 2H).  

Previous studies demonstrated that, unique to islets from obese animals, is their ability 

to respond to acute palmitate with elevated insulin secretion even at non-stimulatory 

glucose concentrations (Fex et al, 2007; Nolan et al, 2006b, 2006a).  If increased fatty 

acid utilization by Mfn2-null islets translates to fatty acid-induced secretion, this could 

provide an explanation for increased insulin secretion in the absence of glucose 

stimulation. Next, we determined the effect of Mfn2 deletion on the secretory response to 

acute palmitate stimulation at non-stimulatory glucose concentrations (3mM glucose).    

While in WT islets acute palmitate treatment did not increase insulin secretion (WT: 

2.24*10-4 ± 6.77*10-5 ng/mL/content, WT+palmitate: 0.20323 ± 0.004462) Mfn2KO islets 

responded to acute palmitate stimulation with a 2fold increase in insulin secretion 

(Mfn2KO: 5.99*10-4 ± 1.82*10-4 ng/mL/content; Mfn2KO +palmitate: 0.042958 ± 

0.008441) (Figure 2I). Overall, our data indicates Mfn2-deficient beta-cells have 
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increased sensitivity to fatty acids.  

Mfn2 mimetic peptide reverses the effect of glucolipotoxicity on mitochondrial architecture 

and insulin secretion.   

The results thus far indicated that reduction in Mfn2, on its own can induce 

mitochondrial fragmentation as well as increased fatty acid utilization and insulin secretion 

at non-stimulatory glucose. To determine if restoration of Mfn2 function can restore 

mitochondrial architecture and secretion glucolipotoxicity we utilized an Mfn2 mimetic 

peptide. The mitofusin mimetic peptide, Mfn-TAT P374-384, was shown to stabilize a 

fusion-permissive open conformation of endogenous Mfn2 where Mfn2 activity is still 

present (Rocha et al, 2018). Islets from high fat diet fed mice were dispersed and cells 

were treated overnight with 1µM Mfn-TAT P374-384. The Mfn2 mimetic increased 

mitochondrial length in dispersed islets cells from high fat diet fed mice (CHOW vehicle: 

AR= 1.507 ± 0.0022 a.u. n=39 islets; HFD + vehicle: AR=1.4997 ± 0.0014 a.u. n= 42 

islets; CHOW + Mfn-TAT P374-384: AR= 1.4907 ± 0.0038 a.u. n=55 islets; HFD + Mfn-

TAT P374-384: AR= 1.634 ± 0.0035 a.u. n=31 islets). By stabilizing the fusion-permissive 

conformation of Mfn2, changes to mitochondrial morphology induced by high fat diet were 

diminished (Figure 2J, K). To control for non-specific Mitofusin effects, we tested the 

effect of Mfn-TAT P374-384 in Mfn1&2 null MEF cells where we found a small non-

significant effect on mitochondrial architecture (Expanded View Figure 3) (Mfn1/2 dKO + 

vehicle: AR= 1.80949 ± 0.159069 (SD) 0.079535 (SEM); Mfn1/2 dKO + Mfn-TAT P374-

384: AR = 1.6966 ± 0.069092 (SD) 0.034546 (SEM); P value: 0.5571). 

We next tested the capacity of the Mfn2 mimetic to restore secretion at non-stimulatory 

glucose concentrations. Islets isolated from diet-induced obese mice and β-Mfn2KO islets 
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had significantly higher insulin secretion at 3mM glucose (01.411 ± 0.179 ng/ml insulin 

per islet; n=7 mice) compared to lean (0.795 ± 0.067 ng/ml insulin per islet; n=10 mice) 

and WT control mice (Figure 2L). Treatment of islets isolated from HFD with the Mfn2 

mimetic reduced secretion at 3mM glucose (0.593 ± 0.163 ng/ml insulin per islet; n=8 

mice) as compared to control islets (0.717 ± 0.127 ng/ml insulin per islet; n=8 mice) 

(Figure 2L). Our observation that fragmentation and hyper basal insulin secretion, 

provoked by diabetic and high nutrient conditions, can be normalized by a Mfn2 mimetic 

links beta-cell dysfunction to enhanced fatty acid sensitivity induced by mitochondrial 

fragmentation. To eliminate the possibility reduced secretions were a result of non-

responsive islets, islets from the same mice were also assessed for their response to 

stimulation by glucose (Expanded View Figure 3H). Islets from all groups yielded greater 

insulin secretion as a response to glucose stimulation compared to non-stimulatory 

conditions indicating islets are responsive. 

Increases to plasma levels of long-chain fatty acids in combination with increased 

sensitivity to fatty acids have been observed to stimulate metabolic pathways including 

hepatic glucose production and insulin secretion. We demonstrate mitochondrial 

morphology regulates these processes in the liver and pancreatic beta-cell by modulating 

the degree at which FAO occurs. Having assessed the metabolic reprogramming 

associated with mitochondrial morphology, we then asked what are the physiological 

outcomes in a model where FAO influences cell survival. 

Metabolically distinct subsets of diffuse large B-Cell lymphoma cells primed for beta-

oxidation display more fragmented mitochondria 

Diffuse large B-cell lymphomas (DLBCLs) are a genetically heterogeneous group of 
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tumors that metabolically handle different substrates based on their genetic expression 

profile (Caro et al, 2012). DLBCLs displaying up-regulation of genes encoding the B-cell 

receptor (BCR-DLBCL) have been identified to yield higher glycolytic flux. Whereas 

DLBCLs enriched in genes involved in mitochondrial oxidative phosphorylation (OxPhos-

DLBCL) have been characterized for increased mitochondrial FAO and palmitate to be 

their predominant respiratory fuel (Figure 3D) (Caro et al, 2012) . Understanding 

metabolic differences occur between DLBCL subsets we then asked if mitochondrial 

morphology differed between subsets reliant on expressing BCR or OxPhos genes for 

survival. Previously, we showed more fragmented mitochondria had greater preference 

to oxidize fatty acids, thus we hypothesized OxPhos-DLBCLs would have a greater 

propensity for fragmented mitochondria. Analysis of 3D reconstructed images of 

mitochondrion stained with MitoTracker Green (Figure 3A) confirmed OxPhos-DLBCL 

cells had reduced mitochondrion area compared to BCR-DLBCLs (Figure 3B). To confirm 

reduced mitochondrion area was an indication of fragmentation and not increased 

swelling, we show that the OxPhos-DLBCL subsets, Pfeiffer and Toledo, had a higher 

population of fragmented mitochondria than BCR-DLBCLs (Figure 3C). The reverse was 

true of BCR-DLBCLs comprising of greater amounts of elongated mitochondria (Figure 

3D). Organelles were classified according to form factor values into those with short (FF 

≤ 2), intermediate (2 ≤ FF ≤ 4), and long (FF > 4) morphology. Our DLBCL data thereby 

supports our findings in hepatic and beta-cell mitochondria, mitochondria with a higher 

capacity to utilize fatty acids are more fragmented.  

Forced elongation of primarily fragmented diffuse large B-Cell lymphoma cell 

mitochondria reduces FAO capacity and hinders cell survival  



120 
 

OxPhos-DLBCLs were observed to have greater mitochondrial fat oxidation (Figure 

3E) and a larger population of fragmented mitochondria. Next, we sought to determine 

whether mitochondrial elongation would reduce the preference for mitochondrial fat 

oxidation. To test this hypothesis, we analyzed the incorporation of [U-13C16] palmitate in 

Mfn2 OE Pfeiffer and Toledo OxPhos-DLBCL (Figure 3F) and dnDrp1 Pfeiffer and Toledo 

OxPhos-DLBCL (Figure 3G) as compared to control. Both models of mitochondrial 

elongation led to significant reduction in incorporation of [U-13C16] palmitate. Hyper fusion 

by Mfn2 OE OxPhos-DLBCLs led to a 30% reduction in FAO (0.6884 ± 0.06326 % 

enrichment from 13C-palmitate) as compared to control (0.9779 ± 0.02528 % enrichment 

from 13C-palmitate). Inhibition of fission by dnDrp1 OxPhos-DLBCLs yielded a 25% 

reduction in FAO (0.7569 ± 0.02531 % enrichment from 13C-palmitate) as compared to 

control. Thus our data indicate the capacity to utilize fatty acids as an oxidative fuel in the 

mitochondria is dependent on mitochondrial morphology.  

Metabolic reprogramming is an adaptation for cell survival in disease progression and 

altering lipid metabolism has the ability to modulate downstream survival in DLBCL(Caro 

et al, 2012; Xiong & Zhao, 2018). In OxPhos-DLBCLs, utilization of palmitate as a primary 

fuel source is vital to cell survival and disruption or ablation of such capacity contribute to 

cell death. We reasoned that if modulating mitochondrial architecture in OxPhos-DLBCLs 

had a profound effect on lipid metabolism, then such metabolic changes would affect cell 

survival. To assess if cell survival was affected by the reduction in FAO we measured cell 

viability as compared to control by an Apoptosis Detection Kit. In Mfn2OE OxPhos-

DLBCLs, the observed reduction in fatty acid utilization was reflected in a 20% reduction 

(81.315 ± 3.096 units) in cell survival compare to control OxPhos-DLBCLs (Figure 3H). 
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Additionally, dnDrp1 OxPhos-DLBCLs had a 30% reduction in cell survival (66.954 ± 

1.479 units) (Figure 3I). This observation further strengthens the findings that 

mitochondrial architecture plays a role in the preference to utilize fatty acids to fuel 

mitochondrial ATP production, and reductions to FAO are well correlated to physiology 

associated with reductions to mitochondrial FAO.  

Mitochondrial architecture specifically alters CPT1-dependent fatty acid oxidation 

Fatty acid utilization can be enhanced in several ways, through favoring exogenous 

fatty acids over stored fatty acids or through enhancing fatty acid import into the 

mitochondria. FAO is contributed by fatty acids of different chain lengths. Short-chain and 

medium-chain fatty acids can freely diffuse into the mitochondria whereas long-chain fatty 

acids cannot. To enter the mitochondria, long-chain fatty acids are esterified with carnitine 

in the cytoplasm and then are able to be transported into the mitochondria by carnitine 

palmitoyl transferase 1 (CPT1). To determine if the regulation of fatty acid entry into the 

mitochondria is influenced by mitochondrial architecture, we assessed the incorporation 

of a long-chain CoA ([U-13C16]-palmitate) versus a medium chain-CoA ([U-13C6] hexanoic 

acid) (Figure 4A). In both conditions whereby OxPhos-DLBCLs exhibit elongated 

mitochondria (Mfn2OE OxPhos-DLBCLs and dnDrp1 OxPhos-DLBCLs), we observed 

reduced incorporation of long chain fatty acids (Figure 4B & 4C). In the same Mfn2OE 

OxPhos-DLBCLs and dnDrp1 OxPhos-DLBCLs, no changes to incorporation of hexanoic 

acid was observed compared to control (Figure 4B & 4C). Similarly, elongated 

mitochondria from dnDrp1 and Drp1KO primary mouse hepatocytes displayed no 

changes to the incorporation of hexanoic acid into the TCA cycle compared to control 

(Figure 4F & 4G). The observed data suggests mitochondrial architecture alters FAO in 
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a CPT1-dependent manner.  

Under physiological conditions long-chain fatty acid oxidation (LCFAO) is tightly 

regulated by CPT1 (McGarry & Brown, 1997). CPT1, however, has varying sensitivity to 

its endogenous inhibitor, malonyl-CoA, depending on physiological states. CPT1 

sensitivity is increased in obesity or diabetic rats administered insulin and decreased in 

starvation and T2DM (Akkaoui et al, 2009). Furthermore, membrane structure and fluidity 

influence the efficiency of CPT1, thus we focused on fatty acid shuttling by CPT1 and its 

regulation by malonyl-CoA (Hoppel et al, 2001). We hypothesized that mitochondrial 

elongation enhances the sensitivity of CPT1 to malonyl-CoA thereby reducing FAO. We 

further hypothesize mitochondrial fragmentation would yield opposite sensitivities to favor 

and enhance FAO. We tested such hypotheses by accessing CPT1 activity upon 

inhibition with malonyl-CoA in mitochondrial fractions purified from OxPhos-DLBCL. At 

100 uM of malonyl-CoA, dnDrp1 OxPhos-DLBCL cells displayed significantly lower CPT1 

activity (11.143% ± 4.975 activity remaining) as compared to control OxPhos-DLBCL 

(38.742% ± 4.641 remaining activity) (Figure 5A), suggesting that elongated mitochondria 

have higher CPT1 sensitivity to malonyl-CoA. At a greater resolution, utilizing various 

malonyl-CoA concentrations, we observed an exponential hypersensitivity to malonyl-

CoA in dnDrp1 primary mouse hepatocytes (Figure 5B).  Additionally, in INS1 cells 

yielding fragmented mitochondria induced by nutrient overload (20mM glucose + 400 µM 

palmitate) we observed reduced sensitivity to malonyl-CoA inhibition (Expanded View 

Figure 4). These findings suggest CPT1 of elongated mitochondria are more sensitive to 

malonyl-CoA inhibition resulting in reduced LCFAO whereas, the CPT1 of fragmented 

mitochondria are less sensitive to malonyl-CoA inhibition and thus enhance LCFAO.  
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To exclude the possibility that observed changes in LCFAO are due to CPT1 

activity, FAO was measured in dnDrp1 OxPhos-DLBCL cells treated with C75 and 

baicalin, two pharmacological CPT1 activators with different action modes (Figure 5C). 

Mechanistically, C75 competes with malonyl-CoA for CPT1’s CoA binding site thereby 

reversing malonyl-CoA inhibition (Bremer et al, 1985). Whereas baicalin activates CPT1 

by binding to CPT1’s catalytic site; however, baicalin cannot rescue CPT1 activity if 

malonyl-CoA is present and binds to CPT1’s CoA moiety (Dai et al, 2018). C75 treatment 

of dnDrp1 (Figure 5D) and Mfn2OE (Figure 5E) primary mouse hepatocytes significantly 

rescued and enhanced [U-13C] palmitate incorporation into citrate (DnDrp1: 0.9428 ± 

0.0189 units, Mfn2: 1.0068 ± 0.0655 units). Whereas treatment with baicalin did not 

reverse the observed reductions in LCFAO in dnDrp1 (0.6503 ± 0.0138 units) and 

Mfn2OE (0.635 ± 0.0842 units). These observations suggest changes to the degree at 

which LCFAO occur are not due to CPT1 activity rather it is by the interaction of CPT1 

with malonyl-CoA. Overall our data reveals mitochondrial architecture alters FAO by 

changing CPT1 sensitivity to malonyl-CoA (Figure 5F). 

DISCUSSION & FUTURE DIRECTIONS 
 

Mitochondrial dynamics has long been associated with bioenergetic adaptation to 

metabolic demand (Liesa & Shirihai, 2013b). We show in several cellular models that 

mitochondrial fragmentation favors beta oxidation and elongated mitochondria yielded 

reduced capacity to oxidize fatty acids. Only differences in incorporation of fatty acid-

derived carbons into the TCA cycle was observed between long chain versus short chain-

fatty acids, leading us to assess CPT1 activity and sensitivity. Compared to fragmented 

mitochondria, we show CPT1 of elongated mitochondria had increased sensitivity to 
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malonyl-CoA, marked by greater inhibition of long chain-fatty acid incorporation in the 

presence of malonyl-CoA and increased FAO capacity when C75 prevents malonyl-CoA 

binding.  Whereas fragmented mitochondria have reduced CPT1 sensitivity to malonyl-

CoA. Therefore, our work supports the idea that mitochondrial dynamics also serves as 

an adaptive mechanism to metabolic demand in addition to being essential to 

mitochondrial quality control. 

Role of mitochondrial morphology in FAO 

In agreement with previous studies, mitochondrial fragmentation in Mfn1LKO mice 

enhanced fatty acid utilization (Kulkarni et al, 2016) and inhibition of fission in Drp1KO 

HeLa cells decreased FAO (Song et al, 2021), the present study showed that 

mitochondrial morphology dictates the capacity to oxidize long-chain fatty acids. Although 

Kulkarni et al proposed fatty acid utilization was enhanced from metabolic cage studies, 

the observed reduction in acylcarnitine species agrees with increased fatty acid utilization 

(Kulkarni et al, 2016). One would predict an increase in FAO would result in either no 

changes to lipid droplet accumulation or a decrease at basal conditions; however, both 

studies revealed an enhanced lipid droplet size despite FAO occurring in opposite 

directions. Therefore, this observation allowed us to predict changes to lipid droplet 

accumulation can occur independent of beta oxidation as a result of mitochondrial 

morphology. Additionally, HeLa cells are not metabolically similar to primary hepatocytes 

and thereby the physiological relevance may be absent, suggesting the fragmentation 

and presence of LD can be explained by esterification before steatosis occurs and excess 

FAs are oxidized to prevent lipotoxicity. To address this challenge, FAO was determined 

in 2 manners, by the capacity to oxidize one substrate in a permeabilized system and by 
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assessing the amount of carbon-derived fatty acids incorporated into the TCA. Through 

both methods we identified fragmented mitochondria yielded greater capacity and greater 

preference for fatty acids. On the other hand, elongated mitochondria displayed reduced 

capacity and preference. These findings are consistent with mitochondrial morphologies 

associated with brown adipocyte peridroplet mitochondria and cytoplasmic mitochondria 

(Benador et al, 2018). Peridroplet mitochondria, observed to be more elongated, can 

promote TG synthesis and expand lipid droplets. Moreover, cytoplasmic mitochondria 

diverge both functionally and morphologically, they specialize in oxidizing fatty acids and 

appear more fragmented. Our observations in the capacity to undergo FAO as a result of 

the degree in fragmentation is further supported by previous findings in increased FAO 

as a result of mitochondrial fragmentation in the brown adipocyte (Mahdaviani et al, 

2017). Overall, our data suggests the degree of mitochondrial length dictates the 

preference for fatty acids in multiple cell types. 

To address the mechanism of mitochondrial fragmentation in response to an 

excess nutrient environment, we examined Mfn2, which previous studies have shown is 

reduced in models of obesity and excess nutrients in muscle and adipose tissue (Bach et 

al., 2003; Le Blanc et al., 2012; Pich et al., 2005; Sorianello et al., 2012). Treatment of 

INS1 cells in excess nutrient resulted in mitochondrial fragmentation, reduction in Mfn2 

expression, and increased ADP-induced oxygen consumption in response to palmitoyl-

CoA + carnitine in the media. In a rat model of obesity, Zucker fatty rat, we report a 

decrease in Mfn2 expression in the beta-cell, an observation absent in Zucker lean rats. 

This indicates that obesity alone is insufficient to decrease islet Mfn2 and that reduction 

in Mfn2 may be linked to uncompensated hyperglycemia. Furthermore, deletion of Mfn2 
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in the beta-cell resulted in fragmented mitochondria in the absence of an excess nutrient 

environment. Genetic ablation of Mfn2 in mice resulted in increased basal insulin 

secretion without changing insulin content. Deletion of Mfn2 also enhanced the capacity 

of FFAs to promote insulin secretion under low glucose. This mimics previous findings 

from the Prenkti group showing islets from obese rats are more sensitive to fatty acid-

induced insulin secretion at basal glucose (C J Nolan et al., 2006). Taken together, the 

forced fragmentation of mitochondria elicited a shift at basal glucose concentrations to 

FFA for oxidation and insulin secretion. Consistent with this observation, loss of Mfn2 

resulted in increased FFA oxidation in INS1 cells with Mfn2KD. This phenotype suggests 

an important role for FFA metabolism in beta-cells and insulin secretion. Insulin secretion 

in response to fatty acids may be of particular importance in states of insulin resistance 

or diabetes because these patients often have increased circulating triglyceride (Seigneur 

et al., 1994). Deleting Mfn2 in brown adipose tissue (BAT) mitochondria increases their 

capacity for ATP-generating fat oxidation (Mahdaviani et al., 2017). In this regard, we 

showed that deletion of Mfn2 in beta-cells increased respiratory capacity linked to ATP 

synthesis under low glucose. The preferred nutrient of beta-cells to oxidize in low levels 

of low glucose is fatty acids. Thus, our data demonstrate that inhibiting Mfn2 provides an 

enhanced capacity to uptake and utilize fatty acids for ATP synthesis in beta-cells under 

low glucose settings.  

Impaired CPT1 regulation may explain unregulated HGP amid insulin signaling  

Type 2 diabetic models with intact hepatic insulin signaling have displayed 

increased glucose production as a result of excess circulating FFAs, largely attributed to 

adipocyte lipolysis, but the mechanism as to how hepatic glucose production becomes 
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non-suppressible remains unclear(Titchenell et al, 2016). We show the biological 

relevance of our findings; our study indicates hepatic mitochondrial morphology 

contributes to hepatic glucose production levels by regulating FAO. Under conditions of 

increased FFA, mitochondria fragment and enhance FAO. Moreover in the presence of 

high malonyl-CoA levels, malonyl-CoA insensitive CPT1 in rat hepatocytes counteracted 

inhibition of oleate induced FAO amid insulin signaling (Akkaoui et al, 2009). Revealing 

malonyl-CoA insensitive CPT1 was highly effective in counteracting regulatory effects of 

insulin. These findings as well as our own strengthen CPT1 sensitivity as an essential 

driving force for hepatic LCFAO and can explain the increase in hepatic glucose 

production despite the presence of insulin signaling. 

CPT1 as a mechanism to increasing beta-cell sensitivity to FFAs 

Our data suggests that Mfn2 downregulation may be involved in the switch in 

response from short term to long term exposure in palmitate by controlling the dose 

response of insulin secretion in beta-cells. This hypothesis is further supported by our 

observations of reduced islet Mfn2 expression in HFD fed mice and ZDF rats. Previous 

studies have shown an increase in glycerolipid/free fatty acid (GL/FFA) cycling in 

response to HFD in rats (C J Nolan et al., 2006; Christopher J. Nolan & Prentki, 2008; 

Christopher J Nolan et al., 2006). It is thought that this cycle alters insulin secretion 

through signaling intermediates, such as monoacylglycerols (MAGs), which activate 

exocytotic machinery via Munc13 (Marc Prentki, Matschinsky, & Madiraju, 2013). Given 

that Mfn2 deletion results in similar effects, it is conceivable that GL/FFA cycling could 

increase sensitivity to exogenous fatty acids in our system, particularly given their 

increased utilization by beta-cells. Other studies have shown an important role for the cell 
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membrane fatty acid receptor GPR40 in the augmentation of insulin secretion by FFA (El-

Azzouny et al., 2014). These two potential mechanisms are not mutually exclusive; 

increased cycling could also contribute to increased release of FFA from the cell, which 

GPR40 responds to by enhancing insulin secretion.  

In this study, we propose the switch in fuel preference centers on CPT1 and its 

rate-limiting control of mitochondrial FA oxidation. CPT1 is expressed in beta-cells 

(Assimacopoulos-Jeannet et al., 1997) and controls the entry of fatty acids conjugated to 

carnitine into mitochondria (McGarry, Mannaerts, & Foster, 1977; Newgard & McGarry, 

1995). CPT1 sensitivity to malonyl-CoA have been observed to be modulated by 

membrane fluidity, and mitochondrial membrane fluidity is increased in the livers of high-

fat diet fed Wistar rats (Aoun et al., 2012), a condition shown to decrease CPT1 sensitivity 

to inhibition by Mal-CoA (Faye et al., 2005). Conceivably, the reduced sensitivity to 

inhibition on CPT1 would increase FAO in the face of excess nutrients, consistent with 

compensatory behavior to detoxify the excess lipids. However, this compensation could 

become pathological if it induced increased insulin secretion at a non-stimulatory glucose 

concentration, contributing to hyperinsulinemia prior to insulin resistance. Because 

mitochondrial fragmentation is observed in high-fat diet fed animals, mitochondrial 

membrane fluidity presents an attractive target to study the control of fuel preference. 

Potential implications of CPT1 sensitivity in OxPHOS-DLBCL metabolic adaptability 

Microenvironment plays a role in establishing the gene expression profile (GEP) 

of DLBCL (Poulaki & Giannouli, 2021).  The subsequent metabolic features accompanied 

by specific DLBCL subsets dictate tumor metabolism and provide heterogeneity in fuel 

utilization which ensures pro-survival and proliferation (Zhou et al, 2021).  By fine tuning 
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their metabolic adaptability studies have shown increased resistance to mitochondrial 

apoptosis (Gooptu et al, 2017).  In combination with the microenvironment influencing 

GEP and increased FAO capacity having proven beneficial (Moore et al, 2022), it is 

possible that under nutrient rich environments OxPHOS-DLBCL are preferred over BCR-

DLBCLs. The preference of OxPHOS- DLBCL for fatty acids as a fuel substrate under 

nutrient excess will also impede lipotoxicity. CPT1-dependent LCFAO has been observed 

to be protective in cancer cells and inhibition of CPT1 or reliance on SC-FAO and MC-

FAO suppresses cancer growth. Not only does increased FAO enable ATP production 

under metabolic stress but also protects cells from apoptosis by clearing cytoplasmic 

LCFA and impede lipotoxicity (Norberg et al, 2017). In the event FA uptake is impeded, 

having a more fragmented morphology serves as a compensatory mechanism to enhance 

FA uptake. It is then possible to promote cellular proliferation and reduce lipotoxicity by 

selecting for a GEP and mitochondrial morphology best adapted to lipid rich 

environments. Mitochondrial fragmentation will enhance FAO through reduction of CPT1 

sensitivity. Whether enhanced FAO is due to OxPHOS-DLBCL GEP or mitochondrial 

fragmentation remains unknown. Since OxPHOS-DLBCL rely on FAO as their main 

source of ATP, any changes to FAO capacity translates to energy depletion (Qu et al, 

2016) and thereby a potential explanation to the observed reduction in cell viability when 

forced mitochondrial elongation reduced FAO. The alterations in malonyl-CoA sensitivity 

as a result of mitochondrial morphology can thereby overcome energy depletion by 

allowing the import of FA despite presence of malonyl-CoA. However, a limitation to this 

study is the assumption that only one CPT1 isoform is present. It is feasible the observed 

changes in malonyl-CoA sensitivity is contributed by the differential presence of CPT1A 
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vs CPT1B, isoforms with different malonyl-CoA sensitivities.  

Conclusion 

This work provides evidence that mitochondrial dynamics can affect mitochondrial 

fuel utilization and preference and metabolic processes associated with LCFAO through 

alteration of CPT1 sensitivity to its endogenous inhibitor, malonyl-CoA. As such this study 

suggests two possibilities to treating metabolic diseases: 1) restoration of mitochondrial 

architecture or 2) altering CPT1’s CoA binding site to restore malonyl-CoA sensitivity.  
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Figure 2- 1. Hepatic mitochondrial fatty acid utilization and glucose production is 

associated with mitochondrial morphology. 

Schematic representation of experimental approach to assessing mitochondrial 

morphology using confocal microscopy in parallel to assessing the capacity to utilize fatty 

acids through respirometry. B, C. Correlation of mitochondrial length (AR; long axis/ short 

axis) to etomoxir sensitive oxygen consumption rates. (B) Highest etomoxir sensitive 

OCR correlated to lowest AR as seen in confocal images. Confocal images of HepG2 

mitochondria stained with 15nM TMRE. Live-cell super-resolution confocal imaging of 

HepG2 cells stained with TMRE (red). Scale bar = 10 µm. Oxygen consumption data 

represents n= 6 replicates from 3-5 individual experiments. Data represents n= 20-50 

cells from 3 individual experiments. (C) Quantification of changes in aspect ratio (a.u.) 

and mitochondrial capacity to utilize fatty acids (pmoles/min)/1000 cells. D. Schematic 

representation of experimental approach to measuring fatty acid utilization using stable 

isotope tracing analysis. E. Effect of mitochondrial fragmentation on HepG2 fuel 

preference toward fatty acid. [U-13C] palmitate tracing in HepG2 cells with adenoviral 

expression Mfn2KD. Data show C13 enrichment of [U-13C] palmitate into citrate. Data 

were normalized to cell count for each individual replicate. n = 3 biological replicates. *P 

< 0.05 compared to vehicle by Student’s t-test. F, G. Effect of mitochondrial elongation 

on hepatic fuel preference toward fatty acid. [U-13C] palmitate tracing in hepatocytes with 

adenoviral expression Drp1KO and dnDrp1. Data show C13 enrichment of [U-13C] 

palmitate into citrate. Data were normalized to viral control for each individual replicate. n 

= 3 biological replicates. **P < 0.01 compared to vehicle by Student’s t-test. H, I, J. 

Hepatic glucose production in primary hepatocytes with adenoviral expression of Mfn2 
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OE (Figure 1H), Drp1-DN (Figure 1I), or Drp1 siRNA transfection (Figure 1J) n = 3 

biological replicates. **P < 0.01, ***P < 0.001 compared to vehicle by Student’s t-test. 

Data information: All data are presented as mean ± SD or as mean ± SEM. 
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Figure 2- 2. Mitochondrial fragmentation induced by Mfn2 in beta-cells increases fatty 

acid sensitivity 

Representative images of live-cell super-resolution confocal imaging of INS1 cells stained 

with TMRE (red) and MitoTracker Green. Scale bar = 10 µm.  INS1 cells were exposed 
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to control or excess nutrients (GLT; 20mM glucose and 0.4mM palmitate) media for 19 

hrs. B. INS1 cells subjected to GLT were significantly more fragmented as indicated by 

reductions to aspect ratio. n = 20-30 cells from 3 individual experiments. ****P < 0.0001 

compared to vehicle by Student’s t-test. C. INS1 cells yielding greater presence of 

fragmented mitochondria had increased fatty acid utilization. n = 6 technical replicates 

from 4 individual experiments. *P < 0.05 compared to vehicle by Student’s t-test. D. 

Western blot analysis of protein lysates obtained from islets isolated from male C57BL/6J 

mice fed a CHOW of HFD for 12 weeks. HFD mice reveal a decrease in Mfn2.  Actin and 

Porin expression were equal in both sets of mouse islets tested (n=3 for each group). 

Representative western blot and densitometric analyses demonstrating decreased Mfn2 

expression in mouse islets after 12 weeks of HFD. E. Islets isolated from 8-week-old 

Zucker Lean (ZL), Zucker Fatty (ZF), Zucker Diabetic Lean (ZDL), and Zucker Diabetic 

Fatty (ZDF) and tested for Mfn2 protein expression (n=3 per group).  Densitometric 

analyses of Mfn2/porin indicates that there is a 41% decrease in Mfn2 expression in ZDF 

rats compared to ZDL control (p<0.05) and no difference between ZF and ZL mice. Data 

information: In (A,B, D–F, G-I), data are presented as mean ± SEM. *P≤0.05 and 

****P≤0.0001 (Student's t-test). F. Representative confocal images of islet mitochondria 

labeled with TMRE and mito-paGFP (insulin promoter).  beta-cells were identified by 2-

photon mediated photoconversion of paGFP. Representative confocal images of beta-

cells and non beta-cells (no GFP expression) from dispersed islets. Mitochondrial 

fragmentation is only evident in the beta-cells obtained from βMfn2KO samples. (n= 3 

mice per group). Scale bars: 10µm. 2G. Mfn2KO islets exhibit greater production of 

14CO2 from labeled palmitate. Data presented as 100 islets/condition; n=4 female mice. 
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**P < 0.01 compared to vehicle by Student’s t-test. 2H. βMfn2KO islets exhibit increased 

basal insulin secretion with no changes to GSIS. n=7 and 8 animals for WT and βMfn2KO 

respectively, performed in technical triplicates, p≤0.05 by student’s t-test. 2I. Mfn2 

excision in the beta-cell increases fatty acid sensitivity. Insulin secretion in response to 

0.4mM palmitate. βMfn2KO animals display the increased basal insulin secretion. When 

0.4mM palmitate is added with 3mM glucose, βMfn2KO demonstrate a statistically 

significant increase in insulin secretion, which is not observed in control islets. Data is 

shown as mean ± standard deviation; n = 4 per group. 2J. Confocal images of islets 

isolated from CHOW and HFD fed mice fixed in PFA and stained for GRP75. Scale bars: 

10μm. 2K. Quantitative analysis of mitochondrial morphology markers, aspect ratio (D), 

form factor (E), and eccentricity (F) of CHOW and HFD islets isolated from mice (n = 30 

islets/mice for each genotype; n=4 mice/group). ***P < 0.001 compared to vehicle by 

Student’s t-test. 2L. HFD islets exhibit increased basal secretion compared to CHOW. 

Treatment with a Mfn2 open permissive peptide reduces basal secretion. n = 30 

islets/mice for each genotype; n=4 mice/group. *P < 0.05 compared to vehicle by 

Student’s t-test. 
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Figure 2- 3. Mitochondrial elongation reduces OxPHOS-DLBCL FAO and impairs cell 

survival 

A. Representative images of live-cell super-resolution confocal imaging of OxPHOS-

DLBCL subsets Toldeo and Pfeiffer and BCR-DLBCL subsets DHL-6 and DHL-4. Cells 

stained with MitoTracker Green. Scale bar = 10 µm. B. BCR-DLBCL cells yielding greater 

mean mitochondrion area. n =10 cells. ***P < 0.001 compared to vehicle by Student’s t-

test. C. OxPHOS-DLBCL cells yielding greater presence of fragmented mitochondria. n 

=10 cells. ****P < 0.0001 compared to vehicle by Welch’s t-test. D. BCR-DLBCL cells 

yielding greater presence of elongated mitochondria. n =10 cells. ****P < 0.0001 

compared to vehicle by Welch’s t-test. E. Basal OCR on palmitate in DLBCL subsets. 

Each dot of the graph represents OCR values assessed in different DLBCL cell lines. 7–

13 independent OCR values for each cell line were measured in 4 DLBCL-OxPhos or 3 
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DLBCL-BCR cell lines. n = 3 biological replicates. *P < 0.05 compared to vehicle by 

Student’s t-test. F, G. C13 enrichment in citrate in DLBCL subsets with lentiviral 

expression of Mfn2 (Figure 3F) Drp1-DN (Figure 3G). Each dot of graphs represents a 

technical replicate of a measurement in 2 different DLBCL-OxPhos and DLBCL-BCR cell 

lines (Figure 3F), or 4 different DLBCL-OxPhos and DLBCL-BCR cell lines (Figure 3G). 

n=3 biological replicates. **P < 0.01 compared to vehicle by Student’s t-test. *P < 0.05, 

**P < 0.01 compared to vehicle by Student’s t-test. H, I. Cell viability assessed in DLBCL 

subsets following lentiviral expression of Mfn2 (Figure 3H) and Drp1-DN (Figure 3I). Each 

dot of graphs represents a technical replicate of a measurement in 2 different DLBCL-

OxPhos and DLBCL-BCR cell lines (Figure 3H), or 4 different DLBCL-OxPhos or DLBCL-

BCR cell lines (Figure 3I). n=3 biological replicates. **P < 0.01 compared to vehicle by 

Student’s t-test. 
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Figure 2- 4. Mitochondrial architecture specifically alters CPT1-dependent FAO 
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A. Schematics representation of experimental approach to measuring short chain vs long 

chain fatty acid utilization using stable isotope tracing analysis. B, C. Citrate C13 

enrichment following [U-13C] palmitate or [1-13C] hexanoic acid treatment in OxPhos-

DLBCL (Figure 4B) or BCR-DLBCL (Figure 4C) with lentiviral expression of Mfn2. Each 

dot of graphs represents a technical replicate from a measurement in 2 different DLBCLS-

OxPhos (Figure 4D) or DLBCLS-BCR (Figure 4E) cell lines. n=3 biological replicates. **P 

< 0.01 compared to vehicle by Student’s t-test. D, E. Citrate C13 enrichment following [U-

13C] palmitate or [13C1] hexanoic acid treatment in OxPhos-DLBCL (Figure 4D) or BCR-

DLBCL (Figure 4E) with lentiviral expression of Drp1-DN. Each dot represents a technical 

replicate from a measurement in 4 different DLBCLS-OxPhos (Figure 4D) or DLBCLS-

BCR (Figure 4E) cell lines. n=3 biological replicates. ***P < 0.001 compared to vehicle by 

Student’s t-test. F, G. Citrate 13C enrichment following [U-13C] palmitate or [13C1] 

hexanoic acid treatment in primary hepatocytes with lentiviral expression of Drp1-DN 

(Figure 4F) or transfection of siRNA against Drp1 (Figure 4G). n=3 biological replicates. 

**P < 0.01 compared to vehicle by Student’s t-test. 
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Figure 2- 5. Mitochondrial architecture specifically alters the interaction between CPT1 

and Malonyl-CoA 
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CPT1 activity measured in the presence of 100 uM of malonyl-CoA in heavy membrane 

fraction including mitochondria purified from OxPhos-DLBCL (Toledo) following lentiviral 

expression of DRP1-DN. n=3 biological replicates. **P < 0.01 compared to vehicle by 

Student’s t-test. B. CPT1 activity assessed in the presence of malonyl-CoA at different 

concentration (10, 20, 30, or 40 uM) in heavy membrane fraction including mitochondria 

purified from primary hepatocytes following adenoviral expression of DRP1-DN. n=3 

biological replicates. *P < 0.05, **P < 0.01 compared to vehicle by Student’s t-test. C. 

Schematics depicting mechanisms underlying C75 and baicalin activation of CPT1. C75 

activates CPT1 by binding to a CPT1 region shared with malonyl-CoA, allowing for its 

competitive inhibition of malonyl-CoA suppression of CPT1, while baicalin binding to 

CPT1 catalytic site provokes CPT1 activation. D, E. Citrate 13C enrichment in uniformly 

labelled palmitate (U13C palmitate)-treated primary hepatocytes upon C75 (20 uM) or 

baicalin (100 uM) treatment following Drp1-DN (Figure 6D) or Mfn2 expression (Figure 

6E). n=3 biological replicates. *P < 0.05, **P < 0.01, ***P < 0.01 compared between each 

sample by one-way ANOVA. F. Schematic representation of proposed mechanism by 

which mitochondrial morphology regulates fatty acid oxidation through CPT1 sensitivity 

to malonyl-CoA. 
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Expanded View Figure 2- 1. Drp1 reduction verification in hepatocytes 

EV1A. Representative blots of Drp1 and beta-actin from primary hepatocytes of dnDrp1 

and control. EV1B. Representative blots of Drp1 and beta-actin from primary hepatocytes 

of Drp1 KO and control. 
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Expanded View Figure 2- 2. Beta-cell specific Mfn2KO islet verification 

EV2A. Mfn2 protein levels are decreased in pancreatic islets under HFD.  Male C57BL/6J 

mice were provided with a high fat or a control diet for 12 weeks.  Western blot analysis 

of protein lysates obtained from islets isolated from HFD mice reveal a decrease in Mfn2 

starting at week 7.  Mouse islets tested (N=3). *P < 0.5 compared to vehicle by Student’s 

t-test. EV2B. No differences in Mfn2 mRNA were observed in βMfn2KO islets compared 

with control islets. EV2C. Mfn2 LoxP PCR of genomic DNA obtained from a tail sample 

and islets from a βMfn2KO animal. Lane 1 is the PCR product obtained using islet DNA 

as the template, the product is present at a 240bp excised band demonstrating knockout 

of Mfn2. Any residual unexcised 810bp band is contributed by other cell types in the islet 

that would have Mfn2 excised under RIP. Lane 2 is the PCR product obtained using tail 

lysates and is present as the unexcised 810bp band. Lane 3 is the no template control. 

EV2D. Tissue specificity of the beta-cell specific Mfn2 knockout was measured in tissue 

samples obtained from a βMfn2KO mouse.  Mfn2 expression was measured by western 
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blot and was found to be present at varying degrees in all tissues tested except for 

isolated pancreatic islets. EV2E. Representative blots of Mfn2 and beta-actin from islets 

of βMfn2KO and control littermates. Any present Mfn2 is attributed to non-beta-cell islet 

cells in βMfn2KO islets. EV2F. Immunohistochemical staining of pancreatic sections 

reveal that the ratio of beta-cells stained with anti-insulin (green) compared to α-cells 

stained with anti-glucagon antibody (red) in βMfn2KO sections is not changed in 

comparison to control; nuclei are stained with DAPI (blue).  IHC also demonstrates the 

increase in islet size in the KO sections. EV2G. No differences in insulin content were 

observed in βMfn2KO islets compared with control islets (n=3 mice per group; technical 

triplicates of 10 islets each from each animal). EV2H. βMfn2KO islets yielded significant 

reductions to membrane potential as compared with control islets. Cells were stained with 

TMRE (red) and MitoTracker Green. (n=3 mice per group; technical triplicates of 10 islets 

each from each animal). ****P < 0.0001 compared to vehicle by Student’s t-test. 
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Expanded View Figure 2- 3. Mfn2-TAT peptide validation 

EV3A. Representative images of live-cell super-resolution confocal imaging of WT, 

Mfn2KO, and Mfn2DKO MEFs stained with TMRE (red) and MitoTracker Green. Scale 

bar = 10 µm. EV3B. Mfn2-TAT peptide did significantly change mitochondrial membrane 

potential. Cells were stained with TMRE (red) and MitoTracker Green. EV3C, D. Mfn2-

TAT peptide only changed mitochondrial morphology in Mfn2KO MEF cells. n = 30-50 

cells from 4 individual experiments. *P < 0.5 compared to vehicle by Student’s t-test. 

EV3F, G, H. Representative confocal images and quantification of Mfn2KO MEF cells 

mitochondria labeled with TMRE and mito-paGFP (insulin promoter).  Enhanced fusion 

was identified by 2-photon mediated photoconversion of paGFP. Mitochondrial fusion is 

only evident in Mfn2KO MEF cells treated with the Mfn2-TAT peptide. Scale bars: 10µm. 

EV3I. Treatment with a Mfn2 open permissive peptide does not impair insulin secretion 

as islets exhibit a response to glucose. n = 30 islets/mice for each genotype; n=4 

mice/group. EV3J. HFD mice display increased basal secretion. Insulin secretion at 

3mmol/L glucose (NGSIS) (A) or 16.7mmol/L glucose (GSIS). In isolated mouse islets 

from CHOW fed and High fat fed-mice (HFD). (n = 7-10 independent experiments). 
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Expanded View Figure 2- 4. CPT1 sensitivity in INS1 cells 

EV4A. CPT1 sensitivity measured in the presence of 0.5 uM of malonyl-CoA in 

permeabilized INS1 cells following GLT (20mM glucose + 400 uM palmitate) treatment. 

n=3 biological replicates. ***P < 0.001 compared to control by Student’s t-test. EV4B. 

Representative blots of Mfn2, porin, and TOMM20 from INS1 cells of GLT (20mM glucose 

+ 400 uM palmitate) and control INS1 cells. 
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CHAPTER 3 

 

 

Decreasing DRP1 expression in liver activates the mitochondrial integrated 

stress response and exacerbates NASH 
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ABSTRACT 
 

Aims: Non-alcoholic fatty liver disease (NAFLD) increases Drp1-mediated mitochondrial 

fragmentation in hepatocytes. Deletion and inhibition of hepatic Drp1l in early life prevents 

high fat diet-induced liver steatosis in mice. However, whether Drp1l knockdown (Drp1 

KD) can reverse established steatohepatitis (NASH) in mice is unknown. Hepatocyte-

restricted delivery of siRNA conjugated to N-acetyl-galactosamine (GalNAc) is a safe and 

non-toxic approach to manipulate gene expression in liver, which is currently approved 

by the FDA and EMA to treat genetic forms of liver disease. Thus, we aimed to decrease 

Drp1 function in liver from adult mice with established NASH using GalNAc-siRNA 

mediated delivery. 

Methods: To determine Drp1 KD safety, C57BL/6J mice fed a chow-diet for 26 weeks 

were injected weekly with vehicle (PBS) or GalNAc-Drp1-siRNA for 4 weeks. Mice with 

established NASH (26 week-GAN diet) were injected weekly with GalNAc-Drp1-siRNA 

for 12 weeks. Liver steatosis and damage were assessed by histology, by quantifying 

AST and ALT and by gene expression measurements of inflammation and fibrosis 

markers. Liver NEFA and triglycerides were quantified by GC/MS. Mitochondrial mass 

and function were determined in liver homogenates. Western blots of Oma1, Opa1, 

phosphorylated EIF2alpha, as well as transcriptional analyses of Atf4 and Atf4-regulated 

genes determined ISR engagement. 

Results: In control mice, Drp1 KD in liver decreased body weight, elevated circulating 

AST and ALT and increased the expression of pro-inflammatory and fibrosis markers in 

liver. Decreased body weight was largely explained by reduced food intake caused by 

Gdf15 actions, as Gdf15 receptor (Gfral) KO prevented the decrease in food intake and 
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mitigated weight loss induced by Drp1 KD. ISR can explain increased hepatic Gdf15 

expression, as Drp1 KD caused ER stress and Oma1 activation, elevated EIF2alpha 

phosphorylation and Atf4 expression. While NASH was not sufficient to activate OMA1, 

Drp1 KD in mice with NASH activated OMA1 and exacerbated ER stress, ISR, 

inflammation, fibrosis and induced hepatocyte necrosis.  

Conclusion: Drp1-mediated mitochondrial fragmentation is an adaptative mechanism in 

NASH that prevents ISR overactivation and ER stress to limit fibrosis, inflammation, and 

necrosis. The elevation in Gdf15 actions induced by Drp1l KD might represent an 

adaptive response reducing the nutrient load to hepatocytes when their mitochondria are 

dysfunctional. Our study argues against blocking Drp1-mediated fragmentation in 

hepatocytes to combat NASH. 
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INTRODUCTION 
 

No pharmacological agents are available to treat non-alcoholic steatohepatitis 

(NASH), a disease that is expected to become the first cause for liver transplantation in 

Western societies(Burra et al, 2020). The presence of lipid accumulation inside 

hepatocytes, together with hepatocyte ballooning and lobular inflammation, is used to 

diagnose NASH(Burra et al, 2020). Given that intrahepatic lipid accumulation can precede 

hepatitis and fibrosis, it is thought that the initial changes in hepatic lipid metabolism play 

a major role in initiating inflammation. Accordingly, preclinical studies and clinical trials 

testing pharmacological approaches to combat NASH aim to reverse lipid accumulation 

by directly targeting lipid metabolism in hepatocytes. Some of these approaches include 

the use of molecules that increase mitochondrial fatty acid oxidation in hepatocytes 

(Goedeke et al, 2019; Boland et al, 2020) , inhibit enzymes catalyzing lipid synthesis, as 

well as molecules that limit dietary fat and carbohydrate availability to hepatocytes and 

concurrently stimulate catabolism (Boland et al, 2020) .  

Mitochondria are central determinants of lipid metabolism in fatty liver disease 

(Shum et al, 2020) . In patients with insulin resistance and fatty liver, fat oxidation in 

mitochondria is still upregulated to support the increased demand for both ATP and 

carbon intermediates that sustain elevated glucose production (Iozzo et al, 2010) . The 

upregulation in mitochondrial function in NAFLD not only includes elevated fat oxidation, 

but also elevated TCA fluxes (Sunny et al, 2011)  that provide carbon intermediates that 

fuel fatty acids synthesis (McGarry et al, 1977) . Different studies support that a non-

compensated increase in mitochondrial ROS production resulting from the permanent 

increase in mitochondrial function can be the trigger to initiate hepatitis (Koliaki et al, 
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2015) . Therefore, targeting mitochondria is an appealing approach to resolve hepatic 

lipid accumulation, counteract oxidative damage, and potentially treat NASH. 

Mitochondrial function and ROS production are strongly determined by the ability 

of an individual mitochondrion to engage in fusion and fission and move inside the cell, 

processes collectively known as mitochondrial dynamics (Liesa et al, 2009) . The shape 

of mitochondria itself and their intracellular location not only determines their function 

synthesizing ATP and producing ROS, but also the removal of damaged units by 

mitophagy (Liesa & Shirihai, 2013) . As multiple stresses that primarily increase ROS 

production, impair mitochondrial ATP synthesis and/or activate cell death cause 

mitochondrial fragmentation, there was an early interest to block Drp1l-mediated 

fragmentation to treat diseases associated with mitochondrial dysfunction. In the context 

of NAFLD, previous studies in mice determined the effect of hepatocyte-restricted Drp1l 

inhibition preventing NAFLD induced by high fat diet feeding (Galloway et al, 2014; Wang 

et al, 2015) . Constitutive hepatic Drp1l deletion largely prevented body fat gain, glucose 

intolerance and hepatic steatosis by increasing systemic energy expenditure. The 

increase in energy expenditure was shown to be caused by an increase in Fgf21 secretion 

to the circulation, because of elevated hepatic ER stress and liver damage. However, 

decreasing Drp1l activity by expressing a dominant negative form of DRP1L (K38A) 

reversed steatosis without causing liver damage (Galloway et al, 2014) . The proposed 

mechanism for protection from steatosis was improved lipid excretion via lipoproteins to 

increase body fat mass, as well as an increasing in mitochondrial uncoupling that elevated 

fat expenditure (Galloway et al, 2014) . This latter study supported that a Drp1L knock-

down approach could held promise to reverse not just simple steatosis, but NASH as well. 



161 
 

Delivery of siRNA conjugated to N-acetylgalactosamine (GalNAc) is a safe, non-

toxic approach to knockdown genes specifically in hepatocytes. Indeed, the FDA and 

EMA approved a GalNac-siRNA therapy for acute hepatic porphyria, a liver disease with 

an onset mostly in females ranging from 14-45 years old (Wang et al, 2018; Mullard, 

2018) . Therefore, GalNac mediated delivery of Drp1l siRNA in mice with established 

NASH is the best approach to determine whether Drp1l KD holds any promise to reverse 

NASH. The reason is the previous studies deleted or decreased DRP1L activity post-

nataly or prior to high fat diet feeding (8-weeks old), meaning that Drp1l activity was 

decreased at an age that holds little translational relevance. In this study, we define the 

safety of Drp1l hepatic knock down in healthy but older mice (26 weeks-old) and in mice 

with established NASH (after 26 weeks of GAN diet feeding). We define a novel effect of 

DRP1L KD in adult liver, which supports that DRP1L inhibition might not be a safe 

approach to different liver diseases. 

EXPERIMENTAL PROCEDURES 
 

Animal handling 

All procedures described below were approved by the Janssen Institutional Animal 

Care and Use Committee and carried out in accordance with the Guide for the Care and 

Use of Laboratory Animals.  

Effect of Drp1 KD in lean mice 

13 weeks old male C57BL/6 mice fed regular chow diet were maintained in a 12/12 

h light-dark cycle with free access to food and water in a temperature-controlled 

environment (22°C). These mice were treated with a weekly subcutaneous injection of 

either PBS or Drp1 GalNAc-siRNA (10 mg/kg, 5 ml/kg) for a total of four doses. Weekly 
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body weight was monitored. 7 days post the 4th dose, mice were euthanized via CO2. The 

whole liver was weighed, and liver fat mass was measured by EchoMRI.  

In vivo NASH efficacy study in GAN diet induced NASH mouse model 

Male C57BL/6 mice were switched to GAN diet (Research Diets, D09100310, 40% 

fat, 22% fructose and 2% cholesterol) at 6 weeks old at Taconic Farms. GAN mice and 8 

age-matched lean mice fed regular chow (5053; LabDiet, 5% dietary fat; 3.42 kcal/g) were 

obtained from Taconic Farms (Germantown, NY) at 28 weeks old. Mice were 30 weeks 

old (24 weeks post GAN diet feeding) at beginning of siRNA treatment. 2 days before 

treatment, EDTA plasma was collected via tail bleeds for baseline ALT/AST 

measurement. GAN mice were assigned into PBS and Drp1 GalNAc siRNA groups based 

on body weight, and ALT/AST (n=12/group). Eight PBS-treated age-matched chow fed 

mice served as blank controls. Mice were treated with a weekly subcutaneous injection 

of either PBS or Drp1 GalNAc-siRNA (10mg/kg, 5ml/kg). 9 weeks post treatment, mice 

were dosed with D2O (intraperitoneal, 20 mg/kg) followed by adding 8% D2O in drinking 

water for the remaining of the study. Weekly food intake and body weight were monitored. 

12 weeks post treatment, mice were euthanized via CO2 after food removal for 3 h. EDTA 

plasma was collected via cardiac puncture and reserved for further analysis. The whole 

liver was weighed, and liver fat mass was measured by EchoMRI.  

ALT/AST  

Plasma analytes were assayed on the VET-AXCEL clinical analyzer (Alfa Wassermann), 

as per manufacturer’s instructions.  The ALT (Alfa Wassermann Cat# SA1052), AST (Alfa 

Wassermann Cat# SA1053), TCHOL (Alfa Wassermann Cat# SA1010), TRIG (Alfa Wassermann 

Cat# SA1023) reagents and tests were calibrated with the GEMCAL calibrator (Alfa Wassermann, 

Cat# S1-33) and quality controls tested with Chemical Controls level 1 and 2 (Alfa Wassermann 
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Cat# C1-4 and C1-5 respectively).  All calibrations and reagents QCs were performed on a weekly 

basis before each test run. 

Gdf15, Fgf21, Timp-1 ELISA 

Plasma Timp-1 (R&D Systems, MTM100), Gdf15 (R&D Systems, MGD150) and 

Fgf21 (EMD Millipore Corporation, EZRMFGF21-26K) were measured according to the 

supplied product’s protocol. 

Liver morphometric analyses  

The right medial and left lateral lobes were sectioned and immersion-fixed in 

phosphate-buffered 10% formaldehyde for 48 h and then switched to 70% EtOH. The 

lobes were embedded in blocks of paraffin. All blocks were sectioned into 5 μm paraffin 

sections and slides were stained with hematoxylin and eosin (H&E) or Picrosirius red 

(PSR). The pathologist was initially blinded to the treatment groups.  

The PSR-stained slides were examined microscopically, and deposition of PSR-

stained collagen was diagnosed as fibrosis. Fibrosis was scored according to the 

following six fibrosis stages:  

0 = Staining noted in central vein and portal region (background). 

1 = Occasional positive staining strands extend into parenchyma from the capsule, central 

vein or portal region.  

2 = Positive staining strands extend into parenchyma from central vein or portal region 

and bridge with each other (up to 3 bridging/section).  

3 = Positive staining strands extend into parenchyma from central vein or portal region 

and bridge with each other (more than 3 bridging/section). 

4 = Positive staining strands extend into parenchyma from central vein or portal region, 
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bridging with each other and form a circumscribing pattern (up to 3 circumscribing 

areas/section). 

5 = Positive staining strands extend into parenchyma from central vein or portal region, 

bridging with each other and form a circumscribing pattern (more than 3 circumscribing 

areas/section) 

The H&E-stained sections were examined microscopically, and histopathological findings 

were recorded and graded as described below. 

• Necrosis 0 (not clearly increased above background), 1 (slight increase in single 

cell necrosis or rare large foci of necrosis), 2 (notable increase in single cell 

necrosis), 3 (abundant single cell necrosis).  

• Biliary/oval cell hyperplasia, 0 (not present), 1 (minimal), 2 (mild), 3 (moderate), 

4 (marked), or 5 (severe) 

• Pigmented Macrophages 0 (not present), 1 (minimal), 2 (mild), 3 (moderate), 

4 (marked), or 5 (severe) 

• Macrovesicular and Microvesicular Steatosis: scored on a 0-5 scale based on a 

20% gradient for the extent of the sample affected. 

• Inflammation (according to Liang et, al, 2014) # of inflammatory foci -defined as a 

cluster of 5 or more cells/5 100x fields) 0 (<0.5), 1 (0.5-1.0) 2 (1.0-2.0), 3 (≥2) 

• Degeneration/Hypertrophy (adapted from Kleiner et. al and Liang et. al)-0 (none 

present) 1 (slight degeneration/enlargement of hepatocytes) 2 (many cells with 

prominent degeneration/hypertrophy)  
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A NAS score for each sample was generated by calculating the sum of macro and 

microvesicular steatosis, degeneration/hypertrophy, and inflammation. 

Quantitative assessment of Immunohistochemistry (IHC)  

Paraffin embedded slides were de-paraffinated in xylene and rehydrated in series 

of graded ethanol. Type I collagen (Southern Biotech, 1310-01), alpha-smooth muscle 

actin (α-Sma) (Abcam, Ab124964) and Cd11b (AbCam, 133357) IHC are performed 

using standard procedures. Briefly, after antigen retrieval and blocking of endogenous 

peroxidase activity, slides are incubated with primary antibody. The primary antibody is 

detected using a polymeric HRP-linker antibody conjugate. Next, the primary antibody is 

visualized with DAB as chromogen. Finally, sections are counterstained in hematoxylin 

and cover-slipped. IHC-positive staining is quantified by image analysis using the VIS 

software (Visiopharm, Denmark). The quantitative estimates of IHC-positive staining are 

calculated as an area fraction. 

Liver hydroxyproline synthesis measurement  

Hydroxyproline synthesis analysis was performed by Metabolic Solutions, Inc. A 

piece of liver was snap-frozen in liquid nitrogen and stored at -80°C for collagen synthesis. 

An aliquot (10 mg) of liver was weighed and re-suspended in a 1N HCl solution containing 

2 µg m+6 labeled hydroxyproline (13C5
15N-OHP). Samples were hydrolyzed at 100°C for 

24 hours.  A dowex cleanup column is used to remove HCl.  Samples are eluted with 

ammonium hydroxide and dried with nitrogen gas. Hydroxyproline was derivatized using 

the method described by March (March, 1975) with modifications by Matthews, Persola 

and Campbell (Matthews et al, 1990). The propyl ester is added by addition of 100 µL 1-

propanol/acetyl chloride (5:1 v/v).  Samples are incubated at 90°C for 20 min. The 
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propylation reagents are evaporated by nitrogen gas and heat (60-70°C). The 

heptafluorobutyric ester is formed by the addition of 100 µl 0.1M diethylamine in hexane 

and 10 µl heptafluorobutyric acid (Sigma Aldrich) with incubation at 60°C for 20 min. All 

reagents are evaporated with nitrogen gas and heat (60-70°C). The sample is 

reconstituted with 100 µL ethyl acetate. The isotopic enrichment is determined by gas 

chromatography–mass spectrometric analysis using methane negative chemical 

ionization (Agilent 5975 EI/CI MSD with an Agilent 7890 GC). A Phenomenex ZB-1MS 

capillary column is used to separate the derivative of phenylalanine. Selected ion 

chromatograms are obtained by monitoring ions m/z 545, 546 and 551 for unlabeled 

HyPro, M+1 HyPro and 13C5
15N-OHP, respectively. Incorporation of 2H into OHP was 

calculated as the molar fraction of molecules with one excess mass unit above the natural 

abundance fraction (EM1).  Fractional turn over (f) was calculated as the ratio of the EM1 

value in protein-bound OHP to the maximal value possible at the body water enrichment 

present, which has been empirically determined to be 1.1 * Body Water Enrichment (i.e., 

f = EM1 / (1.1*BW). The principle behind this calculation has previously been described 

by Gardner, J.L., et al. (Gardner et al, 2007). 

Additionally, OHP content in each sample was determined by comparing the 

abundance in the m+6 551 m/z channel representing the 13C5
15N-OHP internal standard 

in each sample with that the m+0 545 m/z ion. A set of standards with known 

OHP/13C5
15N-OHP concentration ratios was analyzed alongside the samples.   

Plasma body water samples were analyzed for deuterium enrichment by cavity 

ring-down spectroscopy using a Liquid Water Isotope Analyzer with automated injection 

system, version 2 upgrade (Los Gatos Research). Plasma proteins were removed by 
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adding approximately 5 mg zinc sulfate monohydrate to 25-50 µl plasma in a 

microcentrifuge tube. Samples were vortexed and spun at 8,000 rpm to precipitate 

proteins. The plasma protein-free supernatant was injected 8 times and the average of 

the last three measurements used for data analysis. A standard curve was run before and 

after samples for calculation of deuterium enrichment as delta per mil (parts per thousand) 

relative to Vienna Standard Mean Ocean Water (VSMOW). Intra-run precision is less than 

2 delta per mil (parts per thousand) and inter-run precision is less than 3.5 delta per mil. 

Delta per mil is converted to atom percent deuterium by a calculation described 

previously. 

CALCULATIONS: 

Body water: Mice were labeled with D2O by bolus and drinking water to achieve a constant 

exposure of D2O during the label period of approximately 2.5%. Plasma samples were 

analyzed for deuterium enrichment.  

Excess M1 (%EM1): This quantity represents the degree of isotopic incorporation of 

deuterium into OHP mediated by collagen synthesis in vivo.  

Fractional synthesis of OHP (“f”): This quantity represents the percentage of collagen that 

was newly-synthesized during the period of label incorporation.  

OHP concentration: The absolute amount of OHP found in the 10 mg piece of liver 

analyzed by Metabolic Solutions was determined in mass terms by introducing a known 

amount of 13C5
15N-OHP prior to further processing. The ratio of m0 (representing OHP) 

to m+6 (representing the 13C5
15N-OHP standard) in samples was converted to the OHP 

content of the sample analyzed, which was divided by grams used to obtain a 

hydroxyproline concentration value for the tissue. Note that by multiplying fractional 
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synthesis (f) with total OHP concentration, one can determine the total mass of OHP in 

newly-synthesized collagen. 

Respirometry on Previously Frozen Liver Samples 

Frozen tissues were thawed in ice‐cold PBS, minced with scissors, and 

homogenized in a Potter‐Elvehjem (Teflon‐glass) homogenizer. Tissue samples were 

placed in 2 ml of ice‐cold MAS buffer (70mM sucrose, 220mM mannitol, 5mM KH2PO4, 

5mM MgCl2, 1mM EGTA, 2mM HEPES pH 7.4) and homogenized via 6-9 strokes. 

Homogenates were then centrifuged at 1,000 g for 10 min at 4°C; then, the supernatant 

was collected. Protein concentration was determined with the Pierce™ BCA Protein 

Assay Kit (Thermo Fisher). 

Liver homogenates (8μg per well) were loaded into a Seahorse XF96 microplate 

in 20 μl of MAS. The loaded plate was centrifuged at 2,000 g for 5 min at 4°C (with no 

brakes). Subsequently, an additional 130 μl of MAS buffer containing cytochrome c (10 

μg/ml, final concentration) was added to each well. Substrate injections were as follows: 

1mM NADH or 5mM succinate + 2μM rotenone were injected at port A; 2μM rotenone + 

4μM antimycin A at port B; 0.5mM TMPD + 1mM ascorbic acid at port C; and 50mM azide 

at port D. Substrate injections allow for assessment of mitochondrial respiratory capacity 

through Complex I, Complex II, and Complex IV (Acin‐Perez et al, 2020; Osto et al, 2020).  

Seahorse Data Analysis 

Wave software (Agilent) was used to export oxygen consumption rates (OCR). 

Rates were normalized by protein and mitochondrial content (via MTDR) to GraphPad 

Prism v7.02. Complex I‐, II‐, and IV‐dependent respiration was calculated by the following 

formulas: 
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I. Maximal Complex I respiratory complex   = OCRNADH – OCRantimycin 

II. Maximal Complex II respiratory complex  = OCRSuccinate+Rotenone – 

OCRantimycin 

III. Maximal Complex IV respiratory complex = OCRTMPD+Ascorbate – OCRazide 

Mitochondrial Quantification using MitoTracker Deep Red (MTDR) 

For MTDR mitochondrial content quantification, 20 μl of liver homogenate (8 μg) 

was seeded per well on a clear‐bottom black 96‐well plate (Corning) in 100μl of MAS 

containing MitoTracker Deep Red (Thermo Fisher) (0.5μM MTDR final concentration) and 

incubated at 37°C for 10 min. Plates were centrifuged at 2,000 g for 5 min at 4°C (no 

brake), and supernatant was carefully removed. Finally, 100 μl of MAS was added per 

well. MTDR was excited at 625nm and its emission recorded at 670 nm. Mitochondrial 

content was calculated as MTDR signal (minus background fluorescence) per milligram 

of protein. Plates were imaged using the Spark 20M Microplate Reader (TECAN). 

Alternatively, a plate reader or high-throughput microscope maybe used (Acin‐Perez et 

al, 2020; Osto et al, 2020). 

Tissue Collection and Shotgun Lipidomics Analysis 

Frozen tissues (50-100 mg) were transferred to extraction tubes with PBS.  A 

modified Bligh and Dyer extraction (Hsieh et al, 2021) is carried out on samples.  Prior to 

biphasic extraction, an internal standard mixture consisting of 70 lipid standards across 

17 subclasses is added to each sample (AB Sciex 5040156, Avanti 330827, Avanti 

330830, Avanti 330828, Avanti 791642).  Following two successive extractions, pooled 

organic layers are dried down in a Thermo SpeedVac SPD300DDA using ramp setting 4 

at 35°C for 45 min with a total run time of 90 min.  Lipid samples are resuspended in 1:1 
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methanol/dichloromethane with 10mM Ammonium Acetate and transferred to robovials 

(Thermo Fisher 10800107) for analysis. 

Samples are analyzed on the Sciex Lipidyzer Platform with an expanded targeted 

acquisition list consisting of 1450 lipid species across 17 subclasses.  Differential Mobility 

Device on Lipidyzer was tuned with EquiSPLASH LIPIDOMIX (Avanti 330731).  

Instrument settings, tuning settings, and MRM list available upon request.  Data analysis 

performed on an in-house data analysis platform comparable to the Lipidyzer Workflow 

Manager (BK, 2018).  Quantitative values were normalized to cell counts. 

RNA isolation and q-PCR 

Livers were collected in RNAlater. Total RNA was isolated from liver tissue using 

the TRIZol reagent (Thermo Fisher) and further purified with the RNeasy 96 QIAcube HT 

Kit and QIAcube HT (Qiagen). The obtained total RNA was then reverse transcribed into 

cDNA using the SuperScript™ IV VILO™ Master Mix (Thermo Fisher) and PCRs were 

run on a QuantStudio™ 12K Flex Real-Time PCR System using TaqMan Gene 

Expression Assays and TaqMan Fast Advanced Master Mix (Thermo Fisher). All mRNA 

expression level were normalized to Ppia. The 2−ΔΔCt method was used to calculate 

relative gene expression levels. 

Gene 

name 

Thermo Fisher Catalog 

number 

Ppia Mm02342430-g1 

Col1a1 Mm00801666-g1 
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Acta2 Mm00725412-s1 

Timp1 Mm01341361-m1 

Tgfb1 Mm00178820-m1 

Il6 Mm00446190-m1 

Tnf Mm00443258-m1 

Adgre1 Mm00802529-m1 

Ccl2 Mm00441242-m1 

Dnm1l Mm01342903_m1 

Cpt1a Mm01231183_m1 

Acaca Mm01304257_m1 

Acacb Mm01204671_m1 

Fasn Mm00662319_m1 

Dgat1 Mm00515643_m1 

Dgat2 Mm00499536_m1 

Asns Mm00803785_m1 

Sesn2 Mm00460679_m1 

Chac1 Mm00509926_m1 
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Mthfd2 Mm00485276_m1 

Atf3 Mm00476032_m1 

Ddit3 Mm01135937_g1 

Trib3 Mm00454879_m1 

Col3a1 Mm00802331_m1 

Cd68 Mm03047343_m1 

 

Immunoblot 

Frozen liver tissue was cut on dry ice into approximately 50-60mg pieces and 

transferred to chilled Lysing Matrix M, 2 ml tubes (MP Biomedicals). Tissue Extraction 

Reagent II (Thermo Fisher) supplemented with PhosSTOP™ and cOmplete™, EDTA-

free Protease Inhibitor Cocktail (Roche Life Science) was added to a final buffer to tissue 

ratio of 15 µL buffer/mg tissue. Liver tissue was homogenized using the preset mouse 

liver program on the FastPrep-24™ 5G system (MP Biomedicals) and then centrifuged 

for 15 min at 21000 xg, 4°C. The supernatant was transferred to a new 1.5 ml tube and 

the protein concentration was determined with the Pierce™ BCA Protein Assay Kit 

(Thermo Fisher). 25µg of total protein were denatured at 70°C for 10 min and separated 

on Novex™ WedgeWell™ 4 to 20%, Tris-Glycine gels (Thermo Fisher) and then 

transferred on nitrocellulose iBlot™ 2 Transfer Stacks using the iBlot 2 Dry Blotting 

System (Thermo Fisher). Membranes were blocked in Intercept® (TBS) Blocking Buffer 

(Licor) for 60 min and then exposed to the primary antibody overnight at 4°C. After 
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applying the secondary antibodies, the membranes were scanned on an Odyssey® CLx 

Imaging System (Licor). Densitometric analyses were performed with the Image Studio 

software (Licor).  

Antibodies 

Antigen Dilution Vendor Catalogue 

number 

Opa1 1:3000 BD Bioscience 612607 

Mfn1 1:1000 Proteintech 13798-1-AP 

Mfn2 1:1000 Proteintech 12186-1-AP 

Oma1 1:1000 Cell Signaling 95473 

β-Actin 1:20000 Proteintech 66009-1-Ig 

Gapdh 1:5000 Santa Cruz sc-365062 

Chop 1:1000 Cell Signaling 2895S 

p-eIF2α 1:1000 Cell Signaling 3398S 

eIF2α 1:1000 Thermo Fisher AHO0802 

Dlp1/Drp1 1:1000 BD Bioscience 611113 

Atf6 1:1000 Proteintech 24169-1-AP 

Xbp1s 1:1000 Biolegend 658802 
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Statistical Analysis 

Comparisons between groups were made by one‐way analysis of variance 

(ANOVA). Differences were considered statistically significant at p<0.05. In the figures, 

asterisks denote statistical significance (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). 

Data were analyzed with GraphPad Prism v7.02. 

RESULTS 
 

Drp1 knockdown in hepatocytes induces liver damage and Gdf15 secretion, resulting in 

decreased body weight and food intake.  

Hepatocyte specific Drp1 inhibition using a Drp1-dominant negative form (K38A) 

protected diet-induced obese mice from both liver damage and steatosis (Galloway, 

wang). Consequently, we hypothesized that knocking down Drp1 specifically in 

hepatocytes using FDA approved N-acetyl-galactosamine (GalNAc)-siRNA conjugates 

could be an ideal approach to counteract NASH. First, we chose 26-week-old lean mice, 

which is equivalent in age to a 30-year-old human, to test GalNAc-Drp1l-siRNA 

knockdown efficacy and potential safety issues. One of the most effective ways to 

knockdown a gene in humans without safety problems using GalNAc siRNAs is a regimen 

of 4 weekly injections of low conjugates concentrations (Fitzgerald et al, 2017) . Hence, 

we performed 4 injections of GalNAc siRNA to knockdown Drp1 in mice, which induced 

an 80% decrease in Drp1l mRNA and almost ablation of the protein (Figure 1A, 2D).  After 

the second injection of GalNAc siRNA, mice started to stop gaining body weight, which 

resulted in net loss of body weight after four injections (Figure 1B,C). Circulating ALT and 

AST levels were increased 24- and 8-fold respectively after four injections (Figure 1D), 

without changes in liver weight (Figure 1E). Liver histology revealed clear signs of 
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hepatocyte damage, including necrotic hepatocytes and oval cell hyperplasia (Figure 1F).  

Furthermore, the expression of fibrogenic (Col1a1, Col3a1, Acta1 and Tgfb1) and pro-

inflammatory genes (Timp1, Ccl2, Cd68, Adgre1) were increased by Drp1 knockdown in 

these same chow diet fed mice (Figure 1G, H). 

One of the major pathways initiated by hepatocytes that induces weight loss is the 

secretion of hepatokines. In the case of Drp1l KO mice, hepatocytes were shown to 

secrete Fgf21, which induced weight loss by increasing systemic energy expenditure 

(Wang et al, 2015). We found that four injections of GalNAc-Drp1l-siRNA also increased 

circulating Fgf21 level and further led to a release of Gdf15 into the plasma (Figure 1I). 

Elevated Gdf15 level have been associated with weight loss by decreasing food 

intake(Patel et al, 2019). In this regard, the GalNAc-Drp1l-siRNA injections caused a 

reduction in food intake (Figure 1J), supporting that Gdf15 could be playing a major role 

in body weight loss induced by Drp1 KD. As the dependency of the effects of hepatic 

Drp1 inhibition on Gdf15 were unknown, we determined the effects of Drp1 knockdown 

in Gdf15 receptor (GDNF family receptor alpha-like) knockout mice (Gfral KO). We found 

that Gfral KO mice preserved weight gain even after 4 injections of GalNAc-Drp1l-siRNA, 

showing just a 3.3% reduction in total body weight, when compared to 11.4% reduction 

in body weight in WT mice (Figure 1K). Indeed, Drp1 knockdown was unable to decrease 

food intake in Gfral KO mice (Figure 1J), supporting that the major cause for the decrease 

in body weight induced by Drp1 was a reduction in food intake. Drp1 KD in Gfral KO 

animals compared to chow-fed Drp1 KD animals yielded no differences in serum liver 

injury markers (ALT and AST) and nutritional stress biomarkers (Fgf21 and Gdf15) 

(Supplemental Figure 1). This indicates that Gdf15 contributes to the observed body 
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weight loss in the Drp1 KD mice, but the increases in ALT, AST, Fgf21, and Gdf15 all 

occur independent of Gdf15, suggesting liver specific Drp1 KD induces hepatic stress in 

chow-fed mice. 

Increased NEFA in Liver-specific DRP1 knockdown attributed to defects in the ETC 

Steatohepatitis occurs when accumulation of fat in the liver causes inflammation 

and cell death. To understand the observed liver injury in response to Drp1 knockdown, 

mice livers were assessed for hepatic lipid composition. Liver non-esterified fatty acids 

(NEFA) and triglycerides (TG) were quantified by GC/MS. Drp1 KD in lean healthy mice 

yielded significant increases of NEFA species (3.88±0.278) compared to control (2.99 

±0.16) and a reduced capacity to esterify fatty acids into TGs (Figure 2A).  Composition 

of NEFA species lead to differential lipotoxic effects (Hetherington et al, 2016), specifically 

palmitate and oleate-induced lipotoxicity is crucial for the pathogenesis of nonalcoholic 

fatty liver disease (Malhi & Gores, 2008). Drp1 mice had an increase in palmitate levels 

and more so in oleate levels (0.7009± 0.0515) versus control (0.4623 ± 0.0245). The 

increase in NEFA and development of lipotoxicity can explain the observed increases to 

inflammatory markers when Drp1 is knocked down.  

As mitochondria play an important role in fatty acid utilization, we assessed the 

role of mitochondrial function and the contribution of the ETC by measuring respiration in 

frozen liver samples. Furthermore, it has recently been shown that a shift in substrate 

utilization from glucose to fatty acids results in the degradation of Complex I to mediate 

increases in ROS (Adela Guará et al, 2016). Complex I activity was assessed by oxygen 

consumption analysis stimulated by NADH under pyruvate and malate, complex II was 

assessed by succinate and rotenone, and complex IV was assessed by averaging the 
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maximal oxygen consumption stimulated by TMPD/ascorbate under both pyruvate and 

malate and succinate and malate. Despite significant reductions to complex I and 

complex II activity in Drp1 knockdown animals, no changes were observed of complex IV 

activity (Figure 2B). Reductions in complex I oxidative capacity could be explained by 

increased NEFA as observed previously in fibroblasts (Adela Guará et al, 2016) and 

fasting mouse livers (Lapuente-Brun et al, 2013). In the presence of elevated free fatty 

acids, lipotoxicity can be prevented by increasing mitochondrial fatty acid oxidation (FAO). 

Reductions of mRNA levels of proteins regulating fatty acid oxidation (Cpt1a and Acacb), 

fatty acid synthesis (Fasn), and triglyceride synthesis (Dgat2) all suggest the inability for 

mitochondria to undergo fission prevents proper FAO (Figure 2C). Increased Aca-alpha 

mRNA levels suggests increased formation of Malonyl-CoA and thereby inhibiting the 

progression of FAO. Reductions to Dgat2, the enzyme responsible for catalyzing the 

esterification of fatty acyl-CoAs and diacylglycerols to triacylglycerols, support the subtle 

decrease in TG of Drp1 KD mice. The inability to synthesize triglycerides has been shown 

to improve hepatic steatosis but exacerbate liver damage (Yamaguchi et al, 2007).  

Drp1 KD in lean mice increases Oma1 activity and activates the mitochondrial integrated 

stress response 

Elevated levels of NEFA, in part due to reductions in complex I activity, can trigger 

inflammation, elevate ROS formation, and impinge on mitochondria. Mitochondria 

undergo a series of fission and fusion events to maintain quality control and  mitochondrial 

stress activates the inner membrane protease Oma1 leading to the cleavage of long 

isoforms of fusion protein Opa1 (L-Opa1) (Baker et al, 2014). Immunoblotting revealed a 

robust Drp1 knockdown and reductions to mitochondrial fusion proteins, Mfn1, Mfn2, as 
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well as cleavage of L-Opa1 in Drp1l KD mice compared to control (Figure 2D). Reductions 

in Mfn1/2 levels suggest that the cell attempts to decrease mitochondrial fusion to remove 

damaged mitochondria caused by increased NEFA. Observations of increased short 

Opa1 isoforms (S-Opa1) suggests Oma1 activation and cleavage of L-Opa1 resulting in 

loss of mitochondrial bioenergetics and the activation of the mitochondrial integrated 

stress response (ISR). To assess for Oma1 activation and whether or not the ISR is 

stimulated to initiate an apoptotic cascade via the Oma1-Dele11-Hri-Atf4 pathway (Blais 

et al, 2004), we performed immunoblots of liver extracts and probed for eIF2 alpha, 

phosphorylation of eIF2 alpha, Chop, and Oma1 (Figure 2E). Ablation of Drp1 reveals 

reduced Oma1 protein level, consistent to Oma1 activation and processing of Opa1. 

Reduced Oma1 protein level are due to Oma1 activation and autocatalytic cleavage 

rather than decreased gene expression, because we could not detect any changes in 

Oma1 mRNA level in mice injected with Drp1l GalNAc siRNAs compared to control 

animals (supplementary figure 2). Furthermore, we observe elevated levels of eIF2 alpha 

phosphorylation, eIF2 alpha, and upregulation of Chop (Figure 2E).  

Using quantitative RT-PCR (qRT-PCR) we validated activation of the Atf4 

mediated mitochondrial integrated stress response by measuring multiple transcripts 

downstream of p-eIF2 (Atf3 and Ddit3) and other well-known Atf4-regulated genes (Asns, 

Sesn2, Chac1, Mthfd2 and Trib3) (Palam et al, 2015; Lopez et al, 2007; Forsström et al, 

2019) (Figure 2F). These result show that Oma1 activation is upstream of Opa1 

processing and Atf4 activation. Oma1 is activated by increasing ROS levels upon NEFA 

accumulation and FFA-mediated degradation of complex I. Activation of Atf3 as a second 

stage event of ISR suggests Atf4 activation is adaptive and not cause for changes to 
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mitochondrial function. Perhaps Atf4 senses mitochondrial dysfunction and mitigates it by 

downregulating mitochondrial biogenesis and increasing antioxidants. 

Knockdown of Drp1l in GAN-fed mice induces hepatic injury  

Liver injury and activation of the ISR argue against using Drp1 knockdown as a 

therapeutic approach in the liver. Although the only beneficial outcome was weight loss, 

the observed weight loss was induced by Gdf15 as a response to liver injury. However, 

is it possible that ablation of Drp1 has more beneficial outcomes in a NASH model? To 

assess whether or not Drp1 knockdown is beneficial in a NASH liver model, 30-week-old 

mice were fed a Gubra-Amylin NASH (GAN) diet for 36 weeks and injected with the Drp1 

siRNA after 24 weeks of diet (Figure 3A). The GAN diet has demonstrated clinical 

translatability with histopathological, transcriptional and metabolic aspects of the human 

disease (Hansen et al, 2020). Highlighting the suitability of the GAN mouse model for 

identifying therapeutic targets for NASH as opposed to using diet-induced obese or high 

fat diet-fed models. Drp1l mRNA levels were reduced in the GAN diet fed control mice 

but not to the same extent as those receiving the siRNA. The 50% greater reduction of 

Drp1l mRNA in the GAN diet fed mice with Drp1 knockdown vs the control GAN diet fed 

mice is sufficient to identify outcomes due to Drp1l KD (Figure 3A).  Compared to GAN-

fed control mice, GAN-fed Drp1l KD mice showed significantly reduced body weight, 

reduced liver fat mass (hepatic lipid accumulation), total cholesterol, plasma triglyceride, 

plasma glucose levels at termination (Figure3B-F) and insulin level (supplementary figure 

3A). Despite reductions to plasma lipid and glucose levels (Figure 3E, F), liver injury 

markers, ALT and AST, remain high relative to chow-fed control mice (Figure 3G-H), 

suggesting liver injury is still present in Drp1 ablated NASH models. Furthermore, 
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decreased plasma glucose levels may occur when damaged liver cannot utilize glucose. 

Previous literature has shown hepatic knockout of Drp1 protected mice from diet induced 

obesity (Wang et al, 2015). Since no appreciable differences were observed in food intake 

between HFD- fed control mice and HFD-fed Drp1LKO mice, Wang et. al. proposed 

weight loss was due to upregulation of Fgf21. Increased levels of Fgf21 would increase 

energy expenditure in the form of adipocyte thermogenesis and increased lipid utilization 

(Wang et al, 2015).  In our GAN diet NASH model, Ffg21 levels were not significantly 

increased (Figure 3I). Thus, observed weight-loss cannot be attributed to Fgf21 levels in 

our model. In the lean mice, Drp1 KD yielded significant increases to Gdf15 and Gfral KO 

reversed weight loss effects (Figure 3C, K). Here, the NASH diet overrides weight-loss 

induced by Gdf15 (Figure 3J). The lack of differences in Gdf15 between the GAN model 

versus the chow model can be explained by energy intake. Ultimately, the GAN model 

has a higher caloric intake compared to chow fed mice, perhaps why Gdf15 levels are not 

reduced in Drp1 KD GAN fed mice but are reduced in Drp1 KD chow-fed mice. 

Drp1l knockdown in GAN-fed mice hyper activates the IRS and NEFA accumulation 

Presence of liver injury in the GAN model led us to investigate if mitochondrial 

dysfunction and the IRS persists under Drp1l KD. Mitochondrial fusion and fission are 

compensatory mechanisms to cellular milieu. In lean mice, ablation of Drp1 lead to the 

reduction of complex I activity (Figure 2B). In GAN diet fed animals, the lack of metabolic 

flexibility under nutrient overload led to exacerbation of the IRS. Mitochondrial dysfunction 

has changed under the GAN diet and now both Complex I and Complex II activity is 

significantly reduced (Figure 4A).  Markedly, fatty acid synthesis (Fasn) did not change 

between lean control and GAN diet fed mice but FAO genes (Cpt1a and Acac alpha) were 
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increased in GAN compared to control. Suggesting the compensatory mechanism of 

increasing beta oxidation in the presence of increased hepatic lipid accumulation. Further 

supported by reduction in triglyceride synthesis genes (Dgat1 & Dgat2) (Figure 4B), 

whereby lipogenesis is reduced as lipolysis occurs. In the GAN-fed mice, Drp1 KD 

animals are not able to compensate for the increased nutrient supply. Both Dgat2 and 

Cpt1a are reduced in the Drp1 KD GAN model (Figure 4B). Indicating the inability to 

oxidize lipids or properly store lipids in Drp1 KD livers thereby elevating NEFA levels and 

promoting lipotoxicity (Figure 4C).  Our results show inhibiting mitochondrial fission 

promotes Oma1 activation and hyper activates the ISR (Figure 4D, E, supplementary 

Figure 3C). Immunoblots reveal Oma1 activation, cleavage of L-Opa1, phosphorylation 

of eIF2 alpha, and activation of the ATF stress response pathway (Figure 4D). qRT-PCR 

measurements further confirm activation of Atf4 and ISR as genes associated with the 

ISR are upregulated (Figure 4E). In NASH models, metabolic flexibility is required to 

mediate hepatic lipid accumulation and downstream fibrosis. The loss of metabolic 

flexibility further exacerbates NASH phenotypes. The GAN diet itself does not induce 

Oma1 activation and Opa1 processing (Figure 4D), which provides indirect proof that 

Oma1 activation selectively induced by Drp1 KD might be responsible for crossing the 

threshold to over-activate Atf4 and cause cell death. 

DRP1 ablation under the NASH diet exacerbates hepatic fibrosis and inflammation 

In agreement with Drp1 KD inducing a greater IRS response, inflammation (Tgf-

beta, Tnf-alpha, and IL-6) and fibrosis markers (Col1a1, alpha-SMA, and plasma Timp-1) 

were all significantly upregulated compared to control GAN mice (Figure 5A, B). 

Increased inflammation and fibrosis were observed in histology sections (Figure 5C, D) 
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and quantifications yielded increased fibrosis and inflammation (Col1a1, alpha-SMA, and 

CD11b) (Figure 5E).   

Increased fibrosis was further confirmed by the presence of hydroxyproline 

produced by hepatic stellate cells. Hydroxyproline as a biomarker for liver fibrogenesis 

progression has shown significant correlations to HSC activation during liver fibrosis 

(Gabr et al, 2017). Consistent to observed fibrosis in histology section, Drp1l KD GAN 

mice yielded significant increases to both total hydroxyproline and newly made 

hydroxyproline (Figure 5F, G). Our findings identify multiple stimuli activating EIF2alpha 

phosphorylation are triggered by Drp1 KD (ER stress via Perk and Oma1 activation). 

These multiple stimuli (ER stress, Oma1 activation and even potentially mitochondrial 

ROS) are converging to activate Atf4. This convergence fits with the necrosis only seen 

in Drp1 KD under GAN diet (Figure 5H), as Atf4 inducers are elevated by the GAN diet 

itself (Figure 4D, E). Adding the extra stimulation by Drp1 KD on top of GAN feeding can 

explain an increase in cell death. Taken together, these data imply that Drp1 knockdown 

in the liver exacerbates hepatic inflammation and fibrosis and worsens NASH. 

DISCUSSION & FUTURE DIRECTIONS 
 

Drp1LKO mice and dnDrp1 mice have shown decreased fat mass and protection 

from high-fat diet induced obesity (Galloway et al, 2014; Wang et al, 2015). Thus, we 

hypothesized that knocking down Drp1 specifically in hepatocytes using FDA approved 

GalNAc-siRNA conjugates could be an ideal approach to counteract NASH. We found 

Drp1lKD in C57B/6J lean mice resulted in decreased body weight, elevated circulating 

AST and ALT, and increased expression of pro-inflammatory and fibrosis markers in the 

liver. Observed total body weight loss was attributed to reduced food intake mediated by 
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GDF15 as GFRAL null mice (GDF15 receptor) prevented decreased food intake and 

weight loss induced by Drp1lKD. Increased levels of GDF15, whose expression is 

regulated by the ISR, indicate Drp1lKD induced ER stress and OMA1 activation and 

further explains elevated EIF2alpha phosphorylation and ATF4 expression. In our NASH 

model, we observed elevated levels of AST, ALT, and fibrosis but no activation of OMA1. 

While Drp1lKD in mice with NASH was sufficient to activate OMA1 and exacerbate ER 

stress, ISR, inflammation, fibrosis and induce hepatocyte necrosis. 

GDF15 has been differentiated from satiety hormones and is identified as a 

circulating biomarker of mitochondrial disease and at times the degree of expression is 

correlated to disease severity (Sharma et al, 2021; Montero et al, 2016; Chung et al, 2017; 

Fujita et al, 2015). In our study, GDF15 is increased in Drp1lKD and fits well as a 

biomarker of cellular stress as Drp1lKD mice yield elevated levels of inflammation and 

fibrosis. Additionally, GDF15 have shown to reduce food intake in various species and to 

alter food choice (O’Rahilly, 2017). Patel et. al. observed mice overexpressing GDF15 

lost weight secondary to reduced food intake. And GFRAL null mice were slightly heavier 

(Patel et al, 2019; Hsu et al, 2017). This aligns with our observed weight loss under 

Drp1lKD mice and loss of reduced weight in GFRAL null Drp1lKD mice and suggests the 

GDF15-GFRAL axis as a critical player to stress pathway-induced weight loss. As well as 

increased GDF15, we observed increased FGF21 in Drp1lKD mice. Previous literature 

attributed weight loss and increased FGF21 in Drp1LiKO mice to increased energy 

expenditure and expression of thermogenic genes to utilize lipids (Wang et al, 2015). 

However, in the study, food intake was not changed between control and Drp1LiKO mice 

and, in our model, Drp1lKD mice in the lean had significant reductions. It is therefore not 
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feasible to attribute weight loss in our study to increased energy expenditure when 

significant reductions were observed in food intake and reversed when food intake was 

corrected by GFRAL KO. An important feature to note is differences in both studies, 

genetic background, age, diet, and method of Drp1 ablation of the mouse model utilized 

in the Wang et al study. 

Increased liver GDF15 mRNA in lean animals can be explained by increased levels 

of FFA and reduced incorporation to triacylglycerols. Increased lipid droplet formation in 

livers have shown to enhance hepatosteatosis but does not adversely affect hepatic 

health or glucose metabolism (Trevino et al, 2015). The inability of Drp1lKD livers to 

properly form triacylglycerols will contribute to metabolic and mitochondrial stress. Upon 

changes to the metabolic state, the ETC has been observed to reconfigure expression of 

complexes and supercomplex formation in response to substrate shift from glucose to FA 

(Lapuente-Brun et al, 2013; Adela Guará et al, 2016). These findings align with our 

observations of increased FFA and a decline in CI and CII oxidative capacity in Drp1lKD 

lean animals. Our data suggests impaired Drp1 activity increases ROS by enhancing 

electron flux in the presence of greater FFA. To mediate ROS, Drp1lKD cells will 

reconfigure the ETC and degrade CI (Adela Guará et al, 2016). In the future, it will be 

relevant to assess CI +CIII supercomplex formation under reduced Drp1 activity. Although 

we observed reductions to CI and CII activity and no changes to CIV activity, flox/cre 

Drp1KO mice fed a HFD diet by Wang et al observed no changes to CII and CIV activity, 

suggesting the importance of when the intervention occurs.  

The autocatalytic degradation of OMAI serves as a stress-sensor and results in 

the complete protein turnover to restore mitochondrial network or damage (Baker et al, 
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2014). This aligns with our observation of enhanced mitochondrial stress under Drp1lKD 

mice where FGF21 and GDF15 is enhanced, and increased Oma1 activity activates the 

ISR. Previous studies have shown ablation of Drp1 activates the ISR and cytokine 

expression of Fgf21 in the brain, but how the ISR is activated is not fully addressed (Wang 

et al, 2015; Restelli et al, 2018). Restelli et. al. proposed the ISR is activated when Drp1 

deletion alters ER-mitochondria contact, modifying membrane curvature, and thereby 

activating the ER stress sensor PERK (Restelli et al, 2018). Heme deprivation and 

changes to amino acid sensitivity as a result of Drp1 ablation were proposed to be 

potential activators of eIF2 alpha (Restelli et al, 2018).  But the exact mitochondrial 

mechanism to how Drp1 ablation leads to Perk activation remains unclear. Our data 

identifies reduced Drp1 function activates OMA1 via NEFA accumulation and 

subsequently activation of the ISR. These results show that Oma1 activation is upstream 

of Opa1 processing and Atf4 activation. Oma1 is activated by increasing ROS levels upon 

NEFA accumulation and FFA-mediated degradation of CI. These findings show DRP1L 

knockdown elicits an integrated stress response consistent with the UPR pathway by 

increasing NEFA and impairing Complex I. Activation of Atf3 as a second stage event of 

ISR suggests Atf4 activation is adaptive and not cause for changes to mitochondrial 

function. Perhaps Atf4 senses mitochondrial dysfunction and mitigates it by 

downregulating mitochondrial biogenesis, gene transcripts, and increasing antioxidants. 

It is also possible reduced CI activity and impaired NADH oxidation contributes to ISR 

activation, elevated levels of cytosolic NADH/NAD+ have been shown to deplete 

asparagine levels and triggering the ISR (Mick et al, 2020). Supplementation of aspartate 

attenuated the ISR activation as measured by Ddit3 transcripts. It is interesting to 
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speculate if this mechanism is operative in our system as well, in future studies we can 

investigate the NADH/NAD+ and aspartate levels.  

To assess the effects of reducing Drp1 activity as a potential therapeutic in a NASH 

liver model, 30-week-old mice were fed a GAN diet for 36 weeks and injected with the 

Drp1 siRNA after 24 weeks of diet. Inhibition of Drp1 activity has been observed to protect 

from obesity, reductions in steatosis, and no changes to body weight in B6sJL HFD 

models (Galloway et al, 2014). It was consistent to see increases to ALT and AST levels 

between lean control and calorically modified models, as well as reduced ALT and no 

changes to AST in animals of reduced Drp1 between our study and the Galloway study. 

However, in this study the NASH model reveals increased steatosis and no reductions in 

AST, FGF21, or GDF15 levels in Drp1KD GAN-fed mice. GDF15 is produced by almost 

any cell type in response to ISR activation and in states of long-term caloric excess, as is 

the case with a GAN diet for 36 weeks, circulating GDF15 levels rise  (Patel et al, 2019). 

Thus, GDF15 is increased in the NASH model and no reductions to GDF15 in the Drp1lKD 

GAN fed animal suggests metabolic stress is still present. No reductions in weight despite 

increased GDF15 levels in Drp1lKD GAN fed animals can be explained by the higher 

caloric consumption.  

A previous study demonstrated autophagy deficiency in muscle led to protection 

against obesity and insulin resistance by inducing FGF21 and increasing FAO and energy 

expenditure. The group also noted, autophagy deficiency resulted in mitochondrial 

morphology similar to mitochondria found in Drp1LiKO mice on HFD (Kim et al, 2012). If 

we apply these observations to our study, perhaps reduced Drp1 activity prevents 

damaged mitochondria from undergoing mitophagy and as a compensatory mechanism, 
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FGF21 is enhanced as an attempt to handle the nutrient overload on top of impaired Drp1 

activity. Additionally, reductions to ETC activity is different in the GAN model than the 

lean. Independent of the lean study and unlike previous studies yielding protection from 

diet-induced obesity by inhibiting fission, Drp1 knockdown does not promote pro-adaptive 

responses in the GAN model. In GAN diet fed animals, the lack of metabolic flexibility 

under nutrient overload lead to a different reconfiguration of the ETC as compared to lean 

animals and further exacerbation of the IRS. Mitochondrial dysfunction has changed 

under the GAN diet with CII activity having significantly been reduced (Figure 4A). 

Perhaps the reversal of Complex I reduction can be explained by CII downregulation 

(Adela Guará et al, 2016). Guará et al has observed reductions to CIV stalled CoQ 

dependents, leading to the prevention of beta oxidation and the eventual degradation of 

CI. This observation aligns with our study in that GAN/Drp1lKD animals exhibit reduced 

CI and CIV oxidative capacity as well as reductions to beta oxidation gene transcripts. 

The mitochondrial phenotype we observe is explained better by the model of selective 

ETC reconfiguration, rather than just by a defect in mitophagy leading to an accumulation 

of damaged mitochondria that oxidize fewer fatty acids. A defect in mitophagy would 

decrease the activity of all complexes and also elevate mitochondrial mass. The selective 

degradation of CI suggests that it is a regulated process, rather than a mitochondrial 

carnage. The Atf4 response could indeed be mitigating some of the defects in mitophagy 

due to Drp1 deletion. Furthermore, Oma1 activation was not observed in the GAN model 

alone and activation was only observed in GAN/Drp1KD animals suggesting reduced 

Drp1 activity enhances cellular stress and activation of the IRS. The significant increases 

to hepatic necrosis only under the GAN/Drp1KD can thereby be explained by Drp1 
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reduction exacerbating fibrosis and inflammation. However, it still remains unclear what 

are the chain of events, is ETC remodeling occurring before Oma1 activation or is Oma1 

activation occurring before ETC remodeling and the subsequent Atf4 and FGF21 

signaling, this will require further investigation. 

In this study, inhibiting Drp1 activity neither mediated NASH nor reduced steatosis. 

However, we do acknowledge our results may differ from previous literature due to 

differences in approach and model. We utilized the FDA approved GalNAc regime which 

includes PBS as a control rather than an siRNA control, similar to human trials, perhaps 

more work can be done to address the use of other placebos and mitochondrial fission 

protein siRNAs which are outside the scope of this study (Fitzgerald et al, 2017; Mullard, 

2018). Overall, further work is required to assess the true benefits of inhibiting Drp1-

dependent fission in combating obesity. This will involve the assessment of inhibiting 

fission both in a Drp1-dependent manner and inhibiting fission in a Drp1-independent 

manner. Our study has also shown ETC reconfiguration may differ between lean and 

NASH models, it would contribute to the field to investigate whether or not supercomplex 

formation is involved and if so if it is different. Nevertheless, our data suggests 

downregulation of Drp1L could be a poor target to relieve nutrient overload in the liver 

and more studies should be done before consideration as a therapeutic approach to 

reversing established NASH. 
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FIGURES 

 

Figure 3- 1. Hepatocyte specific knockdown of Drp1 causes liver damage, inflammation, 

fibrosis and bodyweight loss due to Gdf15 mediated reduced food intake  

A) Lean male C57BL/6 mice were injected with PBS (control) or GalNAc Drp1 siRNA 

(Drp1) weekly for 4 weeks. Liver Dnm1l mRNA level was analyzed by qPCR. B) Total 

mice body weights at the beginning (0 weeks) and after 4 weeks of PBS or GalNAc Drp1 

siRNA treatment. C) Body weight changes at each week of PBS or GalNAc Drp1 siRNA 
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injection. D) ALT and AST level after 4 weeks of weekly injections with PBS or GalNAc 

Drp1 siRNA. D) Final liver weight after 4 weeks. F) Hematoxylin and Eosin (H&E) staining 

of livers from control (PBS) or GalNAc Drp1 siRNA treated mice at week 4. G) Liver gene 

expression analysis of fibrogenic and H) inflammatory genes by qPCR. I) Plasma Fgfg21 

and Gdf15 protein level measured after 4 weeks. H) Food intake at each week of PBS or 

GalNAc Drp1 siRNA (Drp1) injected lean male wild type or Gfral knockout (KO) C57BL/6 

mice. I) As in G, body weight chances were measured. All data presented are the 

mean±SD. *p<0.05, ***p<0.001, ****p<0.0001 one-way ANOVA 
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Figure 3- 2. Drp1 ablation reduces mitochondrial respiration and activates the ATF4 

mediated ISR  

A) C57BL/6 mice were treated weekly with PBS (control) or GalNAc Drp1 siRNA (Drp1). 

At week 4, livers were isolated and free fatty acids (FFA), triglycerides (TG), palmitate 

and oleate were measured by mass spectrometry. B) The activity of mitochondrial ETC 

complexes I, II and IV  
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were measured in livers of mice treated for 4 weeks with PBS or GalNAc Drp1 siRNA 

(Drp1). C) Liver gene expression analysis of indicated genes at week 4. D) Immunoblot 

of liver extracts with specific antibodies for Drp1, Opa1, Mfn1, Mfn2 and β-Actin. Different 

Opa1 splice variants are indicated. E) The liver protein levels of integrated stress 

response (ISR) proteins were analyzed by immunoblot with specific antibodies. F) Liver 

gene expression analysis of ISR and ER-stress related genes by qPCR. All data 

presented are the mean±SD.  *p<0.05, ** p<0.01, ***p<0.001, ****p<0.0001 one-way 

ANOVA 
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Figure 3- 3.  Improved plasma metabolic profile in mice on GAN diet by Drp1 

knockdown 

A) Study design for testing hepatocyte specific Drp1 knockdown efficacy in the preclinical 

NASH GAN mouse model. Mice were fed regular chow (RC) or GAN diet for 24 weeks 

before they were treated weekly with PBS (control) or GalNAc Drp1 siRNA (Drp1) for 12 

weeks. At week 9, D2O was injected to measure the production of hydroxyproline, 

indicator for ongoing fibrosis. B) Liver Dnm1l mRNA levels were analyzed by qPCR at the 

end of the study. C) Terminal body weights of each mouse at the study end. D) Percent 
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of liver fat mass in mice on regular chow or GAN diet and treatment with PBS or GalNAc 

Drp1 siRNA. E) Final plasma cholesterol (TC) F) triglycerides (TG) G) and glucose level. 

H) ALT and I) AST level after weekly injections with PBS or GalNAc Drp1 siRNA for 12 

weeks in mice on regular chow or GAN diet. J) Final plasma Fgf21 and K) Gdf15 protein 

level. K) Body weight changes at each week of PBS or GalNAc Drp1 siRNA injected mice 

on regular chow or GAN diet. All data presented are the mean±SD. *p<0.05, ** p<0.01, 

***p<0.001, ****p<0.0001 one-way ANOVA 
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Figure 3- 4. Reduced respiratory capacity and accumulation of FFA upon Drp1 

knockdown activates the ISR in mice on GAN diet 
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A) C57BL/6 mice on regular chow or GAN diet for 24 weeks were treated weekly with 

PBS (control) or GalNAc Drp1 siRNA (Drp1) for 12 weeks. Livers were isolated and the 

activity of mitochondrial ETC complexes 1, 2 and 4 were measured. B) Liver gene 

expression analysis of genes involved in lipid metabolism. C) Lipidomics analysis of free 

fatty acids (FFA), triglycerides (TG), palmitate and oleate in livers of mice on regular chow 

or GAN diet treated for 12 weeks with PBS or GalNAc Drp1 siRNA (Drp1). D) Immunoblot 

of liver extracts with specific antibodies for Drp1, Opa1, Mfn1, Mfn2, p-eIF2α, eIF2, 

Xbp1s, Atf6, Oma1 and Gapdh. Different Opa1 splice variants are indicated. E) Liver gene 

expression analysis of integrated stress response (ISR) and ER-stress related genes by 

qPCR. All data presented are the mean±SD. *p<0.05, ** p<0.01, ***p<0.001, 

****p<0.0001 one-way ANOVA 
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Figure 3- 5. Hepatocyte specific Drp1 knockdown worsens fibrosis and inflammation in 

GAN mice 

A) Gene expression of Col1a1, Tgfb, Acta2, Tnf, and Il6 was analyzed in livers from 

C57BL/6 mice on regular chow or GAN diet for 24 weeks and then treated weekly with 

PBS (control) or GalNAc Drp1 siRNA (Drp1) for additional 12 weeks. B) Plasma Timp-1 

protein level. C) Hematoxylin and Eosin (H&E) and Picrosirius Red (PSR) staining of 

livers from control (PBS) or GalNAc Drp1 siRNA treated mice on GAN diet. D) Histological 

quantification of Picrosirius Red staining in livers from indicated mice. E) Quantification 

of liver immunohistochemistry (IHC) staining for Col1a1, α-Sma and Cd11b F) Mass 

spectrometry analysis of total liver hydroxyproline and newly made hydroxyproline. G)  

Histopathological changes within the livers from mice on regular chow or GAN diet and 

treatment with PBS or GalNAc Drp1 siRNA. All data presented are the mean±SD. 

*p<0.05, ***p<0.001, ****p<0.0001 one-way ANOVA 
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SUPPLEMENTAL FIGURES 

 

Expanded View Figure 3- 1 

A) ALT and AST level in wildtype or Gfral KO mice after 4 weeks of weekly injections with 

PBS or GalNAc Drp1 siRNA (Drp1). B) Final plasma Fgf21 and Gdf15 protein level. All 

data presented are the mean±SD. ****p<0.0001 one-way ANOVA 
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Expanded View Figure 3- 2 

A) Liver Mfn1, Mfn2, Opa1 and Oma1 mRNA level were analyzed by qPCR. B) Insulin 

level in male C57BL/6 mice injected with PBS (control) or GalNAc Drp1 siRNA on regular 

chow or GAN diet. C) Weekly food intake presented as caloric intake in mice of PBS 

(control) or GalNAc Drp1 siRNA on regular chow or GAN diet. All data presented are the 

mean±SD. *p<0.05, ** p<0.01, ***p<0.001, ****p<0.0001 one-way ANOVA 
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Expanded View Figure 3- 3. 

Lean male C57BL/6 mice were injected with PBS (control) or GalNAc Drp1 siRNA (Drp1) 

weekly for 4 weeks. Liver Mfn1, Mfn2, Opa1 and Oma1 mRNA level were analyzed by 

qPCR. All data presented are the mean±SD. ** p<0.01 one-way ANOVA 
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1. A second job for the mitochondrial life cycle  
 

Within this thesis, I have demonstrated that mitochondrial dynamics regulates FAO, 

particularly at the level of CPT1 regulation (Chapter 2). Other works have suggested 

mitochondrial morphology not only play a role in preferential fuel utilization, but the unique 

differences between tissues indicate morphology is important to bioenergetics and 

pathophysiology (Wajchenberg, 2010; Titchenell et al, 2016; Zhang et al, 2016; Liesa & 

Shirihai, 2013). Furthermore, previous studies have mitochondrial morphology impacts 

CPT1 activity and tertiary structure (López-Viñas et al, 2007; Song et al, 2021). We 

investigated the role of mitochondrial dynamics in FAO under various conditions known 

to elongate and fragment mitochondrial morphology. We first established our model in 

HepG2 cells then expanded our work into primary hepatocytes, INS1 cells, primary beta-

cells, and DLBCL cells and further confirmed the degree of FAO was determined by 

mitochondrial length.  

Diabetes and obesity have been shown to induce mitochondrial fragmentation in the 

pancreatic beta-cells (Masini et al, 2017; Supale et al, 2012; Gao et al, 2014). This 

observation has also been modeled in vitro by long term exposure to an excess nutrient 

environment (Molina et al, 2009). Within the mitochondrial life cycle, mitochondria 

undergo a series of fission and fusion events as a response to bioenergetic adaptation 

and quality control. Mitochondrial fragmentation has been identified both as a precursor 

to mitophagy and as an association with disease onset. We then asked, is mitochondrial 

fragmentation under obese conditions a maladaptive response or a compensatory 

mechanism? To do so, we assessed liver health by impairing mitochondrial fission in an 

animal model of NASH (Chapter 3).  



211 
 

Investigating the process of mitochondrial fission and ultimately impairing the 

mitochondrial life cycle revealed the role of mitochondrial dynamics can be extended past 

quality control, modulating fuel preference to meet metabolic demands. Perhaps 

modulating the sensitivity of CPT1 or membrane-bound proteins is thus a compensatory 

mechanism. 

2. Investigation of inhibiting fission as a therapeutic revealed novel role for 

mitochondrial morphology in FFA metabolism  

In chapter 3, we show that inhibiting mitochondrial fission enhanced NEFA 

accumulation, altered the ETC, induced ER stress, and activated the mitochondrial ISR. 

Other labs have shown inhibition of hepatic? mitochondrial fission protects from diet-

induced obesity as noted by reductions in TG content and to some degree mtROS (Table 

1). In an effort to dissect the role of mitochondrial morphology as a compensatory 

mechanism under nutrient excess, we impaired mitochondrial fission by knocking down 

Drp1 through GalNAC siRNA delivery in lean animals and in a NASH model (induced by 

GAN-diet feeding). Impaired fission in NASH animals resulted in OMA1 activation, ER 

stress, hyper activation of the IRS, and hepatocyte necrosis only seen in the 

GAN/Drp1KD. At the same time FAO associated genes were reduced and accumulation 

of NEFA was observed. Taken together, inhibition of mitochondrial fragmentation under 

nutrient excess impaired metabolic flexibility and enhanced NASH phenotypes. 

Consistent with this observation, mitochondria forced to be elongated via Drp1 KO and 

dnDrp1 yielded reduced FAO capacity (Chapter 2). Other labs have also shown the 

inability to undergo FAO under nutrient excess results in insulin insensitivity and NAFLD 

onset (Trevino et al, 2015; Moore et al, 2022). This phenotype suggests an important role 
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for mitochondrial fragmentation in excess nutrient environments and in liver health. 

3. Potential for mitochondrial heterogeneity to influence malonyl-CoA sensitivity 

and FAO 

Studying malonyl-CoA sensitivity poses unique challenges due to the sensitivity of 

the assay necessary to capture differential inhibitory responses at small concentrations 

of malonyl-CoA. In chapter 2, we assessed malonyl-CoA sensitivity through respirometry 

under cellular permeabilization, isolation of membrane fractions to binding of malonyl-

CoA, and multiple pharmacological activators of CPT1 acting on different binding sites. 

Although the data consistently revealed elongated mitochondria yielded hypersensitivity 

to malonyl-CoA and reduced sensitivity upon fragmentation, a limitation to our study is 

the inability to account for mitochondrial heterogeneity. Expression of CPT1 isoforms 

contribute to regulation of FAO not only in different tissues but also under fed and fasted 

states (Flavin et al, 2010; Schreurs et al, 2010). Our lab has previously demonstrated the 

existence of peridroplet mitochondria (PDM) and cytoplasmic mitochondria (CM) in the 

brown adipocyte. Both subsets of mitochondria have their own unique lipid metabolism, 

thereby suggesting differences in CPT1 expression. These findings then suggest, if 

peridoplet mitochondria and cytoplasmic mitochondria exist in the liver then the observed 

changes to CPT1 sensitivity may be an underestimation. 

Furthermore, our findings of mitochondrial dynamics regulating FAO capacity 

combined with observations of mitochondrial subpopulations lead to the question: Is 

CPT1 sensitivity altered in different mitochondrial subpopulations? In particular to those 

characterized to be more fragmented? And to what degree do the different CPT1 isoforms 

contribute to changes in FAO?  Future experiments should assess CPT1 interaction with 
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malonyl-CoA in different mitochondrial subpopulations and if differential expression of 

isoforms recapitulate our findings that fragmented mitochondria have reduced CPT1 

sensitivity. Further studies should be conducted to observe if changing CPT1 sensitivity 

alters the mitochondrial subpopulation to shift towards another mitochondrial 

subpopulation by using a CPT1-insensitive mutant. Be more specific about what "CPT1-

insensitive mutant" means. It is insensitive to malonly-CoA? It is not active to shuttle fatty 

acid? Will a CPT1-insentivtie cytoplasmic mitochondria now transition into peridroplet-like 

mitochondria? Genetic manipulation of CPT1 would be a useful tool to investigate the 

interplay of morphology, metabolic regulation, and mitochondrial heterogeneity. 

 On the other hand, our findings can explain the differences in the observed 

mitochondrial subpopulations. As the role of PDM has been well characterized to be a 

 potential therapeutic to sequester fat and prevent lipotoxicity (Veliova et al, 2020), the 

potential for CMs to have reduced malonyl-CoA sensitivity can be a proposed therapeutic 

in preventing NEFA accumulation by enhancing FAO.  

4. Mitochondrial subpopulations influence cellular function   
 

Mitochondrial heterogeneity in both pathological and physiological states has been 

observed to yield functional heterogeneity, if not an association with a phenomenon of 

interest. Intracellular mitochondrial heterogeneity in the physiological state has largely 

been attributed to the presence of various subpopulations (Figure 1). When mitochondrial 

subpopulations begin to lose their unique traits, cellular function is altered, and early 

stages of pathology are observed (as discussed in Chapter 1). The detrimental decline in 

mitochondrial subpopulation heterogeneity can explain the loss of compensatory 

mechanisms (as reviewed by Shum et al. (Shum et al, 2020)). Observation of disease 
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onset due to loss of organellular heterogeneity has also been observed in lipid droplets 

(Herms et al, 2013). This section will highlight known mitochondrial subpopulations and 

their influence on cellular function.  

To date, the exact role of mitochondria bound to lipid droplets remains unanswered in 

hepatocytes. We will discuss how mitochondrial dynamics can clarify the conundrum of 

the role of mitochondrial oxidative function in hepatic steatosis. Particularly, why 

measurements of mitochondrial function in intact livers and in isolated mitochondria both 

reveal increased oxidative function induced by steatosis, while measurements in primary 

hepatocytes and perfused livers showed the opposite.  

These characteristics of PDM in BAT have a strong resemblance with the functional 

changes in mitochondrial function observed when hepatic lipogenesis is elevated. As a 

result, we expect that increasing the interaction of hepatocyte mitochondria to lipid 

droplets would promote steatosis. The published studies characterizing the role of PLIN5 

in liver support this expectation. Indeed, hepatic PLIN5 gain-of-function increased the 

number of lipid droplets and induced steatosis in hepatocytes, as we showed in brown 

adipocytes (Wang et al, 2015a; Trevino et al, 2015). Remarkably though, hepatic 

steatosis induced by PLIN5 did not cause hyperglycemia or hepatic inflammation and 

even protected from high-fat diet-induced insulin resistance (Trevino et al, 2015). On the 

other hand, the deletion of PLIN5 in hepatocytes resulted in PPAR  activation, which 

elevated mitochondrial FAO and prevented hepatic steatosis at the expense of causing 

hepatic damage and inflammation (Wang et al, 2015a). Thus, PLIN5 loss-of-function in 

liver resembles cold-induced activation of thermogenic FAO in BAT, which decreases the 

number of mitochondria attached to lipid droplets by an unclear mechanism.  
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In summary, hepatic PLIN5 traps the dietary excess of fatty acids into lipid droplets, 

protecting from insulin resistance and from liver damage induced by high-fat diet feeding. 

Furthermore, PLIN5 loss-of-function in hepatocytes demonstrates that PPARa activation 

and elevated mitochondrial FAO will not be beneficial if the capacity of hepatocytes to 

sequester fatty acid excess into lipid droplets is impaired. Consequently, one could 

envision that a therapeutic strategy for NAFLD would require a concurrent increase in the 

capacity of PDM to sequester fatty acids and cytosolic mitochondria oxidizing fat (Figure 

2). 

5. Three distinct mitochondrial sub-populations could regulate hepatic steatosis 

in opposite ways in NAFLD  

Like the physically segregated PDM and CM in BAT, we propose that hepatocytes also 

harbor a first sub-population of segregated mitochondria similar to BAT PDM, which will 

be specialized to support dietary fatty acid esterification into TG. Hepatic PDM could be 

defined by mitochondria anchored to the lipid droplet via PLIN5, a lipid droplet protein that 

binds mitochondria in multiple tissues, or via other uncharacterized proteins. 

In addition to dietary fatty acid esterification into TG, hepatocytes can synthesize new 

fatty acids and assemble lipoproteins in the ER. These lipoproteins carry TG, cholesterol 

and phospholipids, allowing their export from the hepatocyte to the plasma. We propose 

that a second sub-population of segregated mitochondria, the ER-anchored 

mitochondria, will have their CPT1 activity inhibited and will be supporting lipoprotein 

assembly and de novo fatty acid synthesis. We further propose that these ER-

mitochondria will have a limited capacity to execute FAO, similar to PDM. Finally, we 

propose a third distinct sub-population of mitochondria, the cytosolic mitochondria (CM), 
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which will be specialized in oxidizing fatty acids (Figure 2).  

The existence of ER-anchored mitochondria can explain how a pool of fatty acids 

escape FAO and can be selectively directed towards lipoprotein assembly (VLDL), as 

these mitochondria would have CPT1 and thus FAO inhibited. Such a subpopulation of 

specialized mitochondria could explain why ACC inhibition reduces intrahepatic TG 

content in mice, while increasing VLDL secretion (Kim et al, 2017). The segregation of 

mitochondria caused by their interaction with the ER would allow these ER-mitochondria 

to have a different protein composition and/or post-translational modifications, inhibiting 

their capacity to oxidize fatty acids. An interesting property could be that these 

mitochondria selectively carried CPT1B, the isoform of CPT1 that is highly sensitive to 

malonyl-CoA inhibition. As hyperinsulinemia promotes lipogenesis, hyperinsulinemia 

might explain why ER-mitochondria contacts are increased in mice with insulin resistance 

and simple steatosis (Arruda et al, 2014).  

PLIN5 gain-of-function in liver causes cytosolic lipid droplet expansion without 

increasing VLDL export and plasma lipids (Trevino et al, 2015). This published study 

supports that PLIN5, and potentially PDM, are not increasing de novo lipogenesis or the 

assembly of lipoproteins in the ER. We thus propose that, instead of PLIN5, one of the 

important mediators to segregate mitochondria to generate ER-anchored lipogenic 

mitochondria is DGAT2 (Stone et al, 2009). DGAT2 catalyzes the last step of TG 

synthesis and is located in the mitochondria-associated membranes (MAM) of the ER. 

Furthermore, DGAT2 itself can promote the association of mitochondria to the ER and 

DGAT2 deletion decreases steatosis and hypertriglyceridemia (Gluchowski et al, 2019). 

Mfn2 is also known to participate in ER-mitochondria contacts (De Brito & Scorrano, 
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2008) and Mfn2 deletion in hepatocytes causes hepatic steatosis(Hernández-Alvarez et 

al, 2019; Sebastián et al, 2012; Muñoz et al, 2013). Thus, it is a possibility that steatosis 

induced by Mfn2 KO is caused by dysfunctional and/or unstable ER-mitochondria 

contacts, limiting the ability of mitochondria to support VLDL assembly. Limited or 

impaired transfer of phospholipid precursors and ATP between mitochondria and ER 

could affect both lipoprotein assembly, as well as fatty acid esterification into TG in the 

ER. Therefore, an impairment in VLDL assembly caused by Mfn2 deletion could cause 

the re-routing of fatty acids and TG into cytosolic lipid droplets. This specific role of Mfn2 

on VLDL assembly could explain why the reversal of ER stress, inflammation, decreased 

FAO and insulin resistance in liver-specific Mfn2 KO mice does not decrease hepatic 

steatosis (Liesa et al, 2009; González-Rodríguez et al, 2014; Trudeau et al, 2016).  

The hypothetical scenario that ER-mitochondria and PDM in liver are functionally 

separated from cytosolic mitochondria can explain the divergence of the effects reported 

on mitochondrial oxidative function in NAFLD. Segregating mitochondria into 3 different 

populations inside one hepatocyte means that the oxidative function of each population 

can be completely independent. The functional independence of each segregated 

population can explain why TCA cycle flux and FAO rates measured in vivo are 

concurrently increased in NAFLD, despite FAO and TCA being competing fluxes that can 

cancel each other in isolated mitochondria (Garland et al, 1968). 

6. Challenges and considerations to be made when studying intracellular 

heterogeneity  

While there is significant evidence that different mitochondrial subpopulations may be 

present in certain tissue types, dissecting this heterogeneity can prove to be challenging. 
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Mitochondrial heterogeneity has been attributed to different biochemical properties 

including respiratory or enzymatic activity, membrane potential, morphology, calcium 

levels, etc., and while these traits may fluctuate in the same direction across different cell 

types, their functional heterogeneity may not be the same. Often the greatest question is 

whether or not the observed phenotypes are due to background noise as a result of 

technical difficulties in separating individual mitochondrial populations (Duchen et al, 

2003; Noske et al, 2008; Woods, 2017; Kuznetsov et al, 2006). Characterization of 

mitochondrial heterogeneity thus becomes exceptionally difficult when a portion of 

measured heterogeneity may stem from the noise generated during isolation, data 

acquisition, and data analysis. For example, in the case of measuring mitochondrial 

heterogeneity using single-plane confocal microscopy, a large variance can be generated 

since not all mitochondria are localized in the same focal plane. When mitochondria are 

not in the same focal plane, the results exclude mitochondria that are elongating towards 

a different axis or are covered by another organelle. This potential noise can only be 

properly assessed with 3D reconstruction at 22 °C, where mitochondrial movement is 

slowed down when compared to traditional measurement temperatures of 37 °C (Collins 

et al, 2002).  

Alternatively, noise may be generated in the processing leading up to imaging, 

specifically during the mitochondrial isolation process, as in the separation of brown 

adipocyte PDM and cytoplasmic mitochondria. Although the isolation method may have 

impacted the characterization of PDM and cytoplasmic mitochondria, Benador et al. 

verified the unique population traits by overexpression of the mitochondria–lipid droplet 

tethering protein to highlight biochemical differences observed in the mitochondrial 



219 
 

subpopulations(Benador et al, 2018; Ngo et al, 2021). 

The establishment of methods to separate the proposed mitochondrial populations 

(CM, PDM, and ER-bound mitochondria) will be essential to demonstrate their existence 

and specialization in hepatocytes. One approach could be to use PLIN5 to pull down PDM 

and DGAT2 to pull down ER-anchored mitochondria, with mitochondria that did not bind 

to PLIN5 and DGAT2 being cytosolic mitochondria that oxidize fatty acids. Then, we could 

compare their capacity to synthesize citrate and oxidize fatty acids, as well as their 

sensitivity to malonyl-CoA-mediated inhibition of FAO. We expect that cytosolic 

mitochondria will be the population with the highest FAO capacity and lowest sensitivity 

to malonyl-CoA-mediated FAO inhibition. On the other hand, lipogenic mitochondria 

(PDM and ER-mito) will have higher citrate synthase activity, higher sensitivity to malonyl-

CoA-mediated FAO inhibition and lower FAO capacity. Another approach would be to 

identify specific mitochondrial proteins acting as biomarkers for each population. Once 

identified, these biomarkers could be used to visualize them using microscopy or to 

quantify their relative abundance. However, it is difficult to anticipate the existence of an 

exclusive protein that defines each population. We would rather expect a differential 

enrichment of certain proteins. 

The analysis of mitochondrial diversity has important implications for the diagnosis 

and treatment of various mitochondrial disorders. The processing and imaging techniques 

being used for these studies have a major role in the impact and discovery of these 

studies. Advancement in mitochondrial isolation, analysis, and imaging techniques will 

thus open promising avenues for utilizing mitochondrial heterogeneity in clinical research. 

7. Current and hypothetical therapies targeting liver mitochondria to treat 
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NAFLD and hyperglycemia  

Mitochondrial function is maintained through a complex interplay between cellular ATP 

demand, nutrient availability, the ability of mitochondria to communicate energetic and 

redox stress, as well as the response of mitochondria to energetic imbalances. NAFLD is 

primarily a consequence of an energetic, redox and hormonal imbalance in hepatocytes, 

leading to excessive exposure of mitochondria to nutrients relative to their ATP demand. 

Moreover, mitochondria in NAFLD are facilitating anabolism and lipid synthesis when it is 

not needed. Therefore, one way to cure NAFLD could be to reduce the anabolic activity 

of mitochondria or alternatively decreasing nutrient load by activating mitochondrial 

function to eliminate these nutrients. Here, we will list current approaches that are 

targeting mitochondria to treat NAFLD and propose novel approaches based on our 

hypothesis of mitochondrial segregation in hepatocytes. 

Modulating mitophagy could decrease lipogenesis in the liver, by targeting lipogenic 

mitochondria for degradation. Indeed, preclinical studies suggested that mitochondrial 

quality control and mitophagy are reduced in NAFLD, with the restoration of mitophagy 

preventing or reversing some features of simple steatosis and NASH (Yamada et al, 

2018; Wang et al, 2015c; Zhou et al, 2019). One could hypothesize that lipogenic 

mitochondria accumulate in simple steatosis and NASH because hyperinsulinemia and 

hyperlipidemia suppress their elimination by mitophagy. Treatment with a natural 

molecule that restores mitophagy, namely Urolithin A (Ryu et al, 2016), improves glucose 

homeostasis and protects mice from hepatic steatosis (Toney et al, 2019). Accordingly, 

current drugs improving steatosis and NASH in humans, such as metformin and 

liraglutide, increase mitophagy in rodent models of simple steatosis and NASH (Song et 
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al, 2016; Yu et al, 2019). Cotadutide, which targets GLP1R and GCGR and improves 

NASH, enhances mitophagy too (Boland et al, 2020). Of note, Cotadutide mimics 

glucagon action, implying that mitophagy of lipogenic mitochondria might be a new 

mechanism by which glucagon decreases lipogenesis. Understanding whether hepatic 

GCGR activation can selectively target lipogenic mitochondria for mitophagy would 

resolve the conundrum on how eliminating mitochondria, which oxidize fatty acids, can 

counteract steatosis. AMPK activators could potentially eliminate lipogenic mitochondria 

and even replace them with fat oxidizing mitochondria (EQ et al, 2016). 

  Alternatively, mitophagy can be improved by restoring lysosomal function, as 

hepatic lysosomal acidity is lower in NAFLD (González-Rodríguez et al, 2014; Fukuo et 

al, 2014; Inami et al, 2011). Lysosomes are essential for autophagy/mitophagy and can 

determine hepatic TG content (Singh et al, 2009). Therapies aiming at restoring 

lysosomal function could represent a new strategy to attenuate NAFLD (Zeng et al, 2019).  

Another way to prevent steatosis, without inducing hyperglycemia, is by increasing 

FAO in mitochondria without increasing ATP synthesis (uncoupled), which would prevent 

an increase in glucose production. Although mitochondrial uncouplers are cardiotoxic and 

their action in muscle cause malignant hyperthermia (Grundlingh et al, 2011; Dying to be 

thin: a dinitrophenol related fatality - PubMed), a novel approach that delivered the active 

form of a mitochondrial uncoupler exclusively to hepatocytes showed a remarkable 

improvement in safety. This hepatic-specific uncoupler decreased hepatic steatosis and 

insulin resistance in obese rats, improved liver function and prevented fibrosis in a rat 

model of NASH (Perry et al, 2013, 2015) and in dysmetabolic nonhuman primates 

(Goedeke et al, 2019). Other mild uncouplers delivered systemically, such as BAM15, 
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improved systemic glucose homeostasis and insulin resistance, showing efficacy in 

mouse models of NAFLD (Alexopoulos et al, 2020).  

As elevated oxidative damage is associated with all stages of NAFLD, different 

studies aimed to improve mitochondrial function by using antioxidants. These trials tested 

mostly hydrophilic antioxidants and have provided inconclusive data. Remarkably, 

vitamin E is one of the few lipophilic antioxidants tested for NASH, which was also 

inconclusive. A meta-analysis showed that vitamin E ingestion was associated with 

decreased liver steatosis, but not with improved fibrosis (Said & Akhter, 2017). Moreover, 

vitamin E at high doses correlated with higher cancer and stroke incidence (Klein et al, 

2011; Schürks et al, 2010).  

Dietary antioxidants that specifically decreased ROS in mitochondria showed 

benefits in mouse models of NAFLD, but their efficacy in treating NAFLD in humans has 

not been proven. One antioxidant tested in humans is silymarin, which is a mixture of 

flavonoligans with the major active component being silybinin (Taleb et al, 2018). 

Silymarin decreased oxidative damage in different subcellular compartments by 

decreasing mitochondrial respiratory chain activity (Detaille et al, 2008). Clinical trials 

revealed that treatment with Silymarin decreased circulating AST and ALT levels and 

improved liver histology in participants with simple steatosis or NASH (Wah Kheong et al, 

2017; Zhong et al, 2017). Systemic treatments with compounds scavenging ROS inside 

mitochondria, such as mitoQ or mito-tempol, protected rodents from the metabolic 

syndrome, but evidence in humans is still missing. Moreover, studies restricting the 

actions of these mitochondrial antioxidants to hepatocytes are still missing (Mercer et al, 

2012; Ni et al, 2016). Therefore, it is unknown if the benefits stemming from these 
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antioxidant treatments are explained by their actions on the liver or in other tissues. 

While the protection from NAFLD induced by hepatocyte-specific deletion of GPX1 

and HMOX1 in mice is a proof-of-concept that excessive antioxidant function can promote 

NAFLD, no therapeutic strategies and trials aimed to decrease antioxidant activity in 

human livers. As a result, targeting maladaptive and redundant antioxidant systems is a 

largely unexplored therapeutic avenue in NAFLD. It would be interesting to determine 

whether some of the current NAFLD treatments can decrease the expression of certain 

antioxidant systems. Strong candidates as maladaptive antioxidants would be among the 

ones induced by inflammation and decreased by GLP1R-GCGR agonism. 

Furthermore, regulating mitochondrial dynamics and architecture could be a new 

therapeutic strategy to combat NAFLD. Enhancing the attachment of mitochondria to lipid 

droplets could protect from fatty acid-mediated toxicity during feeding. On the other hand, 

promoting the detachment of mitochondria during fasting could enhance fat oxidation and 

elimination. Such a strategy would restore the ability of liver to handle lipids and would 

prevent inflammation associated with lipotoxicity. Studies modulating mitochondrial 

architecture have also proven promising outcomes dependent on the stage of disease 

progression (Table 1). 

In all, we conclude that novel therapeutic approaches to treat NAFLD can be provided 

by: i) approaches limiting mitochondrial-driven synthesis of lipids and glucose, ii) 

removing maladapted mitochondria by mitophagy or iii) decreasing the action of 

maladaptive and redundant antioxidant systems. 

8. Remaining questions in the field  
 

Remaining questions for future investigation in mitochondrial morphology and liver 
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disease 

ETC structural organization is modulated by dedicated chaperones and assembly 

factors, mitochondrial membrane morphology, and membrane lipid composition. How 

much of this dictates CPT1 sensitivity and mitochondrial FAO? If the changes to FAO is 

not solely influenced by CPT1 sensitivity then how much of the changes to FAO is 

influenced by ETC restructuring? Considering the different CPT1 isoforms present, is it 

possible for only one isoform to have changes to malonyl-CoA sensitivity, whereas the 

other isoform remains unchanged? The mitochondrial translation pathway supports the 

central metabolic feature of OxPhos-DLBCLs in increasing mitochondrial energy 

transduction as a survival mechanism. How much of a bioenergetic impact is 

mitochondrial translational pathway playing?  

We observe mitochondrial dynamics to be a compensatory mechanism, to what 

degree is inhibiting fission beneficial as observed in Table 1? Is there an appropriate 

pause point in treatment? Various studies have indicated inhibition of fission results in 

enhanced mitochondrial IRS but yielded beneficial fat mass and TG reduction, what are 

the effects of inhibiting fission long term? In tissues such as proximal tubules, impaired 

mitochondrial function and presence of enlarged swollen mitochondria are highly present 

in early stages of a disease model but mitochondrial oxidative capacity recovers after 16 

weeks. Will long term inhibition of fission reduce activation of the IRS? 

9. Conclusion 
 

The goal of this research was to elucidate the role of mitochondrial morphology and 

function in mitochondrial fatty acid oxidation and whether or not this served as a 

compensatory mechanism under disease states. We have provided evidence 
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demonstrating that mitochondrial morphology governs fatty acid oxidation rates and may 

underlie pathological changes in hepatocyte, islet, and DLBCL metabolism. Multiple 

tissues utilize fatty acids, express some isoform of CPT1, and respond to nutrient 

overload. Thus, this work explored one of many regulatory mechanisms responsible for 

unregulated fatty acid oxidation. Further research is needed to understand the exact 

disease progression at which mitochondrial dynamics serves as a compensatory 

mechanism or maladaptive response. 
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Figures 

 

Figure 4- 1. Mitochondrial subpopulations reveal unique mitochondrial traits.  

Diagram of a typical cell containing nuclei (blue), lipid droplets (LD) (yellow), endoplasmic 

reticulum (ER) (purple), cytoplasm (peach), and mitochondria (red ovals). Proposed 

model of distinct mitochondrial subpopulations observed across several cell types. 
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Mitochondria of specific subcellular localizations have unique traits demonstrating that 

not all mitochondria are homogeneous under physiological states. Based on previous 

studies (Collins et al, 2002; Kuznetsov et al, 2004; Mahdaviani et al, 2017; Benador et al, 

2018; Al-Mehdi et al, 2012; B, 2000; Lonergan et al, 2007; Rizzuto et al, 1998; CAC et al, 

2019; Park et al, 2001; Marchi et al, 2014) we observed the presence of 4 mitochondrial 

subpopulations: perinuclear, peripheral, ER-bound, and peridroplet mitochondria. The 4 

mitochondrial subpopulations have been observed to exhibit differences in morphology, 

membrane potential, ATP/ADP ratios, and mitochondrial calcium (mtCa2+) levels. 

Mitochondrial length is dictated from longest length (elongated), intermediate length, and 

shortest length (shorter). Higher substrate concentrations are dictated as higher, and 

reduced substrate concentrations are dictated as lower in the table according to 

mitochondrial subpopulation. (A) Perinuclear mitochondria, localized to the nucleus, 

display higher membrane potential and reduced mitochondrial length. (B) Peripheral 

mitochondria, bordering the plasma membrane, display increases in mitochondrial length. 

(C) ER-bound mitochondria, tethered to the endoplasmic reticulum, yield higher 

mitochondrial calcium levels. (D) Peridroplet mitochondria, attached to lipid droplets, 

display elongated mitochondria compared to those in the cytosol.  
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Figure 4- 2. Proposed model of three distinct mitochondrial populations in hepatocytes. 
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Mitochondria attached to different organelles were shown to have distinct functions, 

demonstrating that not all mitochondria in the same cell are homogeneous. This concept 

supports that: 1) Different mitochondria can be specialized in a specific task: some 

mitochondria in hepatocytes can be specialized in synthesizing lipids, while other 

mitochondria can oxidize lipids. 2) Localizing mitochondria close to their targeted 

organelles or compartments have the advantage to exchange metabolites or molecules 

more efficiently. The functional segregation of mitochondria can be determined by their 

anchorage to specific organelle, which prevents motility and thus fusion between the 

different subpopulations. Based partly on our previous work (Benador et al, 2018), we 

propose the existence of 3 mitochondrial populations in hepatocytes: 1) Cytosolic 

mitochondria, which are responsible for fatty acid oxidation, ketone bodies production and 

ureagenesis to support glucose production; 2) mitochondria attached to lipid droplets, 

namely peridroplet mitochondria (PDM), which promote the esterification of fatty acids 

into triglycerides and; 3) the ER-anchored mitochondria, which are responsible for fatty 

acid synthesis, lipoprotein assembly and excretion. VLDL, very-low-density lipoprotein. 
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Table 1. Proposed models of modulating fission as a therapeutic approach to NASH & 
NAFLD.
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Appendix I 

Isolation and Functional Analysis of Mitochondria Bound to Lipid Droplets from 

Murine Brown Adipose Tissue. 
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Appendix II 

Measuring mitochondrial respiration in previously frozen biological samples. 
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Appendix III 

Parkin Regulates Adiposity by Coordinating Mitophagy with Mitochondrial 

Biogenesis in White Adipocytes. 
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Appendix IV 

ABCB10 exports mitochondrial biliverdin, driving metabolic maladaptation in 

obesity. 
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Appendix V 

COQ11 deletion mitigates respiratory deficiency caused by mutations in the 

gene encoding the coenzyme Q chaperone protein Coq10. 
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Appendix VI 

Atomic structure of a toxic, oligomeric segment of SOD1 linked to amyotrophic 

lateral sclerosis (ALS). 
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