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ABSTRACT OF THE DISSERTATION 
 

 

Mitochondria Lipid-Droplet Interaction in the Control of Cellular Lipid Metabolism 
 

by 

Alexandra Brownstein 

 

Doctor of Philosophy in Molecular, Cellular, and Integrative Physiology 

University of California, Los Angeles, 2023 

Professor Orian Shirihai, Chair 

 

An imbalance in energy homeostasis leads to increased lipid storage and obesity. 

Mechanisms that regulate cellular lipid storage or utilization are thought to play a key role 

in maintaining energy balance and overall metabolic health. However the mechanisms 

that regulate energy expenditure and fuel utilization are not well understood. Here we 

address these gaps in knowledge by first describing a novel mechanism to increase 

energy expenditure by regulating mitochondrial fuel utilization. We find that blocking 

pyruvate entry into the mitochondria increases energy expenditure by activating an ATP-

demanding lipid cycle of LD breakdown and buildup that is fueled by lipid oxidation. 

Moreover, recent studies have demonstrated heterogeneity in mitochondrial function, and 

identified a unique population of BAT mitochondria that support lipid storage by anchoring 

themselves to LD and facilitating TG synthesis and LD expansion. However, it remains 
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unknown if these unique mitochondria are conserved in other tissues. Here, I describe 

the development of the first approach to isolate PDM from WAT. Using this approach I 

show that PDM in WAT have a unique function that is distinct from BAT. Future research 

understanding the mechanisms that control subpopulations of mitochondria and their 

roles in lipid homeostasis can provide novel methods of altering energy metabolism 

through mitochondria. 

 

ATP-consuming futile cycles as energy dissipating mechanisms to counteract obesity 

Obesity results from an imbalance in energy homeostasis, whereby excessive energy 

intake exceeds caloric expenditure. Energy can be dissipated out of an organism by 

producing heat (thermogenesis), explaining the long-standing interest in exploiting 

thermogenic processes to counteract obesity. Mitochondrial uncoupling is a process that 

expends energy by oxidizing nutrients to produce heat, instead of ATP synthesis. Energy 

can also be dissipated through mechanisms that do not involve mitochondrial uncoupling. 

Such mechanisms include futile cycles described as metabolic reactions that consume 

ATP to produce a product from a substrate but then converting the product back into the 

original substrate, releasing the energy as heat. Energy dissipation driven by cellular ATP 

demand can be regulated by adjusting the speed and number of futile cycles. Energy 

consuming futile cycles that are reviewed here are lipolysis/fatty acid re-esterification 

cycle, creatine/phosphocreatine cycle, and the SERCA-mediated calcium import and 

export cycle. Their reliance on ATP emphasizes that mitochondrial oxidative function 

coupled to ATP synthesis, and not just uncoupling, can play a role in thermogenic energy 
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dissipation. Here, we review ATP consuming futile cycles, the evidence for their function 

in humans, and their potential employment as a strategy to dissipate energy and 

counteract obesity. 

 

Mitochondria isolated from lipid droplets in WAT reveal functional differences based on 

lipid droplet size  

Recent studies in brown adipose tissue (BAT) described a unique subpopulation of mitochondria 

bound to lipid droplets (LDs), peridroplet mitochondria (PDM). PDMs can be isolated from BAT 

by simple differential centrifugation and salt washes. These protocols have so far not led to 

successful isolation of PDMs from WAT, which seem to show stronger binding to LD than in 

BAT. Here, we developed a method to isolate PDM from WAT with high yield and purity by an 

optimized proteolytic treatment that preserves the respiratory function of mitochondria intact. 

Using this approach, we show that, contrary to BAT, WAT PDM have lower respiratory and ATP 

synthesis capacity compared to WAT CM. Furthermore, by isolating PDM from fractions 

containing LDs of different sizes, we find a negative correlation between LD size and the 

respiratory capacity of their PDM in WAT. Thus, our new isolation method reveals tissue-specific 

characteristics of PDM and establishes the existence of heterogeneity in PDM function 

determined by LD size. 
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CHAPTER 1: INTRODUCTION 
 
Obesity and the regulation of energy balance 
  

Obesity prevalence worldwide is increasing at a rapid rate, and is a major risk factor 

for several chronic diseases, including cardiovascular disease, insulin resistance, type 2 

diabetes, cancer and cognitive dysfunction. The fundamental cause of obesity is an 

energy imbalance between calories consumed and calories expended leading to their 

excessive accumulation in the form of triglycerides in white adipose tissue. Sustained 

lipid/nutrient overload can negatively affect adipose tissue function and overall metabolic 

homeostasis, highlighting the urgent need to find efficient approaches to combat a 

positive energy balance.  

While improving lifestyle by increasing exercise and reducing food intake are viable 

option to counteract obesity for many patients, additional factors including genetic 

predisposition have been shown to play a major role in obesity. Thus, the consideration 

that obesity is a disease of lack of will or a fault of personality is scientifically unfounded.  

The current therapeutic options for obesity are limited, given the undesirable side effects 

presented by many of the therapies employed to date. Currently the anti-obesity 

medications approved by the FDA act to repress energy intake, either by suppressing 

appetite (Phentermine-Topiramte, benzphetamine, Liraglutide) or by inhibiting intestinal 

fat absorption (Orlistat) (Daneschvar et al, 2016; Filippatos et al, 2008). However, these 

drugs often elicit serious side effects including depression, and gastrointestinal problems, 

such as steatorrhea and oily bowel movements, highlighting the need for alternative 

strategies to treat obesity (Daneschvar et al., 2016; Filippatos et al., 2008).  
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In order to lose body weight or decrease adiposity, energy expenditure must exceed 

intake, either by decreasing caloric intake or increasing overall energy dissipation. Energy 

expenditure refers to the amount of energy an individual uses to maintain essential body 

functions (respiration, circulation, digestion), physical activity, and adaptive (non-

shivering) thermogenesis (Heaney J. (2013) Energy: Expenditure; Spiegelman & Flier, 

2001). Adaptive thermogenesis refers to the regulated dissipation of energy as heat, 

which occurs in shivering muscle, brown and beige adipocytes in response to 

environmental temperature and diet (Lowell & Spiegelman, 2000). Despite the existence 

of shivering thermogenesis, non-shivering thermogenesis still plays a major role in 

thermal homeostasis and maintenance of body temperature, being an essential 

mechanism for newborns to mitigate thermal stress (Foster & Frydman, 1978; Lowell & 

Spiegelman, 2000).  

The obesity epidemic has increased interest in pathways that elevate energy 

expenditure, and brown and beige fat have become appealing therapeutic targets 

because of their ability to dissipate energy in the form of heat by mitochondrial uncoupling. 

Promoting brown adipose tissue thermogenesis and white adipose tissue “browning” 

have emerged as promising approaches that can offset the negative lipotoxic effects of 

obesity on metabolic health (Carobbio et al, 2017; Harms & Seale, 2013; Hussain et al, 

2020; Seale & Lazar, 2009), counteracting fat accumulation and thus body weight gain.  
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Adipose tissue: physiology and function 

Adipose tissue is an essential metabolic organ that plays a central role in regulating 

whole-body energy homeostasis. Humans have three types of adipose tissue; white, 

brown and beige fat, that serve distinct physiological functions. The main function of white 

adipose tissue (WAT) is to safely store excess nutrients as neutral triglycerides, and 

rapidly mobilize the stored nutrients in response to increased cellular energy demands 

(Peirce et al, 2014). Under conditions of nutrient shortage, WAT breaks down the stored 

triglycerides through lipolysis to produce free fatty acids (FFAs) and glycerol as fuel for 

the organism (Cinti, 2009). WAT plays an important role in buffering nutrient availability 

and demand, and the process of lipolysis and esterification is tightly regulated as high 

levels of non-esterified fatty acids (NEFA) can cause lipotoxicity.  

The ability to both mobilize fat upon stimulation and store the fat by re-esterification 

enables the white adipose tissue to quickly control the levels of circulating fatty acids. The 

cycle of lipid breakdown and partial or full re-esterification of fatty acids into TAGs, 

diacylglycerols (DAGs) or Monoacylglycerols (MAGs) is a futile cycle consuming ATP. It 

has been shown by several studies that mitochondria in the white adipocyte provides the 

ATP required for lipolysis and fatty acid re-esterification, indicating the importance of WAT 

mitochondria in the control of whole body lipid levels (Carobbio et al., 2017; Chitraju et al, 

2017; Vernochet et al, 2014).  

In addition to being a storage depot for excess nutrients, recent studies have 

demonstrated that WAT is a major endocrine organ that secretes a large number of 

metabolites and hormones, including leptin, adiponectin, tumor necrosis factor-α, 
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interleukin-6 that regulate diverse biological functions, such as glucose and lipid 

metabolism, insulin sensitivity, immunity, reproduction, angiogenesis and body weight 

homeostasis (Cinti, 2009; Coelho et al, 2013).   

White adipocytes within WAT are spherical cells and contain a single lipid droplet 

composed of triglycerides that accounts for more than 90% of the cell volume (Cinti, 

2009). White adipocytes contain few, small elongated mitochondria with randomly 

oriented cristae (Cinti, 2009). A major function of mitochondria in mature white adipocytes 

is to produce ATP, but without using fatty acid oxidation. The white adipocyte 

mitochondria represent the main source of ATP similar to that in other tissues, and they 

play critical roles in the biological processes of adipocytes such as differentiation, 

lipogenesis and lipolysis (Boudina & Graham, 2014; Cinti, 2009; Forner et al, 2009; Lee 

et al, 2019). Of note, during white adipocyte differentiation, fatty acid oxidation is 

increased to supply ATP, in marked contrast to a fully mature white adipocyte, in which 

fatty oxidation is inhibited(Boudina & Graham, 2014; De Pauw et al, 2009). Indeed, one 

of the features of  mature WAT is that it has fewer mitochondria than BAT, with less 

expression of fatty acid oxidation-related enzymes such as acyl-CoA dehydrogenase 

(Forner et al., 2009). 

Brown Adipose Tissue (BAT) is composed of specialized, heat-producing adipocytes, 

and is the main site of non-shivering thermogenesis, a process resulting from mammalian 

evolution to regulate body temperature in cold environments (Cannon & Nedergaard, 

2004). In addition, UCP1+ 'brown-like' adipocytes, also known as beige cells, are 

thermogenically active adipocytes that can develop in white fat depots when mice are 
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exposed to cold or in response to hormonal stimuli such as catecholamines and other β-

adrenergic agonists (Cannon & Nedergaard, 2004; Cohen & Spiegelman, 2015). Both 

thermogenic adipocytes play an important role in metabolic homeostasis and researchers 

have turned to strategies to induce the activity of these tissues as a possible therapeutic 

strategy for obesity and metabolic diseases.  

A variety of adipose tissue dysfunctions have been demonstrated to play a role in 

development of obesity-related diseases. These include impairments in triglyceride 

storage in adipocytes and excessive release of fatty acids from adipocytes, alterations in 

“adipokines” and cytokines secretions, and negative effects overall of greater tissue 

mass. Given that mitochondria are essential for adipocyte-specific functions, impairments 

in mitochondrial function observed in adipose tissue of obese individuals negatively 

impact adipocyte differentiation, lipid metabolism, and insulin sensitivity (Chattopadhyay 

et al, 2011; Heinonen et al, 2015; Heinonen et al, 2020; Lee et al., 2019).  Moreover, it 

has been demonstrated that mitochondrial oxidative capacity is reduced in white 

adipocytes of obese adults (Yin et al, 2014). Further supporting that mitochondrial 

dysfunction in WAT contributes to metabolic syndrome, a recent study found a negative 

correlation between obesity and mitochondrial mass in WAT, where compared to lean 

age-matched control mice, white adipose tissue isolated from had significantly lower 

mitochondrial mass and oxygen consumption (Wilson-Fritch et al, 2003; Wilson-Fritch et 

al, 2004). 

In addition, studies with pair-feeding of animals with lesions in neurons controlling 

energy expenditure and food intake (VMH) provide solid evidence that energy 
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expenditure is selectively impaired, even when food intake is normalized by pair feeding 

(Bray & York, 1979; Coleman, 1978; Cox & Powley, 1977, 1981; Ste Marie et al, 2000). 

In a mouse model of obesity, brown fat recruitment increased energy expenditure and 

reduced weight gain compared to controls, while BAT inactivation reduced energy 

expenditure resulting in obesity progression (Lowell et al, 1993). These data suggest 

adipose tissue plays a central role in regulating whole-body energy expenditure, not just 

storage (Roesler & Kazak, 2020). 

Over the past several years, major advancements have been made in the field of 

brown adipose tissue biology, most notably the discovery that distinct and active BAT 

depots exist in adult humans (Cypess et al, 2009; Nedergaard et al, 2007). The existence 

of active brown adipose tissue in adult humans was initially revealed when researchers 

monitoring the uptake of the glucose analogue 18F-fluorodeoxyglucose (18F-FDG) with co-

registered positron emission tomography (PET) and computed tomography (CT) imaging, 

identified regions corresponding to adipose tissue with high glucose uptake (Cohade et 

al, 2003; Cypess et al., 2009; Hany et al, 2002; Nedergaard et al., 2007; Yeung et al, 

2003). FDG uptake was increased when patients were exposed to lower environmental 

temperatures (Christensen et al, 2006; Cohade et al., 2003; Garcia et al, 2006) and 

reduced by pretreatment with β-adrenergic blockers such as propranolol or exposure to 

elevated temperature (Garcia et al., 2006; Parysow et al, 2007; Söderlund et al, 2007). In 

addition, several studies have identified UCP1 protein and mRNA as well as high 

respiratory rate and low mitochondrial membrane potential in mitochondria isolated from 

tissue of perinephric and para-aortic depots of adult humans corresponding with FDG 
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uptake (Cunningham et al, 1985; Garruti & Ricquier, 1992; Kortelainen et al, 1993; Lean 

et al, 1986; Virtanen et al, 2009). These findings indicate that the FDG uptake in specific 

regions of adipose tissue reflects the metabolic activity of BAT (Nedergaard et al., 2007). 

Additional studies have revealed that BAT FDG uptake is significantly lower in overweight 

and obese individuals compared with lean subjects, indicating a correlation between BAT 

activity and amount and metabolic health (Ouellet et al, 2011; Steinberg et al, 2017). 

Additionally, the amount of BAT is inversely correlated with body mass index (BMI) and 

percentage of body fat, suggesting individual variation in the amount or activity of brown 

adipose tissue is an important regulator of body weight, and a potential target for the 

treatment of obesity (Scheele & Wolfrum, 2020; Steinberg et al., 2017; van Marken 

Lichtenbelt et al, 2009; Yeung et al., 2003).  

Since the discovery of BAT as the major site of non-shivering thermogenesis (Foster 

& Frydman, 1978), researchers have revealed that humans, similar to rodents, possess 

two types of UCP1-positive thermogenic adipocytes arising from developmentally distinct 

lineages: 1) Classical or developmentally programmed brown adipocytes and 2) 

Inducible, beige or brite cells that appear after thermogenic stimuli within white adipose 

tissue (Giralt & Villarroya, 2013). Both brown and beige fat cells are defined by their 

multilocular lipid droplet morphology, densely packed mitochondria and rich 

vascularization (Cinti, 2009; Cohen & Spiegelman, 2015). Despite their similarities, brown 

and beige fat come from different developmental lineages; classical brown fat cells arise 

from a myf5+ lineage shared with skeletal muscle, and UCP1+ beige cells induced in 

subcutaneous white fat depots come from a myf5− lineage, that allow for distinction of 
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these two cell types (Cinti, 2009; Cohen & Spiegelman, 2015). The activation of classical 

BAT and the process of WAT “browning” share common mechanisms of induction (cold-

mediated noradrenergic- induction), however the development of “inducible brown” 

adipocytes in WAT potentially involves a transdifferentiation processes of white-to-brown 

adipose tissue controlled by independent factors. Further understanding of WAT 

browning is a potential therapeutic strategy to increase energy expenditure.  

Mitochondrial energy metabolism 

Mitochondria play essential roles in cell physiology and energy metabolism; most 

notably they serve as the sites for the production of ATP through oxidative 

phosphorylation and support macromolecule biosynthesis. In addition to the production 

of energy, mitochondria also serve as hubs for Ca2+ handling, iron homeostasis, redox 

balance and importantly as signaling organelles that communicate the metabolic health 

status to the rest of the cell (Chandel, 2015). Mitochondria use the chemical energy 

harvested from the breakdown of sugars, amino acids, and fatty acids to generate 

reduced electron carriers NADH and FADH2 through the tricarboxylic acid (TCA) cycle. 

NADH and FADH2 are then passed through the respiratory chain (or electron transport 

chain ETC) where they donate their electrons down the ETC (complexes I through IV) 

through a series of favorable electron transfer reactions that are coupled to the pumping 

of protons against their concentration gradient into the mitochondrial intermembrane 

space. The final electron acceptor is molecular oxygen, which is reduced to H2O (½O2 to 

H2O) at complex IV. The electron transfers through the respiratory chain result in both an 

electrostatic charge difference (positive outside) and a pH gradient from the pumping of 
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H+ (more acidic outside) across the inner mitochondrial membrane that generates a 

protonmotive force, and this potential energy is used to drive ATP synthesis (Rich & 

Maréchal, 2010). ATP-synthase, also known as respiratory complex V, uses the energy 

released by dissipating the proton gradient to drive the synthesis of ATP from ADP and 

Pi.  

Moreover, under physiological conditions oxidative phosphorylation is 

incompletely coupled, as protons can leak across the inner membrane via carriers and 

activatable channels to dissipate the electrochemical proton gradient without the 

production of ATP (Bertholet et al, 2019; Bertholet et al, 2022; Divakaruni & Brand, 2011; 

Rich & Maréchal, 2010). Proton leak results in the dissipation or loss of potential energy, 

which might seem counterproductive but this mechanism has persisted throughout 

evolution, indicating a physiological role for mitochondrial inefficiency. The ability to 

uncouple oxidative phosphorylation from ATP production provides a mechanism to adjust 

energy metabolism and regulate metabolic homeostasis and body temperature (Brand, 

2000; Divakaruni & Brand, 2011). The most well-known role for proton leak is 

thermogenesis, where specialized uncoupling proteins allow the flow of H+ down its 

concentration gradient dissipating the membrane potential to produce heat (Cannon & 

Nedergaard, 2004). Proton leak has also been shown to play a protective role against 

oxidative damage, where-by decreasing the protonmotive force results in a lower rate of 

mitochondrial ROS production (Brand, 2000). The protonmotive force is also used to drive 

other endergonic mitochondrial processes such as the transport of ADP and Pi into the 

matrix, and the import of nuclear encoded proteins. Therefore, mitochondrial energetics 
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can be thought of as a balance between processes that contribute to the potential energy 

and those that consume it.  

 

Energy dissipation and futile cycles 

Chemical energy can be used to generate heat and perform work, which is 

transformed to ATP to generate work in biological systems. The proportion of heat versus 

work will determine the energetic efficiency of such a process. Thus, thermogenesis 

occurs through chemical reactions that liberate energy given off as heat, which would 

otherwise be used for work or captured by other molecules such as ATP or creatine 

phosphate (Cohen & Spiegelman, 2015). A system designed to be inefficient in terms of 

work is brown adipose tissue thermogenesis, where energy is purposely dissipated in the 

form of heat through the actions of UCP1, a key regulator of cold-mediated 

thermogenesis. Similarly, energy expenditure is triggered in response to caloric excess, 

and animals with reduced thermogenic fat function can succumb to diet-induced obesity. 

A futile cycle occurs when a metabolic pathway concurrently runs in opposite 

directions, and as a result, energy is not produced but dissipated without any metabolic 

transformation or net gain (Cohen & Spiegelman, 2015; Qian & Beard, 2006). It was 

recently demonstrated that both beige and brown adipocytes have futile cycles of ATP 

consumption such as the futile creatine cycle, adding additional mechanisms by which 

beige and brown adipocytes promote energy expenditure. In this regard, mitochondria in 

all tissues are specialized in converting chemical energy derived from carbohydrates, 

lipids, and proteins into the high-energy phosphate bonds of ATP, or released as heat 
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(Lee et al., 2019). Moreover, any chemical reaction including the production of ATP can 

generate heat as the by-product. Mitochondrial production of ATP is required for 

adipogenesis, as well as the synthesis of fatty acids and triglycerides  (Boudina & 

Graham, 2014; Forner et al., 2009; Johannsen & Ravussin, 2009; Lee et al., 2019; 

Tormos et al, 2011). This raises the question regarding how adipocytes regulate fuel 

choice, as this might determine when adipocytes store lipids versus when adipocytes burn 

nutrients to generate heat. 

 

Mechanisms controlling energy wasting versus energy storage in brown and 

beige adipocytes 

Brown and beige adipose cells have the capacity to burn both glucose and fat to 

produce heat through the activation of the sympathetic nervous system (Harms & Seale, 

2013; Kajimura et al, 2015). The sympathetic nervous system regulates the growth and 

development of BAT and its thermogenic function (Cannon & Nedergaard, 2004). Brown 

and beige adipocytes are innervated by sympathetic fibers, and upon cold-exposure, 

cold-sensitive thermoreceptors transmit afferent signals to the hypothalamus (Cannon & 

Nedergaard, 2004). These signals lead to the release of the sympathetic neurotransmitter 

norepinephrine (NE) from sympathetic nerves that innervate brown adipocytes to activate 

thermogenesis (Cannon & Nedergaard, 2004; Labbé et al, 2015; Morrison et al, 2014; 

Zhang & Bi, 2015). Norepinephrine binds β3-adrenergic receptors in the membrane of 

brown adipocytes triggering PKA-cAMP and calcium signaling that results in lipid 

mobilization and lipolysis (Chernogubova et al, 2004; Dolgacheva et al, 2003). The 
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resultant free-fatty acids (FFAs) released from triglycerides activates the mitochondrial 

UCP1 (Azzu et al, 2010; Ježek et al, 2019). Activated UCP1 uncouples the electron 

transport of the respiratory chain, thereby blocking ATP production and dissipating energy 

from nutrient oxidation in the form of heat (Azzu et al., 2010; Ježek et al., 2019). Indeed, 

uncoupling allows a concurrent increase in TCA cycle and beta oxidation fluxes in the 

mitochondria, ensuring that sufficient reducing equivalents are generated to sustain 

proton extrusion, combating excessive depolarization.  

Brown and beige adipose cells have the capacity to burn both glucose and fat to 

produce heat through the activation of the sympathetic nervous system (Harms & Seale, 

2013; Kajimura et al, 2015). The sympathetic nervous system regulates the growth and 

development of BAT and its thermogenic function (Cannon & Nedergaard, 2004). Brown 

and beige adipocytes are innervated by sympathetic fibers, and upon cold-exposure, 

cold-sensitive thermoreceptors transmit afferent signals to the hypothalamus (Cannon & 

Nedergaard, 2004). These signals lead to the release of the sympathetic neurotransmitter 

norepinephrine (NE) from sympathetic nerves that innervate brown adipocytes to activate 

thermogenesis (Cannon & Nedergaard, 2004; Labbé et al, 2015; Morrison et al, 2014; 

Zhang & Bi, 2015). Norepinephrine binds β3-adrenergic receptors in the membrane of 

brown adipocytes triggering PKA-cAMP and calcium signaling that results in lipid 

mobilization and lipolysis (Chernogubova et al, 2004; Dolgacheva et al, 2003). The 

resultant free-fatty acids (FFAs) released from triglycerides activates the mitochondrial 

UCP1 (Azzu et al, 2010; Ježek et al, 2019). Activated UCP1 uncouples the electron 

transport of the respiratory chain, thereby blocking ATP production and dissipating energy 
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from nutrient oxidation in the form of heat (Azzu et al., 2010; Ježek et al., 2019). Indeed, 

uncoupling allows a concurrent increase in TCA cycle and beta oxidation fluxes in the 

mitochondria, ensuring that sufficient reducing equivalents are generated to sustain 

proton extrusion, combating excessive depolarization. NE also induces a signaling 

cascade via PPARγ coactivator (PGC)-1 α that can stimulate transcriptional activation of 

mitochondrial genes to increase mitochondrial mass, as well as UCP1 itself , together 

with genes encoding proteins that control the uptake of lipids and glucose from the 

circulation, in order to sustain oxidation and thermogenesis (Giralt & Villarroya, 2013; 

Kajimura et al., 2015).   

 

Metabolic benefits induced by activating BAT and WAT energy expenditure 

The primary activation of BAT was shown to impact systemic metabolism, by 

decreasing body weight and improving insulin sensitivity in mice (Stanford et al, 2013). 

Activation of UCP1 was shown to reduce elevated triglyceride concentrations and 

increase insulin sensitivity in mice subject to short-term cold exposure (4 hours) (Bartelt 

et al, 2011). Additional studies in transgenic mice with reduced brown fat have glucose 

intolerance and insulin resistance and are more susceptible to diet-induced obesity and 

diabetes (Hamann et al, 1995; Lowell & Flier, 1997), supporting the hypothesis that brown 

fat protects against obesity.  

Numerous studies in rodents targeting the components upstream of BAT activation, 

by manipulating the sympathetic nervous system activity or inducing pharmacological 

stimulations targeting the β3-adrenergic receptor (β3-AR), have demonstrated an effective 
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means of dissipating excess energy (Berbée et al, 2015; Blondin et al, 2020; Mukherjee 

et al, 2016; Robidoux et al, 2004; Zaror-Behrens & Himms-Hagen, 1983). In humans, 

cold exposure has been known for several decades to activate BAT thermogenesis, and 

is currently the most effective way to stimulate BAT activity. Pharmacological strategies 

for BAT recruitment in humans have proven to be more complicated. Pharmacological 

stimulations targeting the β3-adrenergic receptor (β 3-AR), the adrenergic receptor 

believed to mediate BAT thermogenesis, involve the use of use of β3-adrenergic receptor 

agonists, such as mirabegron (O'Mara et al, 2020). Although chronic mirabegron 

treatment was shown to increase BAT metabolic activity and improve insulin sensitivity, 

chronic treatment with adrenergic agonists can lead to undesirable off target side effects 

and presents too great a cardiovascular risk for clinical treatment of metabolic dysfunction 

in obese patients (Blondin et al., 2020; O'Mara et al., 2020).  Importantly, it was revealed 

through this study using pharmacological stimulation and inhibition of the β2-adrenergic 

receptor (β2-AR) that human BAT activation is controlled by the β2-AR, in contrast to BAT 

thermogenesis in rodents that is mediated by β3-AR activation (Blondin et al., 2020).  

In addition, research related to the transcriptional control of brown adipocyte 

development, differentiation, and function have identified several regulators of brown 

adipocyte cell fate such as the PR domain containing 16 (PRDM16)(Seale et al, 2008; 

Seale et al, 2007) as well as Bone morphogenetic protein 7 (BMP7) which has been 

shown to specifically direct brown adipocyte differentiation (Tseng et al, 2008). 

Engineering synthetic chemicals or using endogenous known regulators of brown 
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adipocytes to promote brown adipocyte growth and development may be viable anti-

obesity therapeutic.  

On the other hand, the concept of WAT browning is extremely interesting as a 

potential therapeutic given the extreme amounts of excess WAT in obese individuals 

(Harms & Seale, 2013). Browning of WAT in many rodent models was found to result in 

resistance to diet-induced obesity and improvement in systemic energy metabolism (Kim 

& Plutzky, 2016; Seale et al, 2011; Vegiopoulos et al, 2010). WAT browning has been 

shown to be regulated by environmental factors including chronic cold exposure, physical 

activity, nutrition, and endocrine hormones and metabolites (Sidossis & Kajimura, 2015). 

WAT browning is impaired in obesity, and this has been associated with reduced energy 

expenditure, increased body weight and reduced insulin sensitivity (Sidossis & Kajimura, 

2015). Chronic treatment of β3-adrenergic activators or proliferator-activated receptor γ 

(PPARγ) agonist thiazolidinedione (TZD) in mice promotes WAT browning and 

thermogenic capacity by inducing mitochondrial biogenesis and UCP1 gene expression 

(Petrovic et al, 2010). Moreover, WAT browning by cold exposure was shown to play a 

role in increasing adipose tissue innervation, and this is a potential strategy to increase 

neurocrine-adipose signal integration (Bertholet et al, 2017; Christian, 2015; Guilherme 

et al, 2019). Furthermore, fibroblast growth factor 21 (FGF21) promotes white adipose 

tissue browning by increasing the expression of UCP1 and other thermogenic genes in 

white adipose tissue (Fisher et al, 2012). (UCP1 activation and mediated-uncoupling is 

not uncontrolled). 
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Studies with UCP1-KO mice demonstrate that these mice are resistant to diet-

induced obesity at sub-thermoneutral temperatures (Enerbäck et al, 1997; Liu et al, 2003; 

Stefl et al, 1998). Additionally, it was found that UCP1-KO mice can adapt to tolerate cold, 

providing further evidence that BAT has alternative UCP1-independent thermogenic 

mechanisms to control energy expenditure (Enerbäck et al., 1997; Hofmann et al, 2001; 

Ukropec et al, 2006).  

Alternative approaches to increase energy expenditure independent of UCP1-

mediated uncoupling involves the activation of ATP- consuming futile cycle. These 

mechanisms selectively consume specific ATP pools and offer an alternative to UCP1 

dependent thermogenesis in brown and beige adipocytes. These UCP1 independent 

futile cycles prevent mitochondrial uncoupling, swelling and mitophagy. In chapter 2, we 

will review these alternative mechanisms of energy-dissipation with a focus on 

glycerolipid - free fatty acid cycling (GL/FFA or lipid cycling), as we recently identified a 

novel mechanism to induce a futile cycle of lipid breakdown and partial or full re-

esterification in BAT by blocking the mitochondrial pyruvate carrier (MPC).  

 

Mitochondrial heterogeneity and the control of lipid utilization 
 

As described above, mitochondria morphology and function (energy generation 

and signaling) varies between different cell and tissue types. More recently, it has been 

demonstrated through advanced microscopy and isolation techniques that within 

individual cells, there are subpopulations of mitochondria with distinct characteristics 

indicating intercellular heterogeneity (Ngo et al, 2021). As mitochondrial morphology 
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relates to function, many of the differences in size, shape and cristae architecture relate 

to differences in subcellular localizations or microdomains in order to fulfill functions thar 

are required to meet specific needs (Kuznetsov & Margreiter, 2009).  

Studies in brown adipose tissue have challenged views that mitochondria within a 

single cell are homogenous. Previously it was suggested that the entire population of 

mitochondria go through events of fusion and fission, with all mitochondria sharing the 

same content (Twig et al, 2008). Brown adipose tissue is a specialized organ that is 

responsible for maintaining body temperature through thermogenesis. One of the key 

characteristics of brown adipose tissue is its ability to both burn fat to produce heat, and 

to store fatty acids for fast mobilization. However it was not well understood if both the 

synthesis and oxidation of lipids can occur simultaneously, but recent reports in BAT have 

challenged our previous understanding and have explained how a cell can perform 

antagonistic metabolic processes. 

Several studies in multiple tissue types including BAT and skeletal muscle have 

observed a unique population of mitochondria that are closely associated with lipid 

droplets and have a distinct morphology and cristae structure compared to the 

mitochondria in the cytoplasm (Benador et al, 2018; Boutant et al, 2017; Li et al, 2019; 

Wikstrom et al, 2014). By separating these unique populations from the same cell, 

Benador et al. discovered that the mitochondria attached to LDs have distinct 

bioenergetics, proteome, cristae organization and dynamics compared to cytoplasmic 

mitochondria (CM) that support lipid droplet expansion. Specifically, PDM tend to be more 

elongated with a higher capacity to oxidize pyruvate and malate, but lower capacity for 
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fat oxidation. Interestingly, PDM were shown to have a higher ATP synthesis capacity, 

that supports LD expansion by providing ATP for TAG synthesis. In contrast, CM are 

more fragmented and have increased fatty acid oxidation capacity (Benador et al., 2018). 

Moreover, it was found that PDM and CM remain distinct populations as PDM do not fuse 

with CM and have limited motility. Overall, the finding that BAT maintains separate 

mitochondrial populations with distinct proteomes and fuel preference supports how 

brown adipose tissue maintains its metabolic flexibility and can undergo thermogenesis 

as well as lipid synthesis, to varying degrees concurrently (Benador et al., 2018). 

Although mitochondria-LD interaction has been observed in many cell and tissue 

types, the mechanisms that control their interaction are still not well understood. Several 

studies have identified mechanisms of mitochondria-LD interaction through the 

expression of proposed “linker” proteins, and this has enabled preliminary studies 

investigating the potential role of PDM in different cell types. One of the proposed PDM 

tethering proteins is Perilipin 5 (Plin5), which was shown to induce the formation of PDM 

by linking lipid droplets to mitochondria in multiple cell and tissue types including skeletal 

and cardiac muscle, liver, and pancreatic β-cells (Bosma et al, 2013; Laurens et al, 2016; 

Pollak et al, 2013; Sztalryd & Kimmel, 2014; Tan et al, 2019; Trevino et al, 2015b; Wang 

et al, 2011; Zhu et al, 2019). While Plin5 has demonstrated to be an efficient inducer of 

PDM, we must be careful in interpreting the results of the Plin5 OE and knockdown 

studies in the context of PDM. Plin5 is also a negative regulator of lipolysis through its 

interaction with ATGL (Adipose triglyceride lipase), making it difficult to separate the role 

of PDM directly in LD expansion with that of Plin5, blocking lipolysis (Sztalryd & Kimmel, 



  

 

19 
 

2014). Taking this into consideration, we have still learned a lot about PDM from Plin5 

models.  

Data in primary brown adipocytes using Plin5 overexpression demonstrated that 

inducing PDM formation shifts fuel utilization and lipid morphology and handling, 

suggesting that forcing mitochondria to attach to the LD is sufficient to give them their 

unique bioenergetics (Benador et al., 2018). Plin5 overexpression in other metabolically 

active tissues was also shown to be protective against lipotoxicity and improve tissue 

specific functions in response to metabolic stress, for example by improving glucose 

tolerance and insulin secretion in pancreatic islets and β-cells (Trevino et al, 2015a; Zhu 

et al., 2019). Moreover, Plin5 overexpression in HepG2 cells provided protection from 

H2O2 induced apoptosis, suggesting that PDM can confer resistance against cellular 

oxidative stress (Tan et al., 2019). These results indicate that shifting mitochondrial 

heterogeneity in cells can contribute to differences in tissue function. Interestingly, under 

different cellular conditions, unique populations of mitochondria can be favorable or 

potentially pathologic, depending on the overall cellular and nutrient state. For example, 

increasing PDM in both conditions of starvation and nutrient excess can be protective. 

Under conditions of starvation, Nguyen et al. demonstrated that nutrient deprivation leads  

to LD expansion and increased PDM. Their model suggests that PDMs protect against 

lipotoxicity from starvation-induced autophagy by providing a lipid buffering system that 

sequesters FAs released by autophagic degradation (Nguyen et al, 2017). Moreover, 

overexpression of both Plin5 and DGAT2, another proposed mitochondria-LD tether 

shown to promote PDM formation, increased LD mass and protected against lipotoxic 
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liver injury in models of nutrient overload (Monetti et al, 2007; Stone et al, 2009; Wang et 

al, 2015a). Interestingly, it has also been shown in both obese individuals and trained 

athletes that lipid droplets expand in skeletal muscle in response to physical training and 

nutrient overload. However, opposite effects on insulin sensitivity are observed, where 

increasing lipid droplets in muscle is pathogenic in the obese state, but LD expansion by 

PDM in trained athletes has a beneficial physiological role (Laurens et al., 2016; Li et al., 

2019). 

In support of a tissue-specific role of PDM, recent studies in hepatocytes found 

that unique subpopulations of hepatic mitochondria support distinct lipid metabolic 

pathways. In conditions of starvation, fatty acids are selectively trafficked to cytosolic 

mitochondria (CM) for oxidation, while PDM are the major site of fatty acid trafficking and 

facilitate esterification under fed conditions or during excess fatty acid exposure. 

Moreover, Najt et al. found that the proportion of these populations is altered under 

different metabolic states such as nutrient deprivation, enabling fine tune control of 

cellular adaptation (Najt et al, 2023). 

 

 

Mitophagy and adaptation to the nutritional state regulate mitochondrial 

dynamics 

Recent studies linking mitochondrial architecture and the balance of energy supply 

and demand suggest that changes in mitochondrial dynamics may reflect a bioenergetic 

adaptation to fuel availability and metabolic status (Brooks et al, 2009; Liesa & Shirihai, 
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2013; Ngo et al, 2023).  Mitochondria normally go through frequent fusion and fission 

events that allow mitochondria to reorganize and dispose damaged elements through 

mitophagy; however the balance between fusion and fission is disrupted by altered 

nutrient exposure (Gao et al, 2014; Stiles & Shirihai, 2012). Mitochondrial dynamics 

maintains the pool of metabolically efficient mitochondria, and disruption of either fusion 

or fission alters mitochondrial morphology and functionality (Liesa et al, 2009; Liesa & 

Shirihai, 2013). Under conditions of nutrient excess, the balance between fusion and 

fission leans in favor of fission and reduction in fusion resulting in an increase in 

fragmented mitochondria, whereas under starvation mitochondria shift towards an 

elongated state through increased fusion (Brooks et al., 2009; Gao et al., 2014; Liesa & 

Shirihai, 2013; Ngo et al., 2023; Stiles & Shirihai, 2012). Mitochondrial fragmentation 

under conditions of metabolic stress was previously thought to be maladaptive, however 

it was recently shown in several cell types including hepatocytes and HepG2 cells, beta 

cells and cancer cells that fragmentation in response to excess nutrients increases both 

lipid oxidation capacity and preference for lipids as a fuel (Gao et al., 2014; Martinez-

Lopez et al, 2023; Molina et al, 2009; Ngo et al., 2023; Supale et al, 2012). Moreover, 

adrenergic stimulation in brown adipose tissue induces mitochondrial fragmentation that 

promotes fatty acid utilization, suggesting fragmentation may have an adaptive role in 

regulating fuel preference and utilization (Liesa & Shirihai, 2013). 

Although changes to mitochondrial morphology in response to nutrient stress are 

adaptive, over time these adaptive changes to mitochondria can produce a state of de-

compensation, where the adaptive changes, over time compromise other essential 
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functions, such as mitochondrial quality control (Ngo et al., 2021). In pancreatic beta-

cells, chronic exposure to excess glucose and free fatty acids resulted in heterogeneity 

in mitochondrial morphology and membrane potential, resulting in pathological 

fragmentation, impaired glucose-stimulated insulin secretion and increased apoptosis 

(Molina et al., 2009; Wikstrom et al, 2007). Mitochondrial fission was also shown to play 

a vital role in the progression of nonalcoholic fatty liver disease (NAFLD). Because of 

these findings, several studies aimed to determine if fragmentation was compensatory or 

pathogenic in NAFLD by removing DRP1 and investigating if inhibiting mitochondrial 

fission was protective. Although some studies found that decreasing mitochondrial fission 

was protective and prevented body fat gain, glucose intolerance and hepatic triglyceride 

accumulation in models of NAFLD (Galloway et al, 2014; Wang et al, 2015b), these 

studies were not translational as Drp1 was knocked out or decreased prior to high fat diet 

feeding. A similar study induced Drp1 knockdown in hepatocytes of adult mice with 

established NASH and found that loss of Drp1 exacerbated inflammation, NASH-induced 

ER stress, fibrosis and necrosis, arguing that fission might indeed play a protective role 

(Steffen et al, 2022). 

Increased mitochondrial fragmentation has also been observed in several models 

of kidney injury and in kidney biopsies from diabetic human patients, resulting in an 

increase in the population of fragmented mitochondria that maintain reduced fatty acid 

oxidation (Kang et al, 2015; Zhan et al, 2013). Energy depletion by impaired fatty acid 

oxidation is a key contributor to the development of several kidney diseases, suggesting 

a role of mitochondrial fragmentation through increased morphological heterogeneity in 
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the pathogenesis of renal diseases (Brooks et al., 2009; Ngo et al., 2021; Zhan et al., 

2013). Interestingly, while increased mitochondrial fragmentation resulted in reduced 

mitochondrial fatty acid oxidation in the kidney, in the beta cell and liver increased fatty 

acid utilization was induced by fragmentation, demonstrating how increased 

heterogeneity can alter mitochondrial function in various ways dependent on their specific 

tissue function.  

 

The role of PDM and mitochondrial heterogeneity in WAT 

Manipulating the subpopulations of mitochondria within cells has the potential to 

provide a novel mechanism to control the metabolic state, fuel preference and nutrient 

availability vs utilization. Moreover, little is known about the existence of unique 

mitochondrial populations, such as PDM in white adipose tissue and whether these levels 

change throughout adipogenesis or in response to stress. PDM have been proposed to 

play a role in LD building during the early stages of adipogenesis, where increased ATP 

is required to support de novo lipogenesis and LD synthesis. 

Being the main tissue for lipid storage, WAT has an important role in buffering 

nutrient availability and demand by storing excess calories and preventing the toxic 

accumulation of excess nutrients in non-adipose tissues. During the development of 

obesity, increased nutrient intake can exceed the capacity of WAT to safely store the 

excess lipids, leading to lipotoxicity. Although it may seem counterintuitive to increase LD 

content as a therapy for obesity, triglyceride accumulation in response to lipid overload 

was shown to protect against fatty-acid induced lipotoxicity (Listenberger et al, 2003). 
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Thus increasing PDM content may represent an approach to prevent lipotoxicity by 

securing free fatty acids into TAGs. In chapter 3, we will further explore whether PDM 

exist in white adipocytes, and their potential role in lipid expansion vs utilization.  
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sarcolipin SLN 

creatine kinase CK 

phosphocreatine PCr 

malate-aspartate shuttle MaSH 

lysophosphatidic LPA 

α-Ketoglutarate αKG 

oxaloacetate OA 

glutamate Glu 

aspartate Asp 

mitochondrial pyruvate carrier MPC 

lactate dehydrogenase LDH 
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nicotinamide nucleotide transhydrogenase  NNT 

Thiazolidinediones  TZDs 

ABSTRACT 

Obesity results from an imbalance in energy homeostasis, whereby excessive energy 

intake exceeds caloric expenditure. Energy can be dissipated out of an organism by 

producing heat (thermogenesis), explaining the long-standing interest in exploiting 

thermogenic processes to counteract obesity. Mitochondrial uncoupling is a process 

that expends energy by oxidizing nutrients to produce heat, instead of ATP. Energy can 

also be dissipated through mechanisms that do not involve mitochondrial uncoupling. 

Such mechanisms include futile cycles described as metabolic reactions that consume 

ATP to produce a product from a substrate but then converting the product back into the 

original substrate, releasing the energy as heat. Energy dissipation driven by cellular 

ATP demand can be regulated by adjusting the speed and number of futile cycles. 

Energy consuming futile cycles that are reviewed here are lipolysis/fatty acid re-

esterification cycle, creatine/phosphocreatine cycle, and the SERCA-mediated calcium 

import and export cycle. Their reliance on ATP emphasizes that mitochondrial oxidative 

function coupled to ATP synthesis, and not just uncoupling, can play a role in 

thermogenic energy dissipation.  Here, we review ATP consuming futile cycles, the 

evidence for their function in humans, and their potential employment as a strategy to 

dissipate energy and counteract obesity.  
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INTRODUCTION 

The prevalence of obesity worldwide has substantially increased, concurrently with 

the vast array of obesity-associated diseases, including type 2 diabetes, dyslipidemia, 

hypertension heart disease, and cancer. Obesity develops when calorie intake chronically 

exceeds total energy expenditure, leading to a rise in the proportion of calories that remain 

in storage. A therapy for weight loss must, therefore, involve a decrease in calorie intake 

and/or an increase in energy dissipation out of the organism. While efforts have been put 

into increasing energy expenditure by increasing exercise, this only worked for a small 

portion of the population.  Similarly, low caloric diet offers only a transient reduction in 

weight that is followed by weight re-gain (Leibel et al, 1995). This dynamic nature of 

weight loss, where a low caloric diet is very successful in the first two weeks, but 

eventually weight loss stops as the body tends to compensate for the decrease in energy 

intake, is where the most interesting opportunity lies in (Fothergill et al, 2016; Johannsen 

et al, 2012). What molecular mechanisms are responsible for blocking weight loss after a 

couple of weeks of low caloric diet? 

For the body to stop losing weight under low caloric diet, energy expenditure must go 

down. Indeed, recent studies in humans have demonstrated that weight loss by caloric 

restriction results in a decline in basal metabolic rate (BMR), beyond changes attributed 

to decreased body weight (Corbett et al, 1986; Dulloo & Calokatisa, 1991; Elliot et al, 

1989; Kaiyala et al, 2010; Leibel et al., 1995; Maclean et al, 2011; Valtueña et al, 1995). 

This adaptive reduction in BMR is a regulated mechanism that limits energy dissipation 

to conserve tissue mass, mostly by suppressing thermogenesis (Dulloo & Jacquet, 1998).  
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This adaptation highlights the ability to preserve energy balance when caloric intake is 

reduced (Leibel et al., 1995). The question remains, can we use the same pathways to 

increase energy dissipation and to counteract obesity? Can defects in the mechanisms 

regulating energy expenditure be responsible for obesity?  

Thermogenesis, which is the production of heat in living organisms, is a regulated 

process that largely contributes to energy dissipation. Two major processes are 

responsible for thermoregulatory heat production in mammals – shivering and 

nonshivering thermogenesis. Shivering, the involuntary contraction of skeletal muscles 

induced by cold exposure results in heat production that involves ATP-dependent 

movement. Non-shivering thermogenesis is defined as an increase in metabolic heat 

production that is not associated with muscle activity and occurs in response to 

environmental temperature (Himms-Hagen, 1984). Non-shivering thermogenesis occurs 

in several systems, including skeletal muscle and most notably brown adipose tissue 

(Cypess et al, 2009; Himms-Hagen, 1984). 

Mitochondrial uncoupling is considered a central component of non-shivering 

thermogenesis by brown adipose tissue. UCP1, an anion/H+ symporter, is an uncoupling 

protein unique to brown adipose tissue and beige adipocytes. (Table 1)(Fedorenko et al, 

2012; Jastroch et al, 2010; Parker et al, 2009) UCP1 allows for the re-entry of protons 

into the mitochondrial matrix bypassing ATP-synthase, thereby uncoupling oxygen 

consumption from ATP synthesis and dissipating the energy of the proton gradient into 

heat. (Fedorenko et al., 2012; Jastroch et al., 2010; Parker et al., 2009). Uncoupling is 

activated in response to decreased environmental temperature (cold-induced 
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thermogenesis) and, with some conflicting evidence, to overfeeding (diet-induced 

thermogenesis) (Cannon & Nedergaard, 2004; Foster & Frydman, 1978; Rothwell & 

Stock, 1979; Saito et al, 2009).  In addition, UCP1+ 'brown-like' white adipocytes, also 

named beige cells, are thermogenically active adipocytes that can emerge in white fat 

when mice are exposed to cold, as well as in response to catecholamines and other β-

adrenergic agonists (Cannon & Nedergaard, 2004; Cohen & Spiegelman, 2015). Several 

lines of evidence suggest that beige adipocytes, despite carrying UCP1, also dissipate 

energy through ATP-consuming processes. (Chouchani et al, 2019; Ikeda et al, 2017; 

Ikeda & Yamada, 2020; Kazak et al, 2015).  

 Numerous studies have characterized the role and regulation of UCP1-mediated 

thermogenesis in brown and beige adipose tissue and we will do it a disservice by trying 

to review it in one paragraph. The role of UCP1 in thermogenesis has been recently 

reviewed (Chouchani et al., 2019; Nedergaard & Cannon, 2018). BAT thermogenesis and 

UCP1 activity can decrease body fat accumulation, improving insulin sensitivity and 

glycemic control in diet-induced obese mice (Stanford et al, 2013). Accordingly, short-

term cold exposure (4 hours) decreases circulating triglyceride concentrations and 

increases insulin sensitivity in mice (Bartelt et al, 2011).  Moreover, mice with genetic 

ablation of BAT are more susceptible to diet-induced obesity and insulin resistance 

(Hamann et al, 1995; Lowell & Flier, 1997). Similarly, mice lacking beige fat function 

caused by the adipocyte-specific deletion of PRDM16 develop obesity and insulin 

resistance (Cohen et al, 2014).   



 

  

 

52 
 

It was previously hypothesized that the action of UCP1 primarily mediates the “anti-

obesity” and “anti-diabetic” actions of brown and beige fat. Surprisingly, UCP1-knock out 

mice maintained normal resting energy expenditure and were resistant to diet-induced 

obesity at sub-thermoneutral temperatures (Enerbäck et al, 1997; Liu et al, 2003; Stefl et 

al, 1998). Additionally, it was shown that UCP1-deficient mice can adapt to a cold 

environment, highlighting the presence of UCP1-independent mechanisms of adaptive 

thermogenesis and regulation of whole-body energy homeostasis (Liu et al., 2003; 

Ukropec et al, 2006). UCP1-knock out mice are protected from diet-induced obesity at 

sub-thermoneutral temperatures, because the alternative thermogenic mechanisms 

consume more calories to produce the same amount of heat needed for thermoregulation 

(Enerbäck et al., 1997; Liu et al., 2003; Stefl et al., 1998). Furthermore, deletion of the 

mitochondrial protein, Mfn2, in brown adipose tissue protected from insulin resistance and 

obesity, despite impairing cold-induced thermogenesis. In this regard, BAT-specific Mfn2 

deletion decreased the animal energy efficiency and increased coupled fat oxidation in 

BAT, explaining protection from obesity and hyperglycemia (Mahdaviani et al, 2017). 

Altogether, these studies suggest that outside UCP1 mediated uncoupling, other 

mechanisms may affect energy expenditure by changing energy efficiency.   

While some of the animal studies were translated to humans, others were not. 

Earlier clinical observations in humans demonstrated that both cold exposure (Ouellet 

et al, 2012; Saito et al., 2009; Yoneshiro et al, 2011) and treatment with mitochondrial 

uncouplers (Cutting et al, 1933; Parascandola, 1974; Tainter et al, 1934) result in 

increased energy expenditure and weight loss (Yoneshiro & Saito, 2015).  More recent 
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BAT-targeted pharmacological studies have failed to demonstrate that BAT activation 

results in a significant weight loss by increasing overall energy expenditure (Chen et al, 

2020; Larson, 2019; O'Mara et al, 2020). For example, treatment of human subjects with 

a B-3 adrenergic receptor agonist Mirabegron did not result in a significant weight loss 

although it successfully activated thermogenesis by BAT (O'Mara et al., 2020).  The lack 

of success of Mirabegron was hypothesized to be explained by the lower mass of BAT in 

humans when compared to mice. An alternative hypothesis could be that increased 

energy expenditure by adaptive thermogenesis is compensated for by an increase in 

energy efficiency in other tissues, leading to an overall unchanged or reduced BMR.  

 

UCP1-independent Mechanisms of Mitochondrial Uncoupling  

The mitochondrial ADP/ATP carrier, (ACC), acts as a mitochondrial uncoupler 

under certain conditions, fueling a futile cycle of proton diffusion across the inner 

mitochondrial membrane  (Bertholet et al, 2019) (Figure 1, Table 1).  AAC is a member 

of the solute carrier family (SLC25)  that exchanges ATP and ADP between the 

mitochondria matrix and the cytosol (Bertholet et al., 2019). However, ACC has additional 

key functions: ACC is a fatty-acid induced proton channel that explains endogenous 

proton leak, as well as regulating the opening of the permeability transition pore and the 

removal of mitochondria by mitophagy (Bertholet et al., 2019; Kreiter et al, 2021). 

Remarkably, both ACC-controlled leak and PTP opening can be stimulated by free fatty 

acids, similarly to how fatty acids activate UCP1 (Bertholet et al., 2019). This connection 

by fatty acids highlights the importance of nutrients as active regulators of energy 
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dissipation, by determining the relative proportion that is directed to mitochondrial ATP 

synthesis versus leak. 

Another mechanism that uncouples oxygen consumption from ATP synthesis by 

allowing protons to enter the mitochondrial matrix is mediated by the mitochondrial 

Nicotinamide nucleotide transhydrogenase (NNT) (Hoek & Rydström, 1988; Jackson et 

al, 2015; Kampjut & Sazanov, 2019). NNT uses the electrons in NADH to reduce NADP⁺ 

to NADPH, with this transhydrogenation being coupled to proton translocation across the 

inner membrane (Hoek & Rydström, 1988; Jackson et al., 2015; Kampjut & Sazanov, 

2019). The energy consumed by NNT-mediated proton translocation generates NADPH 

. Therefore, although the NNT uncouples the mitochondria respiration from ATP 

synthesis, energy consumed by the NNT is not directly transformed into heat and thus 

will not be dissipated out of the organism (Rydström, 2006).   

 

The Two Categories of Thermogenic Energy Expenditure: ATP-Consuming Futile 

Cycles and Uncoupling  

Recent evidence demonstrated that BAT and beige adipocytes can increase energy 

expenditure by activating ATP-consuming futile cycles. This need for ATP means that 

mitochondria can remain coupled to sustain  ATP demand and fuel these futile cycles, 

which prevents the potential risks associated with large depolarization characteristic of 

mitochondrial uncoupling (Table 1). Remarkably, these ATP-consuming futile cycles 

recently identified in BAT and beige adipocytes were already shown to promote energy 

expenditure in skeletal muscle.  
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A futile cycle consists of a set of biochemical reactions that concurrently run in 

opposite directions, consuming ATP in one of the directions. As the product of the first 

reaction is the substrate of the second reaction, and the product of the second reaction 

is the substrate of the first reaction, such a cycle will lead to a net decrease in ATP 

(Newsholme, 1978).  While we use the word futile, this does not mean there is no use for 

these cycles. Outcomes of futile cycles include the consumption of excess nutrients and 

the generation of heat. Furthermore, futile cycles are characterized by the continuous 

production of the cycle’s intermediates allowing for the maintenance of a steady pool of 

metabolites comprising the cycle and the active enzymes producing them. As such, futile 

cycles allow for a quick response to cellular events requiring the production or processing 

of the cycle intermediates.  

The capacity of energy-wasting mechanisms based on futile cycles to decrease body 

weight loss will be mostly dependent on their abundancy and/or frequency of execution.  

Therefore, the extent of energy expenditure achieved by each of these mechanisms per 

cell at a given time is unlikely to be a reliable predictor of their impact on weight loss.  

 

Calcium Futile Cycles in Beige and Brown Adipocytes 

A UCP1-independent thermogenic pathway that involves an ATP-consuming 

Ca2+ futile cycling was shown to contribute to beige fat energy expenditure and systemic 

glucose homeostasis (Figure 1, Table 1) (Gamu & Tupling, 2017; Ikeda et al., 2017; 

Ukropec et al., 2006). In response to cold exposure, NE binds to α1-AR (adrenergic 

receptor) and β3-AR to increase intracellular Ca2+ cycling by activating the ryanodine 
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receptor 2 (RyR2) and promoting the extrusion of ER-calcium. Calcium extrusion then 

increases the activity of the sarco(endo) plasmic reticulum Ca2+ (SERCA2b), which brings 

the calcium back to the ER of beige adipocytes (Gamu & Tupling, 2017; Ikeda et al., 2017; 

Mottillo et al, 2018). As SERCA2b consumes ATP to transport calcium back to the ER, 

the activation of this calcium cycle leads to a futile consumption of ATP that is responsible 

for energy dissipation. In addition, decreased efficiency of SERCA2b importing calcium 

leads to an increase in Ca2+ levels in the cytosol, which enter the mitochondria to activate 

pyruvate dehydrogenase activity and ATP synthesis (Ikeda et al., 2017; Mottillo et al., 

2018). Thus, calcium itself activates mitochondria to cover this increase ATP demand 

more efficiently.  This calcium cycle explained why UCP1 KO beige adipocytes utilize 

glucose-derived pyruvate as the primary fuel source for mitochondrial respiration (Ikeda 

et al., 2017; Mottillo et al., 2018). In all, SERCA2-mediated calcium cycling increases 

energy dissipation while elevating glucose oxidation, which counteracts hyperglycemia 

(Ikeda et al., 2017).  

Intriguingly, the SERCA2b-mediated Ca2+ cycling thermogenic mechanism is 

necessary for beige adipocyte thermogenesis but is dispensable in brown adipocytes that 

express high levels of UCP1. It is hypothesized that this pathway is unique to beige fat 

due to the high expression of ATP synthase not found in brown adipose tissue, enabling 

beige fat to dissipate energy by increasing ATP consumption in a futile manner (Cannon 

& Vogel, 1977; Ikeda et al, 2018; Lindberg et al, 1967). 

Although regulators of SERCA2 activity in beige adipocytes have yet to be 

established, the regulatory protein sarcolipin (SLN) has been shown to promote 
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uncoupling of ATP hydrolysis of SERCA1a from calcium transport in skeletal muscle, 

resulting in muscle nonshivering thermogenesis (Autry et al, 2016; Bal et al, 2012; Sahoo 

et al, 2013). Unphosphorylated SLN induces conformational changes in SERCA structure 

which decreases the affinity of SERCA to bind calcium (Autry et al., 2016). This decrease 

in affinity causes SERCA to hydrolyze more ATP to transport less calcium, meaning that 

more ATP will be consumed to perform the same transport process. Accordingly, it was 

shown that SLN enhances energy dissipation and heat production in skeletal muscle, 

concurrent with a sustained elevation of cytoplasmic Ca2+. 

Interestingly, SERCA1 was recently identified in the inner mitochondrial 

membranes (IMM) of BAT and was shown to induce SERCA/RyR mediated Ca2+ futile 

cycling in BAT mitochondria (Table 1)(de Meis, 2003). Calcium is pumped from the matrix 

to the inner mitochondrial space (IMS) by SERCA1 and returns to the mitochondrial matrix 

through the RyR (de Meis et al, 2006; de Meis et al, 2010; de Meis et al, 2005). The ATP 

hydrolysis activity of SERCA1 was shown to absorb part of the ATP derived from the 

electron flux activated by Ca2+, contributing to brown adipose tissue energy expenditure 

(de Meis et al., 2010).  

 

Creatine-Phosphocreatine Futile Cycle 

A Creatine-dependent ATP-consuming cycle has been shown to promote energy 

dissipation in beige fat and brown adipocytes (Figure 1, Table 1)(Bertholet et al, 2017; 

Kazak et al., 2015; Kazak et al, 2017; Kazak et al, 2019; Rahbani et al; Sun et al, 2021). 

This cycle was initially identified in mitochondria isolated from beige fat of cold-exposed 
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animals under ADP-limited conditions and was further confirmed to exist in both mouse 

and human brown adipocytes (Kazak et al., 2015; Rahbani et al.). Preliminary studies 

demonstrated that creatine stimulates substrate cycling and increases ADP-dependent 

respiration in beige fat mitochondria when ADP is limiting (Kazak et al., 2015).  When 

UCP1 is deleted, genes involved in creatine metabolism including creatine kinase B 

(CKB) are upregulated by thermogenic cAMP signaling (Kazak et al., 2015; Rahbani et 

al.).  Moreover, depleting creatine levels in thermogenic adipocytes of mice by deleting 

the rate-limiting enzyme of creatine biosynthesis, glycine amidinotransferase (GATM), 

impairs energy expenditure due to reduced thermogenesis and causes diet-induced 

obesity (Kazak et al., 2017; Kazak et al., 2019). The existence of this cycle in BAT 

supports the concept that increasing mitochondrial ATP synthesis can be used as an 

approach to promote energy dissipation. 

 

Lipid Cycling as a Futile Cycle Consuming ATP. 

Lipid cycling consists of a catabolic segment and an anabolic segment. The catabolic 

segment refers to the hydrolysis of triglycerides (TAGs) into free fatty acids (FFAs) and 

glycerol (Guan et al, 2002; Prentki & Madiraju, 2008; Reshef et al, 2003). Adipose 

triglyceride lipase (ATGL), hormone-sensitive lipase (HSL), and monoacylglycerol lipase 

(MAGL) are the main enzymes catalyzing this hydrolysis, namely lipolysis. The free 

glycerol that is generated during the breakdown of triglycerides can potentially be reused 

by the anabolic segment, constituted by glycerol kinase, which consumes ATP to 

regenerate glycerol-3-P that can be utilized to rebuild triglycerides (Reshef et al., 2003). 
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In cells with low glycerol kinase activity, glycerol can be released into the bloodstream, 

preventing this ATP-consuming lipid cycle (Guan et al., 2002).  However, glucose can be 

consumed to make new triglycerides by fueling glyceroneogenesis, a process controlled 

by phosphoenolpyruvate carboxykinase (GTP) (PEPCK-C) (Table 1) (Ballard et al, 1967; 

Guan et al., 2002; Reshef et al., 2003). Glyceroneogenesis is active in liver, white and 

brown adipose tissue. Therefore, re-esterification and futile ATP consumption can still 

occur in cells with low glycerol kinase activity via PEPCK-C. In BAT, glyceroneogenesis 

has an important role in determining the rate of triglyceride re-esterification after 

norepinephrine stimulation (Feldman & Hirst, 1978). It has been reported that cold 

exposure promotes a decrease in PEPCK-C in BAT, which is accompanied by a decrease 

in re-esterification as the FFAs need to be delivered to the mitochondria to maintain 

thermogenesis (Feldman & Hirst, 1978).  

Glycerol metabolism is not the only ATP-consuming process that can increase energy 

dissipation in adipocytes. Glycerolipid-free fatty acid cycling (GL/FFA or lipid cycling) is a 

futile cycle that consumes ATP via the partial or full re-esterification of free fatty acids into 

TAGs, diacylglycerols (DAGs), or Monoacylglycerols (MAGs) (Table 1)(Prentki & 

Madiraju, 2008; Reshef et al., 2003). The reason is that lipolysis removes CoA from fatty 

acids and the addition of CoA to fatty acids consumes ATP, with CoA addition to FFA 

being essential for esterification. Each GL/FFA cycle consumes 7 ATP molecules (Prentki 

& Madiraju, 2012).   

The functional role of lipid cycling can range from facilitating a  rapid provision of FFA 

for oxidation, to cell signaling regulation and detoxification from excess free fatty acids 
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(Chouchani & Kajimura, 2019). Importantly, the anabolic and catabolic segments of lipid 

cycling can concurrently occur in the same cell or in different tissues; for example between 

the liver and white adipose tissue (Figure 2). Abnormalities in the function of lipid cycling 

are associated with insulin resistance, type 2 diabetes, fatty liver disease, and cancer  

(Larter et al, 2010; Nomura et al, 2010; Prentki & Madiraju, 2008). 

A significant amount of basal energy expenditure in white adipose tissue is attributed 

to lipid cycling (Bertin, 1976).  The reason is that mature white adipocytes do not oxidize 

fatty acids but are a major source of free fatty acids for surrounding tissues (Hammond, 

1987; Harper & Saggerson, 1975; Wang et al, 2010). In cultured white adipocytes from 

humans, around 40% of released fatty acids are recycled back into lipid droplets 

(Hammond, 1987). In vivo, Wolfe et al. showed that in humans at rest around 70% of fatty 

acids are re-esterified in the adipose tissue (Wolfe et al, 1990).  Especially at the 

beginning of physical exercise, re-esterification is reduced to 25%, suggesting that 

decreased re-esterification is explained by fatty acids consumption in muscle and liver 

(Wolfe et al., 1990). This suggests that lipid cycling enables the adipose tissue to be ready 

to deliver oxidizable fatty acids to muscle and liver, while the esterification component 

protects the adipocytes from lipotoxicity when fatty acids are not oxidized (Wolfe et al., 

1990).  

 

Mechanisms Inducing Lipid Cycling 

While the majority of heat in activated brown adipocytes is generated via UCP1 

mediated proton leak, part of thermogenesis is attributed to lipid cycling (Mottillo et al, 
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2014). Recently, Veliova et al proposed a novel mechanism to activate lipid cycling and 

increase energy dissipation in non-stimulated brown adipocytes, by blocking the 

mitochondrial pyruvate carrier (MPC) (Figure 1)(Veliova et al, 2020). Inhibition of the MPC 

results in increased ATP demand and coupled mitochondrial fat oxidation to support fatty 

acid esterification, as energy expenditure was sensitive to the ACSL inhibitor Triacsin C. 

Consequently, MPC blockage increases fat oxidation and energy expenditure bypassing 

the need for adrenergic stimulation or mitochondrial uncoupling to oxidize fat (Veliova et 

al., 2020). It remains to be determined whether lipid cycling can be induced in white 

adipocytes by a similar mechanism, which would be particularly interesting as a way to 

promote energy-wasting and possibly weight loss.    

Aside from its role in maintaining the availability of free fatty acids, lipid cycling has 

an essential role in cell signaling, In pancreatic beta cells, lipid species can act as 

signaling molecules that modulate insulin secretion (Nolan et al, 2006; Prentki & Madiraju, 

2012; Reshef et al., 2003). Furthermore, the increased energy demand caused by lipid 

cycling has been linked to AMPK activation in adipocytes and beta cells, as lipid cycling 

can increase the AMP/ATP ratio (Gauthier et al, 2008; Prentki & Madiraju, 2012). In 

addition, lipid cycling can play an important role in signaling from fatty acids and glucose 

to promote cell growth and modulate gene expression (Faergeman & Knudsen, 1997). It 

was proposed that high glycolysis rates that support cancer proliferation could be 

maintained by Glycerol-3-phosphate dehydrogenase (GPDH), which regenerates NAD+ 

by transforming G-3-P  to DHAP  (Przybytkowski et al, 2007).  
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Moreover, it has been demonstrated that the type 2 diabetes drugs, 

Thiazolidinediones (TZDs), which are agonists for peroxisome proliferator-activated 

receptor-gamma (PPARγ) and block MPC activity, induce changes in fatty acid 

esterification (Tordjman et al, 2003). TZDs induced the expression of PEPCK, a key 

regulator of the glyceroneogenesis pathway (Tordjman et al., 2003).  The activation of 

glyceroneogenesis in adipose tissue by TZDs allows the re-esterification of fatty acids via 

lipid cycling, thus lowering fatty acid release into the plasma (Tordjman et al., 2003). 

Importantly, reduced fatty acid levels in the plasma may be important for the insulin-

sensitizing action of thiazolidinediones (Tordjman et al., 2003). However, whether some 

of the actions on fatty acid cycling induced by TZDs are mediated by their actions on MPC 

has not been characterized. 

 

Futile Cycles That Connect Multiple Subcellular Compartments and Tissues 

To avoid uncontrolled dissipation of energy, some futile cycles have their core steps 

occurring in different tissues or even in different subcellular compartments. An example 

is the hexokinase/glucose-6-phosphatase reaction, wherein the liver hexokinase is 

replaced by glucokinase (GK), which is regulated by glucokinase regulatory protein 

(GKRP) (Raimondo et al, 2015; van Schaftingen et al, 1992). Under fasting, GKRP 

inactivates and sequesters GK in the nucleus to prevent futile cycles of glucose 

phosphorylation during gluconeogenesis (Raimondo et al., 2015; van Schaftingen et al., 

1992).  
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Interestingly, the same mechanism used to induce lipid cycling in adipose tissue was 

shown to contribute to the Cori cycle that communicates between muscle and liver (Figure 

2). Skeletal muscle-specific deletion of the mitochondrial pyruvate carrier (MPC) in mice 

increases flux through the Cori cycle, leading to an increase in whole-body energy 

expenditure (Sharma et al, 2019). Muscle-specific MPC deletion (MPC SkmKO) promoted 

the conversion of pyruvate to lactate in the muscle and its release of lactate into the 

circulation (Sharma et al., 2019). This lactate provides carbons for glucose production in 

the liver, which resupplies glucose to the muscle. The Cori cycle is futile because each 

round produces two skeletal muscle ATP molecules and consumes six in the liver, for a 

net consumption of 4 ATP equivalents. Cori cycling is energetically supported by fatty 

acid oxidation in the liver for gluconeogenesis, as well as in the muscle to support muscle 

ATP demand. This increase in mitochondrial fat oxidation was shown to account for a 

decrease in body weight in mice with skeletal muscle-specific deletion of the MPC 

(Sharma et al., 2019). 

 

CONCLUSIONS 

 Energy homeostasis is maintained by a balance of energy intake and energy 

dissipation. The basal metabolic rate can be regulated to decrease energy dissipation 

during periods of decreased nutrient intake. The existence of these compensatory 

mechanisms means that cells can fine-tune the amount of energy required to sustain the 

same essential metabolic processes. Understanding the regulation of energy-dissipating 
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processes modulated by food intake can potentially lead to therapeutic strategies that 

serve to promote weight loss among individuals with obesity. 

 It has been shown through the use of chemical uncouplers that increasing the 

metabolic rate can cause weight loss and supports the hypothesis that increasing energy 

expenditure by decreasing metabolic efficiency is a potential mechanism to induce a 

negative energy balance (Parascandola, 1974; Tainter et al., 1934). However, chemical 

uncouplers and adrenergic inducers of thermogenesis have several disadvantages and 

risks related to their safety, including their lack of tissue specificity and the potential 

disruption of other functions of mitochondria that are membrane potential-dependent 

(Duchen, 2004; Grundlingh et al, 2011). Specifically, treatment with uncouplers can result 

in large enough mitochondrial depolarization that will impair charge-dependent transport 

processes required for metabolite import as well as calcium buffering. Depolarization can 

also increase the propensity for permeability transition and apoptosis. On the other hand, 

mechanisms that increase ATP demand through futile cycles dissipate energy through 

pathways that can be more easily made tissue-specific and that are less disruptive to 

mitochondrial functions. By increasing ATP demand, ATP-consuming futile cycles can 

induce mild depolarization that is unlikely to affect other mitochondrial functions. 

Conversely, whether the adaptive response of the organisms to the induction of futile 

cycles may consist of either transient or persistent change in BMR and sustainable 

reduction in weight remains to be seen.  

In conditions where ATP production is compromised, an ATP-consuming futile 

cycle can be deleterious. By blocking ATP-consuming futile cycles, it is possible we can 
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prevent cell death or dysfunctionality in conditions such as ischemia and mitochondrial 

respiratory chain diseases, where ATP demand exceeds the synthesis rate.  

 Overall, ATP-consuming futile cycles hold promise both as an intervention to treat 

obesity-related diseases as well as conditions of unmet ATP demand. Further elucidating 

mechanisms that control ATP-consuming futile cycles may allow for the development of 

drugs that can modify the ATP demand in a tissue-specific manner.  

 
FIGURES AND TABLES  
 
 

Futile Cycle Tissue Physiological 
Role 

Protein Involved ATP-
Dependent 

References 

UCP1-mediated 
uncoupling  

BAT Thermogenesis UCP1  __ [13, 14, 16, 
17, 95] 

Calcium cycling BAT, Skeletal 
muscle 

Thermogenesis SERCA1, RyR1, 
SLN 

✓ 
 

[58-63, 96, 
97] 

Endogenous 
mitochondrial 
uncoupling  

BAT ATP production 
and thermogenesis 

AAC ✓ 
 

[45, 46] 

Calcium cycling Beige Fat Thermogenesis 
and glucose 
homeostasis  

SERCA2b, RyR2 ✓ 
 

[24, 34, 52, 
53] 

Creatine-dependent 
ADP/ATP cycling 

Beige Fat Thermogenesis CK, AAC ✓ 
 

[21, 64-68] 

Glycerolipid-free fatty 
acid cycle 

WAT, BAT, 
Islet β-cell 

Lipolysis and 
triglyceride 
synthesis 

ATGL, HSL, 
MAGL, GK, MPC 

✓ 
 

[70, 71, 74, 
79, 83, 84] 

Glyceroneogenesis-lipid 
cycle 

Liver, WAT, 
BAT 

G3P formation and 
triglyceride 
synthesis 

PEPCK-C, 
Glycerol Kinase 

✓ 
 

[69, 70, 72, 
73, 78] 

Cori Cycle Skeletal 
Muscle and 
Liver 

Lactate and 
glucose production 

LDH 
 

✓ 
 

[92] 

 

Table 1-1: ATP-consuming processes that contribute to energy expenditure 

Non-shivering thermogenesis through UCP1-mediated proton gradient dissipation is the 

main mechanism of BAT-mediated energy expenditure. Additional futile cycles dependent 
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on ATP synthesis and consumption have been demonstrated to contribute to energy 

dissipation in a UCP1 independent manner in different tissues. UCP1, uncoupling protein 

1; AAC, mitochondrial ADP/ATP carrier; SERCA1/2b, sarco/endoplasmic reticulum Ca2+-

ATPase; RyR, Ryanodine receptor; SLN, Sarcolipin; CK, Creatine Kinase; PEPCK-C, 

Phosphoenolpyruvate carboxykinase; MPC, mitochondrial pyruvate carrier; LDH, 

Lactate dehydrogenase; ATGL, Adipose triglyceride lipase; HSL, hormone-sensitive 

lipase; MAGL, monoacylglycerol lipase; GK, glycerol kinase.  

 

 

 

 

Figure 1-1: ATP-Dependent Futile Cycles 

Proton leak via AACa b

c dCreatine-dependent ADP/ATP 
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(a) The mitochondrial ADP/ATP carrier (ACC) can act as H+ transporter, in addition to its 

function as ADP/ATP exchanger. ACC-mediated proton leak requires the presence of 

free fatty acids and is negatively regulated by ADP/ATP exchange. Thereby, ACC 

provides an alternative mechanism to induce mitochondrial proton leak. (b) In beige 

adipocytes norepinephrine (NE)–mediated stimulation of adrenergic receptors stimulates 

futile Ca2+ cycling through activation of sarco/endoplasmic reticulum Ca2+-ATPase 2b 

(SERCA2b) and ryanodine receptor 2 (RyR2). SER, sarco/endoplasmic reticulum. (c) In 

UCP1-deficient adipocytes creatine (Cr) and creatine and CK-mediated hydrolysis of ATP 

stimulates cycling of ATP production and consumption when ADP is limiting through the 

ATP/ADP carrier (AAC). The mitochondrial AAC localizes to the mitochondrial inner 

membrane and functions as an ADP/ATP exchanger to control the cellular ATP pool. MI-

CK, mitochondrial-creatine kinase; PCr, phosphor-creatine; PCr-ase, phosphor-creatine 

kinase. (d) In the absence of mitochondrial pyruvate import, brown adipocytes activate 

lipolysis, which induces futile lipid cycling and β-oxidation. Additional details about the 

malate aspartate shuttle as a mechanism to induce lipid cycling appear in the text. FFA, 

free fatty acid; G3P, glycerol-3-phosphate.  

a bGlycerolipid-free fatty acid cycle between WAT 
and liver

Cori Cycle between skeletal muscle and liver
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Figure 1-2: Futile Cycles That Connect Multiple Subcellular Compartments and 
Tissues 

(a) Glycerolipid-free fatty acid cycle between white adipose tissue and the liver. 

Triglycerides (TGs) are broken down to glycerol and free fatty acids (FFAs), which are 

either re-esterified in the adipose tissue or released into the bloodstream. The liver 

converts the glycerol from the bloodstream to glucose through gluconeogenesis, and this 

glucose can then be used to make glucose-3-phosphate (G-3-P) needed for triglyceride 

synthesis. Free fatty acids picked up by the liver are used along with glucose-3-phosphate 

for de novo triglyceride synthesis also called de novo lipogenesis. (b) Cori cycle between 

skeletal muscle and the liver. Glucose in the muscle is metabolized to pyruvate and ATP 

through glycolysis and then converted to lactate by lactate dehydrogenase (LDH), which 

is released into the blood and picked up by the liver. The liver uses the lactate to produce 

glucose, utilizing ATP, and the glucose is then released back into the circulation. Overall 

this futile cycle results in a net loss of 4 ATPs.  
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CHAPTER  3: MITOCHONDRIA ISOLATED FROM LIPID DROPLETS IN WAT 

REVEAL FUNCTIONAL DIFFERENCES BASED ON LIPID DROPLET SIZE 
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ABSTRACT 

 

Recent studies in brown adipose tissue (BAT) described a unique subpopulation of mitochondria 

bound to lipid droplets (LDs), peridroplet mitochondria (PDM). PDMs can be isolated from BAT 

by differential centrifugation and salt washes (Benador et al, 2018). Contrary to BAT, this 

approach has so far not led to successful isolation of PDMs from white adipose tissue (WAT). 

Here, we developed a method to isolate PDM from WAT with high yield and purity by an 

optimized proteolytic treatment that preserves the respiratory function of mitochondria. Using 

this approach, we show that, contrary to BAT, WAT PDM have lower respiratory and ATP 

synthesis capacity compared to WAT CM. Furthermore, by isolating PDM from LDs of different 

sizes, we find a negative correlation between LD size and the respiratory capacity of their PDM 

in WAT. Thus, our new isolation method reveals tissue-specific characteristics of PDM and 

establishes the existence of heterogeneity in PDM function determined by LD size. 
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white adipose tissue / lipid droplet / mitochondria / peridroplet mitochondria / brown 

adipose tissue  
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INTRODUCTION 

Mitochondria attached to lipid droplets (LD), or peridroplet mitochondria (PDM), were 

shown to expand lipid droplets in brown adipose tissue (BAT) (Benador et al., 2018). 

Mechanistically, BAT PDM are specialized to oxidize pyruvate and provide ATP to fuel 

the esterification of fatty acids into triglycerides (Benador et al., 2018). Whether this 

specialized function of PDM is conserved in tissues different from BAT is unknown, mostly 

due to a lack of available protocols to isolate PDM efficiently from other tissues. The role 

of PDM promoting the esterification of fatty acids into triglycerides was hypothesized to 

be especially relevant in white adipose tissue (WAT), as esterification can protect from 

lipotoxicity of NEFA (non-esterified fatty acids) (Kuramoto et al, 2012; Laurens et al, 2016; 

Listenberger et al, 2003; Tan et al, 2019; Veliova et al, 2020; Wang et al, 2015; Zheng et 

al, 2017). It has been hypothesized that both PDM and cytoplasmic mitochondria (CM) 

contribute to the removal of NEFA, with CM oxidizing NEFA and PDM securing them into 

neutral triglycerides (Veliova et al., 2020). Finding ways in which we can manipulate or 

offset different mitochondrial populations has the potential to regulate lipid metabolism.  

 

WAT has been shown to have lower mitochondrial mass per cell when compared to 

BAT. Moreover, per mitochondrial mass, WAT has a lower capacity to oxidize fatty acids 

when compared to BAT (Cannon & Nedergaard, 2004; Cinti, 2018). Nonetheless, recent 

studies have shown that mitochondria from WAT not only support adipocyte-specific 

functions, but play essential roles in maintaining whole-body energy homeostasis, control 
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of insulin sensitivity, glucose metabolism, and crosstalk between muscles and adipose 

tissues (Boudina & Graham, 2014; Lee et al, 2019; Vernochet et al, 2014). Electron 

microscopy images of human white adipose tissue support the existence of a unique 

population of mitochondria that are in contact with lipid droplets in WAT; however the 

function of these mitochondria within the cell, and the changes associated with the 

development of obesity is still unknown (Cinti, 2018; Cushman, 1970; Freyre et al, 2019). 

In order to better understand the role of PDM in WAT, it is crucial to develop an optimized 

protocol that allows for PDM isolation with a high yield.  

 

 The PDM isolation protocols published to date utilize differential centrifugation. 

However, these protocols differ in the composition of the homogenization and isolation 

buffers used, more specifically in salt concentrations and the presence of detergents (Cui 

et al, 2019; Ngo et al, 2021; Yu et al, 2015; Zhang et al, 2016). Benador et al. showed 

successful stripping of a large proportion of mitochondria attached to lipid droplets in BAT 

by centrifuging the fraction enriched with lipid droplets at high speed(Benador et al., 2018; 

Ngo et al., 2021). However, not all lipid-bound mitochondria were removed by this 

centrifugation (Benador et al., 2018). This may reflect on the heterogeneity of the 

mechanisms adhering mitochondria to lipid droplets and may represent functional 

diversity of PDM.  To explore the diversity of PDM, a more powerful approach to detach 

mitochondria from lipid droplets needs to be applied. We rationalized that digestion of the 

proteins that link mitochondria to LDs could enhance the detachment of PDM from lipid 

droplets, while addressing the potential for damage induced by the proteolytic activity. 
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Accordingly, several studies in oxidative tissues, including skeletal and cardiac muscle, 

used protease treatments to disperse the tissue in the process of mitochondrial isolation 

(Kras et al, 2016; Lai et al, 2019; Sánchez-González & Formentini, 2021).   

 

 Here, we describe a new approach to isolate PDM that combines protease 

treatment and centrifugation. The combined protease and centrifugation method 

successfully detaches mitochondria from WAT lipid droplets, revealing that BAT and  

WAT PDM differ in the strength of attachment to lipid droplets as well as in their 

bioenergetic characteristics. Moreover, using our new approach we detached PDM from 

small and large lipid droplets, uncovering the functional diversity of PDM segregated by 

their lipid droplet size. 

 

RESULTS 

The attachment of mitochondria to lipid droplets is stronger in WAT compared 

to BAT. 

Previously published protocols to isolate peridroplet mitochondria from BAT 

demonstrated that the centrifugal force applied to lipid droplets (LDs) was sufficient to 

strip a significant portion of the PDM in BAT (Fig 1C-D). (Acín-Perez et al, 2021; Benador 

et al., 2018; Ngo et al., 2021). In WAT, PDM isolation was historically low. By using our 

previously published protocol to image mitochondria in fat layers (Acín-Perez et al., 2021), 

we found that there is a major fraction of PDMs in WAT fat layers that remain attached to 

the LDs after centrifugation (Fig 1A-B). This result suggested that attachment of PDM to 
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LDs in WAT is more resistant to centrifugation than in BAT, highlighting that the interaction 

between PDM and LDs is stronger in WAT.   

 

Protein-protein interactions explain the stronger attachment of PDM in WAT versus 

BAT. 

Mitochondria-LD interactions are mediated by a variety of protein tethers and 

complexes, whose composition seems to be tissue-specific (Boutant et al, 2017; Freyre 

et al., 2019; Stone et al, 2009; Wang et al, 2011). In this regard, PLIN5 mediates 

attachment of mitochondria to lipid droplets (LDs) and its expression is higher in BAT, 

when compared to WAT (Wang et al., 2011; Wolins et al, 2006). Thus, there is a possibility 

that the composition and/or number of tethers are different in BAT and WAT. We therefore 

hypothesized that stronger protein-protein interactions explained both the inefficiency of 

centrifugation to strip mitochondria from WAT (Fig 1A and 1B), as well as the presence 

of some PDM in BAT that remained attached to LDs after centrifugation (Fig 1C and 1D). 

To test our hypothesis, we treated the fat layers of WAT with Proteinase K (Prot K), with 

the goal to digest the protein tethers anchoring mitochondria to LDs and potentially strip 

mitochondria that are resistant to stripping by centrifugation.  

 

With the aim to confine degradation to the protein tethers in the LD and outer 

mitochondrial membrane, we inactivated Prot K with phenylmethylsulfonyl fluoride 

(PMSF) right before separating PDM from the LDs by centrifugation (Fig 1E) (Badugu et 

al, 2008; Gold, 1965; Gold & Fahrney, 1964; Koncsos et al, 2018). Furthermore, PMSF 
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addition would allow long term storage of the fractions by freezing them, as Prot K is still 

active after freeze and thaw cycles. Prot K is widely used to identify the domains of outer 

mitochondrial membranes exposed to the cytosol, as Prot K cannot diffuse across intact 

mitochondrial membranes. Therefore, Prot K cannot degrade matrix, inner membrane 

proteins or even integral outer membrane proteins facing the intermembrane space in 

intact mitochondria; only if membranes are pierced by freeze thawing (Badugu et al., 

2008; Denuc et al, 2016).  

 

To establish the efficacy of protease treatment on the yield and function of isolated 

PDM, we performed paired comparisons of protease-treated LD fractions with their 

respective controls. To this end, we split the WAT homogenates into four groups (Fig 1E): 

in the first group, PDM were isolated exclusively by centrifuging the LD fraction as was 

previously published (Benador et al., 2018). In the second group, the LD fraction was 

treated with Prot K before centrifugation and in the third group, the LD fraction was treated 

with Prot K, and then incubated with PMSF before centrifugation. Lastly, the fourth 

fraction was treated only with PMSF, to establish whether PMSF itself could change PDM 

isolation and function. As an additional control, we added Prot K to the supernatant from 

which cytosolic mitochondria (CM) are isolated (Fig 1E). The rationale was that cytosolic 

mitochondria were expected to have less protein tethers and thus Prot K actions would 

be harder to confine on CM . 
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We found that Prot K treatment significantly increased the amount of protein in the 

PDM fraction of WAT, demonstrating an improvement in the yield of PDM isolation (Fig 

1F). Prot K treatment also increased the yield of CM isolated from WAT (Fig 1F), 

suggesting that the CM in WAT were potentially tethered via protein-mediated interactions 

to other membranes (ER or nucleus) that were disrupted with Prot K. In BAT, we also 

found that Prot K treatment significantly increased the yield of PDM isolation, but not of 

BAT CM (Fig 1G). These data suggest that both WAT PDM and WAT CM potentially have 

different mechanisms regulating their tethering to other organelles and membranes. 

 

We next sought to confirm whether the increase in total protein observed in the PDM 

fraction was associated with an increase in mitochondrial content, as well as with an 

increase in the purity of mitochondrial fractions. To determine purity, we used Western 

blot to quantify the amount of mitochondrial proteins per microgram of protein in PDM and 

CM fractions isolated from WAT and BAT. As PDM isolation is a long procedure, we could 

not perform the Western blots in freshly isolated mitochondria. Complicating the analysis 

of frozen samples, proteins inserted in the outer membrane (VDAC), as well as inner 

membrane proteins (OXPHOS) can be degraded by Prot K when mitochondrial 

membranes are damaged by freeze-thaw cycles (Badugu et al., 2008; Zhang et al, 2015).  

 

In agreement with these published findings, we found that the content of VDAC and 

OXPHOS subunits was dramatically decreased in PDM and CM fractions frozen and 

thawed after isolation from WAT and BAT that did not contain PMSF (Fig 1H and 1I). 
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Treatment with PMSF prevented the decreases in VDAC and OXPHOS protein content 

and preserved the proteins of freeze-thawed mitochondria isolated with Prot K (Fig 1H 

and 1I). Quantification of VDAC and OXPHOS proteins by Western blot revealed no 

differences in their content per microgram of protein (Supplementary Fig 1), which 

showed that Prot K treatment proportionally increase the yield of mitochondrial and 

contaminant proteins in PDM fractions. The effects of PMSF confirm that the decrease in 

VDAC and OXPHOS content were caused by the persistence of Prot K activity in PDM 

and CM fractions even after washes and freeze-thawing. Finally, PMSF treatment by itself 

did not result in any significant differences in VDAC and OXPHOS protein content 

(Supplementary Fig 1). This latter result supports that the inhibitory actions of PMSF on 

respiration were not caused by a decrease in OXPHOS protein content nor in the purity 

of the isolated fraction.  

 

 The finding that Prot K treatment facilitates the separation of mitochondria from 

LDs was further confirmed by our plate-reader based assay quantifying PDM (Acín-Perez 

et al., 2021; Benador et al., 2018; Ngo et al., 2021). The lipid droplet fractions were 

stained with BODIPY493/503 (BD493), a dye staining neutral lipids, and MitoTracker 

DeepRed (MTDR), a dye staining mitochondria (Acín-Perez et al., 2021). We chose to 

use MTDR because we have previously verified its membrane potential dependency is 

minimal and does not impose a significant bias over mitochondrial mass with the 

concentration and duration of staining required (Acín-Perez et al., 2021). To evaluate the 

amount of mitochondria per LD, the LD fractions were stained before and after separating 
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the mitochondria. The reduction in the ratio of MTDR/BD493 fluorescence after 

separating the mitochondria by centrifugation was used to quantify PDM content (Acín-

Perez et al., 2021). In WAT, centrifugation alone was unable to strip a significant amount 

of PDM (Fig 1J), confirming the confocal imaging, where we see PDM retained after 

centrifugation (Fig 1A and 1B). We were only able to strip the PDM from WAT when LD 

fractions were treated with Prot K (Fig 1J). In BAT, the ratio of MTDR/BD493 was 

significantly reduced by centrifugation alone and was further reduced, although not 

significantly, when Prot K was added (Fig 1K). Together these data suggest that Prot K 

treatment enhances PDM isolation from WAT, and can increase the yield of PDM isolated 

from BAT.  

 

Isolation of PDM with Proteinase K does not inhibit mitochondrial respiratory 

function. 

Despite Prot K not being able to access the inner membrane of intact mitochondria, 

both PMSF and Prot K treatments were reported to impact oxygen consumption 

measured in intact mitochondria (Cole et al, 2015; Koncsos et al., 2018; Marcillat et al, 

1988; Ruiz-Meana et al, 2014). Thus, we wanted to verify whether our treatments with 

Prot K, without PMSF, were affecting respiratory function of freshly isolated mitochondria. 

In addition, we determined whether PMSF treatment at 2 mM affected mitochondrial 

respiratory function by itself. Lower concentrations (below 2 mM) of PMSF were 

previously shown to have marginal or no effects on mitochondrial respiration (Koncsos et 

al., 2018), but these lower concentrations of PMSF cannot block Prot K effectively.  
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Respiratory function of isolated PDM and CM using Prot K was determined by 

quantifying oxygen consumption rates (OCR) using the XF96 flux analyzer. We measured 

state 3 respiration, which reflects coupled respiration associated with maximal ATP 

synthesis, and separately, maximal complex IV (CoxIV) activity. CoxIV activity is 

measured by providing TMPD/Ascorbate to directly to isolated mitochondria, as TMPD 

donates electrons directly to complex CoxIV. Prot K +/- PMSF treated CM and PDM 

respiration data was normalized as fold change to respiration of untreated mitochondria 

isolated from the same tissue sample. 

 

A significant increase in state 3 OCR was observed in WAT CM isolated using Prot 

K  (Fig 2A). PMSF treatment prevented the increase in state 3 induced by Prot K 

treatment. However, PMSF alone decreased respiration rates to the same levels as 

mitochondria treated with Prot K + PMSF. Therefore, the decrease associated with PMSF 

is explained by an autonomous effect of PMSF decreasing state 3 respiration, rather than 

by blocking protein degradation. A similar inhibitory effect of PMSF on respiration was 

observed when providing electrons directly to CoxIV (Fig 2B). On the other hand , CoxIV-

driven respiration was not increased in mitochondria isolated using Prot K, supporting the 

notion that increased state 3 respiration was reflecting a specific increase in ATP-

synthesizing activity. To confirm this possibility, we measured ATP synthesis rates in 

isolated mitochondria using firefly luciferase luminescence. We find that Prot K treatment 

increased ATP synthesis rates in WAT CM (Fig 2C), further supporting the idea that the 
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addition of Prot K results in a mitochondrial fraction enriched with functional, non-

damaged mitochondria. 

 

The effects of Prot K on WAT PDM respiratory function showed some similarities to 

WAT CM. Isolating PDM using Prot K increased both state 3 respiration (Fig 2D) and 

ATP synthesis rates (Fig 2F), as in WAT CM. PMSF resulted in decreased ATP synthesis 

rates in PDM as well. The major difference induced by Prot K treatment in PDM was an 

increase in CoxIV activity, which was not observed in CM (Fig 2E). In all, isolating either 

CM or PDM using Prot K yielded higher respiratory capacity. 

 

Because we observed that Prot K treatment selectively increased ATP synthesizing 

respiration in some mitochondrial preparations, it was still possible that Prot K induced a 

mild damage to the outer membrane, to cause mild cytochrome C leakage. If mild leakage 

was present, we should see a larger increase in respiration induced by cytochrome C 

supplementation in mitochondria isolated with proteinase K, when compared to 

cytochrome c supplementation in mitochondria isolated without proteinase K. It is 

important to note that cytochrome c supplementation can increase oxygen consumption 

independently of complex IV activity as well. We found that cytochrome c 

supplementation did not induce a larger increase in respiration in Prot K treated 

mitochondria, with this effect being even of lower magnitude than the effect in control 

mitochondria (Supplementary Figure 2A). In this regard, the largest portion of 

cytochrome c-induced increase in respiration observed in both control and Prot K treated 
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mitochondria was preserved in azide-treated mitochondria (Supplementary Figure 2B). 

This latter result shows that cytochrome c-induced increase in respiration is not caused 

by an increase in the availability of cytochrome c for mitochondrial respiration. These new 

data show that proteinase K treatment did not induce a mild damage in the outer 

membrane to cause a small leak in cytochrome c. 

 

Our protocol allowed us to compare the respiratory capacity between CM and PDM 

in WAT, which revealed remarkable differences from PDM and CM in BAT. PDM showed 

lower respiratory capacity than CM in WAT, as demonstrated by decreased state 3 and 

CoxIV driven respiration (Fig 2G). These results might suggest that the demand for CM 

pyruvate oxidation in WAT can be higher than in BAT, as CM in BAT are specialized in 

fatty acid oxidation (Benador et al., 2018). Confirming the decrease in state 3 respiration 

fueled by pyruvate, WAT PDM also showed lower ATP-synthesis rates than CM (Fig 2H).  

 

We next determined whether Prot K treatment altered the function of PDM isolated 

from BAT, and preserved the previously published distinct bioenergetic and proteomic 

makeup of  BAT PDM (Benador et al., 2018). First, we found that, as in WAT, using Prot 

K to isolate CM from BAT did not decrease state 3  CoxIV driven respiration or ATP 

synthesis rates (Fig 3A-3C).  Similarly, Prot K treatment did not decrease the respiratory 

function of PDM fractions from BAT (Fig 3D). Indeed, Prot K treatment even increased 

state 3 respiration in PDM fractions from BAT, as observed in WAT. We also found that 

PMSF treatment by itself decreased state 3 respiration in PDM. No significant differences 
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were observed in the measures of CoxIV driven respiration or ATP-linked respiration in 

BAT PDM, although PMSF treatment trended towards decreased CoxIV respiration (Fig 

3E and 3F).  

 

The side-by-side comparison of BAT PDM and CM function revealed that Prot K 

treatment preserved the unique characteristics of BAT PDM, which we previously 

published (Benador et al., 2018). BAT PDM fueled by pyruvate and malate show higher 

state 3 and CoxIV stimulated maximal respiration than CM (Fig 3G). Furthermore, we 

were able to reproduce the previous observation that BAT PDM have higher ATP 

synthesis rates than BAT CM (Fig 3H) (Benador et al., 2018). Overall, these data suggest 

that Prot K-assisted isolation does not inhibit mitochondrial respiratory function and that 

PMSF treatments are only needed to analyze the mitochondrial proteome for further 

characterization of mitochondrial subpopulations (Benador et al., 2018; Forner et al, 2009; 

Mirza et al, 2021; Najt et al, 2023).  

 

PDM isolation from lipid droplets with different diameters reveals that lipid droplet 

size sets PDM functional heterogeneity.  

 

Previous studies have shown that LDs vary in size within individual cells and that 

these differently sized LDs can have distinct metabolic functions (Herms et al, 2013; 

Olzmann & Carvalho, 2019; Zhang et al., 2016). Furthermore, changes in lipid droplet 

size are a response to cycles of nutrient availability and overload, as lipid droplets buffer 
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NEFAs to protect from lipotoxicity (Hariri et al, 2018; Hariri et al, 2019; Herms et al., 2013; 

Nguyen et al, 2017; Olzmann & Carvalho, 2019; Rambold et al, 2015; Renne & Hariri, 

2021).  

 

Electron microscopy images of WAT and BAT show that while WAT has larger sized 

lipid droplets, it has fewer mitochondria per total lipid droplet perimeter per cell. In 

contrast, BAT contains smaller sized lipid droplet and has more mitochondria per total 

lipid perimeter (Cinti, 2000, 2001; Cinti, 2007, 2018; Cushman, 1970). We hypothesized 

that small LDs recruited more mitochondria, despite showing less perimeter of contact 

area. In order to decipher if recruitment of mitochondria to LDs is determined by the size 

of the LD, and if this regulation is tissue specific, we developed an approach to obtain 

separated LD fractions that differed in the average size of their LDs by performing two 

consecutive centrifugations (Brasaemle & Wolins, 2016; Zhang et al., 2016). The 

approach required us to be as gentle as possible in order to yield functional isolated 

mitochondria.  

 

The first centrifugation at 500 x g, yields a fat layer that contains large LDs (LG-LD). 

This was followed by a second centrifugation step at 2000 x g, resulting in a fat layer that 

consists of smaller LDs (SM-LD) (Fig 4A). To confirm that these centrifugation steps 

indeed separated two fractions with differently sized LDs, we stained the LG-LD and SM-

LD fractions with BD493 and used confocal microscopy to visualize the LD size (Fig 4B 

and 4C). More specifically, we measured the perimeter and size distribution by surface 
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area of each individual LD imaged in the large and small LD fractions isolated from WAT 

and BAT. We found that the difference in area between the large and small fractions is 

more pronounced in the WAT, with LG-LD having an average area of 328.6, µm2, while 

SM-LD had an average area of 1.9 µm2 (Fig 4B and 4D). In contrast, the range between 

the LG and SM-LD average area is smaller in the BAT: the average area of LG-LD was 

40.2 µm2, while 3.4 µm2 was the average of SM-LD (Fig 4C and 4E). Accordingly, the 

average LD perimeter of the LG-LD in WAT is 37.6 µm, and 2.5 µm in SM-LD (Fig 4F). 

In BAT, the average LD perimeter in the LG-LD fraction is 18.6 µm, and 5.4 µm in SM-LD 

(Fig 4G). Of note, the large lipid droplet fraction isolated from the WAT still contains a 

significant amount of smaller LDs (Fig 4F). Moreover, the lipid droplet sizes we observed 

in the isolated fat layers are consistent with what has been reported in vivo in previous 

studies (Swift et al, 2017). 

 

To measure whether small lipid droplets had more mitochondria bound to them, we 

compared the amount of PDM between LG-LD and SM-LD fractions,  by quantifying the 

ratio of MTDR/BD493 fluorescence using our published plate reader assay of PDM 

quantification (Acín-Perez et al., 2021). Our data shows that the SM-LD fraction contains 

more mitochondria per lipid content when compared to the LG-LD fraction in WAT (Fig 

4H). However, we found that in BAT the LG-LD fraction has more mitochondria attached 

to them when compared to SM-LD fraction (Fig 4I).  
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Mitochondria attached to small and large lipid droplets have different respiratory 

capacities in WAT and BAT 

Separation of lipid droplets by size from mouse BAT revealed diverse protein profiles 

between the subpopulations of lipid droplets, indicating different interactions with 

mitochondria and the ER (Zhang et al., 2016). In intact primary brown adipocytes, we 

observed heterogeneity in PDM function and composition; some PDM showed higher 

ATP synthase content and membrane potential than others (Benador et al., 2018). Here, 

we have observed that PDM from WAT have lower ATP-synthesizing respiration and 

CoxIV activity than CM, which is the opposite behavior of BAT PDM (Fig 2 and 3). We 

find that WAT harbors very large lipid droplets (>100 µm perimeter) that do not exist in 

BAT from mice housed at room temperature and fed a standard chow diet (Fig 4E). Based 

on these observations, we sought to test our hypothesis that LD size might determine the 

intracellular and tissue-specific heterogeneity of PDM function,  

 

To test this hypothesis, we stripped PDM from SM-LD and LG-LD fractions and 

analyzed them separately by respirometry. In WAT, PDM isolated from SM-LD had 

significantly higher state 3 OCR when respiring under pyruvate and malate, as well as 

higher CoxIV driven respiration per mitochondria when compared to PDM isolated from 

LG-LD (Fig 5A). Under palmitoyl carnitine as the oxidative fuel, the differences in 

mitochondrial respiration disappeared between WAT PDM isolated from LG vs. SM-LD 

(Fig 5B).  
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Interestingly, we find that PDM isolated from BAT LG-LDs show higher state 3 

respiration, proton leak-driven respiration, and ATP-synthesizing respiration when 

compared to PDM from SM-LDs under pyruvate malate (Fig 5C). In marked contrast to 

WAT, CoxIV driven respiration in BAT was similar in PDM from LG-LD and SM-LD 

fractions. Furthermore, BAT PDM from LG-LD fractions preserved increased state 3, leak 

and ATP-synthesizing respiration, in addition to increased CoxIV when palmitoyl-carnitine 

was provided as a fuel (Fig 5D).  

 

To validate that the differences in respirometry between the two fractions in BAT and 

WAT are due to bioenergetic differences rather than differences in fraction purity, we 

measured the content of mitochondrial proteins (VDAC and OXPHOS subunits) per total 

protein of PDM fraction by Western blot. PDM isolated from WAT SM-LD fractions   had 

significantly higher content of VDAC. In addition, WAT PDM isolated from SM-LD had 

increased levels of respiratory complexes as determined by the expression of 

representative proteins in 4 out of 5 OXPHOS complexes (NDUFB8, SDHB, UQCRC2, 

MTC01) (Fig 5E and 5F). Therefore the respirometry data for WAT (Fig 5A and B) was 

normalized by VDAC, as a marker for total mitochondrial content (Camara et al, 2017). 

On the other hand, BAT PDM isolated from large and small LDs did not show differences 

in VDAC or OXPHOS subunit protein content and the respirometry did not need to be re-

normalized (Fig 5G and 5H).   
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Together these data suggest that in both WAT and BAT, there are separate 

populations of PDM with unique bioenergetic functions, which may be related to their 

distinct subcellular localization and heterogeneity of LD function.  

 

DISCUSSION 

Here we describe the development of the first method allowing for the isolation of 

peridroplet mitochondria (PDM) from white adipose tissue  (WAT).  Benador et al. 

previously described the isolation and characterization of PDM from BAT using high 

speed centrifugation (Benador et al., 2018). However, we found that centrifugation  was 

not efficient in isolating PDM from WAT. The main novelty of our new method is the 

treatment of lipid droplet fractions, containing PDM, with a protease. This step was 

inspired by previous studies supporting that proteins are key molecules tethering 

mitochondria to lipid droplets (Boutant et al., 2017; Freyre et al., 2019; Stone et al., 2009; 

Wang et al., 2011). We used Proteinase K (Prot K), a serine endopeptidase that remains 

active in the presence of different detergents and temperature ranges, and digests a wide 

variety of proteins. The dependence upon Prot K to isolate sufficient WAT PDM supports 

the notion that the interaction of mitochondria with lipid droplets in WAT might be more 

resilient to mechanical forces than in BAT. Moreover the difference in strength between 

mitochondria and LDs can be mediated either by a different composition of protein 

tethers, as supported by differences in PLIN5 and MIGA2 between BAT and WAT, and/or 

by a larger number of other uncharacterized tethers shared between WAT and BAT 

(Freyre et al., 2019; Wolins et al., 2006). 
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In the current protocol, we find that the use of Prot K results in PDM and CM fractions 

with higher respiratory capacity, when compared to those obtained by high-speed 

centrifugation alone. We propose that this increase can be explained by Prot K degrading 

few contaminant components that decrease mitochondrial function. This hypothesis is 

consistent with several studies in which isolation of interfibrillar mitochondria from both 

cardiac and skeletal muscle with the protease nagarse resulted in increased 

mitochondrial function and energetic coupling (Koncsos et al., 2018; Kras et al., 2016).  

 

We show that Prot K does not digest respiratory complexes  in intact mitochondria. 

However, Prot K inactivation by PMSF is required to prevent degradation in freeze-

thawed PDM.  Membrane disrupting processes enable Prot K to access inner membrane 

proteins and Prot K itself is resistant to detergents and freeze-thawing procedures. Thus, 

the addition of PMSF is needed to analyze the protein composition of PDM, as time-

constraints prevented protein analyses on the same day of PDM isolation.  

 

We find that respirometry of PDM isolated with Prot K in BAT recapitulated our 

previous findings: higher maximal ATP synthesis fueled by pyruvate oxidation, when 

compared to cytosolic mitochondria (Benador et al., 2018). In marked contrast, WAT PDM 

have lower respiratory capacity and ATP synthesis rates as compared to WAT CM. 

Indeed, BAT CM are specialized in oxidizing fatty acids for thermogenesis, a function 

absent in CM from mature white adipocytes. These data suggest that the functional 
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specialization of PDM in WAT may not be the same as in BAT, and this difference 

between WAT and BAT may be related to the specific capacity of BAT to perform 

thermogenesis and  fatty acid oxidation. Future studies will determine the function of WAT 

PDM in esterification of NEFA, versus de novo lipogenesis and LD homeostasis.  

 

 Differences in the size and location of intracellular lipid droplets, as well as the 

architecture of their contact sites, are thought to be key determinants of LD function 

(Renne & Hariri, 2021). These differences in size and location vary depending on the type 

of cell, nutrient availability and metabolic state (Thiam & Beller, 2017). The diversity in the 

multifunctional lipid droplet populations is reflected by the recent characterization of their 

heterogeneous proteomes and lipid compositions (Hsieh et al, 2012; Larsson et al, 2012; 

Martin et al, 2005; Qian et al, 2023; Thiam & Beller, 2017; Wilfling et al, 2013). A novel 

integral endoplasmic reticulum membrane protein expressed selectively in brown adipose 

tissue, CLSTN3β, was recently shown to regulate LD form and function, as forced 

expression in both BAT and WAT was shown to induce multilocularity and promote fatty 

acid oxidation, as observed in thermogenic adipocytes (Qian et al., 2023). Moreover, the 

expression of lipid-droplet associated proteins including ATGL, Plin5 and several CIDE 

proteins known to regulate BAT multilocular thermogenic phenotype, were induced in 

WAT upon cold stimulation, highlighting the relationship between lipid droplet morphology 

and energy metabolism (Barneda et al, 2013).  
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Our data demonstrates that in WAT, PDM attached to smaller LDs have higher 

respiratory capacity under pyruvate and malate. In contrast, PDM attached to larger LDs 

in BAT are the ones that have higher ATP synthesizing capacity, which is the opposite 

from what we observed in WAT. The discrepancy between BAT and WAT could be 

explained by the fact that LDs in BAT have a larger capacity for de novo lipogenesis and 

TAG turnover, which is dependent on ATP synthesizing respiration. Moreover, Benador 

et al. previously showed that PDM support LD expansion by providing ATP for fatty acid 

esterification into triglycerides, which would explain why PDM attached to larger LDs have 

higher ATP synthesizing capacity (Benador et al., 2018). Indeed, BAT is a more dynamic 

tissue which is reflected in its multilocular LD-morphology as BAT is constantly 

undergoing cycles of lipolysis for β-oxidation and re-esterification.  

 

On the other hand, differentiating adipocytes in WAT undergo lipogenesis which 

requires a large amount of ATP as their LDs expand. Morphologically, these 

differentiating white adipocytes have multi-locular LDs, which are indeed more similar to 

brown adipocytes as reflected by their function. PDM from small LDs in WAT have 

increased pyruvate oxidation and ATP-synthase capacity, supporting the idea that PDM 

from small LDs provide ATP necessary for lipid droplet expansion. This is also supported 

by the report that white adipocytes increase mitochondrial biogenesis during 

differentiation, in order to meet the increased energy demand of differentiation as cells 

and their lipid droplets mature (De Pauw et al, 2009; Wilson-Fritch et al, 2003).  
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We show that fat oxidation capacity is higher in PDM isolated from large lipid droplets 

in BAT, when compared to smaller BAT lipid droplets. On the other hand, we did not see 

differences in fat oxidation capacity of WAT PDM from large and small lipid droplets. 

Remarkably, large-lipid droplet fraction in BAT contain lipid droplets of the same size as 

small lipid droplet fraction in WAT. This may reflect a relationship between fat utilization 

efficiency and LD size, where fat oxidation capacity is maximal at a certain lipid droplet 

size and does not further increase after a certain threshold of size. 

 

From the current experiments, we cannot definitively say whether the higher 

respiratory capacity induces PDM to bind preferentially to smaller LDs or if the higher 

respiratory capacity of PDMs fueling the oxidation of fatty acids leads to the observation 

of more active PDM on smaller LDs in WAT. However, fat oxidation is minimal in WAT. 

This suggests that when mitochondria interact with small LDs in WAT, they are not 

oxidizing these fatty acids. At the same time, as previously described, the small LDs in 

WAT are the ones that can expand and are thus more active esterifying and breaking 

lipids. Therefore, we suggest that in WAT, the interaction of PDM with small LDs and the 

higher capacity for ATP-synthesis supports a higher activity of TG esterification in small 

LDs compared to large LD.  

 

Consistent with our data, it was recently shown that white pre-adipocytes lacking 

MIGA2, the protein linker that binds mitochondria to LDs in WAT, had reduced adipocyte 

differentiation, decreased LD abundance, and diminished TAG synthesis (Freyre et al., 
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2019). The increased surface area of small multilocular LDs can promote increased 

lipolysis and the subsequent release of NEFA (Nishimoto & Tamori, 2017). Furthermore, 

in MIGA-2 knockout pre-adipocytes, radio-labelled glucose is not enriched in TAGs, 

suggesting that PDM-association to LDs is essential for the expansion of small lipid 

droplets through de novo lipogenesis and pyruvate oxidation in WAT (Freyre et al., 2019). 

Once white adipocytes have fully matured and increased their LD size to form a single 

unilocular LD, they reduce their need for ATP to actively perform TAG synthesis, which 

is one of the roles of PDM described in BAT.  

 

When PDM from large and small LDs are isolated together, as they were in our 

initial experiments, the functional differences between the PDM from different populations 

are averaged together, concealing their unique properties. The new isolation protocol 

presented here allows us to explore open questions related to mitochondria-LD 

interaction and will help us better understand PDM function within individual cells and 

between different adipose tissue depots. Overall, we show data supporting the existence 

of at least two different populations of PDM, distinguished by their association with LDs 

of varying size. The differences in mitochondrial function observed between the 

subpopulations potentially reflect local LD environments with specific needs. We show 

that in order to isolate PDM from WAT, Proteinase K treatment is needed regardless of 

the size of the LD that is being used for the preparation. As the yield of PDM isolated from 

SM-LD and LG-LD by centrifugation is similar, we can conclude that the strength of PDM 

attachment to different size LDs is similar in BAT.  We do however, observe  more PDM 
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attached to smaller LDs in WAT, and the opposite in BAT. This discrepancy between BAT 

and WAT supports that other tissue-specific factors beyond lipid droplet size determine 

mitochondria-LD interaction. 

 

 Understanding what controls the diversity of lipid droplet biology can help us better 

understand how and why such diversity exists, and shed new light on the role of LD 

biology in determining the function of PDM. 

 

A limitation of the approach presented here is in the utilization of crude isolated 

mitochondrial fractions for the respirometry studies. Crude isolated mitochondria may 

include diverse levels of contamination by other organelles. A caveat to alternative 

purification methods which may include ultracentrifugation is that they are time consuming 

and although they result in ultrapure mitochondrial fractions, they compromise 

mitochondrial function and impair bioenergetics. Biochemical studies, for example, might 

require different isolation protocols depending on the main aim of the study. Another 

limitation of our approach is our incomplete understanding of the enzymatic impact of Prot 

K on mitochondria. While we show here that mitochondria exposed to Prot K have 

comparable and even higher state 3 and ATP-synthesizing respiration, this does not 

preclude that regulatory systems that are dependent on outer membrane proteins are 

disabled by the Prot K. Further studies would be required to better understand the effect 

of Prot K on respiration and on individual outer membrane proteins.  
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In this study we developed a new method to isolate PDM from WAT and improved 

the isolation of PDM from BAT by adding proteolytic treatment. We demonstrate that the 

addition of Prot K to PDM isolation protocol does not impair mitochondrial OCR and ATP 

synthesis capacity in both CM and PDM. Using our new protocol to isolate PDM from 

WAT, we show that WAT PDM have a lower respiratory capacity than WAT CM, in 

contrast to our previously published findings on PDM in BAT. We also show that different 

sized lipid droplets in both BAT and WAT are associated with unique populations of PDM, 

highlighting the heterogeneity in PDM function. These data suggest PDM have distinct 

roles in maintaining LD homeostasis, which is determined by the association with LDs 

and the local cellular needs. 

 

MATERIALS AND METHODS 

Mice 

Mitochondria were isolated from the interscapular brown adipose tissue and  both 

left and right epididymal white adipose fat pads from 12-week-old male C57BL6/J mice 

(Jackson lab, Bar Harbor, ME). Animals were fed standard chow (mouse diet 9F, PMI 

Nutrition International, Brentwood, MO) and maintained under controlled conditions (19–

22°C and a 14:10 hr light-dark cycle) until euthanasia by isoflurane. All animal procedures 

were performed in accordance with the Guide for Care and Use of Laboratory Animals of 

the NIH, and were approved by the Animal Subjects Committee of the University of 

California, Los Angeles Institutional Guidelines for Animal Care. 
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Peridroplet mitochondria isolation 

Peridroplet mitochondria were isolated as previously described in detail (Benador et 

al., 2018; Ngo et al., 2021) with some modifications. BAT was isolated from the inter-

scapular BAT depot, and WAT was isolated from both perigonadal fat pads, also known 

as the epididymal fat from each mouse. BAT was homogenized using a glass-teflon 

dounce homogenizer, and WAT has homogenized using a glass-glass dounce 

homogenizer in Sucrose-HEPES-EGTA buffer supplemented with BSA (SHE+BSA; 250 

mM sucrose, 5 mM HEPES, 2 mM EGTA, 1% fatty acid-free BSA, pH 7.2). Homogenate 

was split into four equal parts to test protocol optimizations side-by side. Homogenates 

were centrifuged at 1000 x g for 10 min at 4°C. Supernatant was poured into a new tube 

and fat layer was scraped into a second tube and resuspended in SHE+BSA buffer. Fat 

layers and supernatant were left either untreated or treated with Proteinase K at 2ug/mL 

for 15 minutes (Proteinase K, Invitrogen 25530-049 20mg/mL). All fat-layers were 

incubated for 15 minutes at 4°C under constant rotation. For protocol including PMSF, 2 

mM PMSF was added for an additional 20 minutes of incubation on ice while inverting the 

samples every 2 minutes (PMSF, Sigma 78830). Then all the samples were centrifuged 

again at 10,000 x g for 10 min at 4°C. The pellets were then re-suspended in SHE+BSA 

and centrifuged with the same settings once more. The pellets were then re-suspended 

in SHE without BSA and again centrifuged with the same settings. Final pellets were 

resuspended in SHE without BSA and protein concentration was determined by BCA 

(Thermo Fisher Scientific, Waltham, Massachusetts). 
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Isolation of Peridroplet Mitochondria from Large and Small Lipid Droplets 

Fat tissue was homogenized as described above for the PDM isolation. 

Homogenates were first sieved through a 630 µm mesh (Genesee Scientific, San Diego, 

CA), and transferred into ice-cold tubes. Homogenates were then centrifuged at 500 x g 

for 3 min at 4ºC which created a fat layer made up of the larger lipid droplets (LG-LD). 

Supernatant was carefully poured into a new tube and centrifuged at 2000 x g for 10 min 

at 4ºC which created a second fat layer consisting of smaller lipid droplets (SM-LD). The 

supernatant, which contained the cytoplasmic mitochondria was transferred into a new 

tube by carefully pipetting underneath the fat layer. LG-LDs and SM-LDs were 

resuspended in SHE+BSA. LG-LDs were centrifuged again at 500 x g for 5 min at 4ºC 

and SM-LGs were centrifuged at 2000 x g for 10 min at 4ºC. Both large and small LDs 

were resuspended in 1 ml SHE+BSA and incubated with Prot K as described above. All 

fractions including the supernatant containing the CM were centrifuged at 10,000 x g for 

10 min at 4ºC to pellet the mitochondria. Mitochondrial pellets were resuspended in SHE 

without BSA, and spun one more time with the same conditions. Mitochondrial pellets 

were resuspended in SHE without BSA and protein concentrations were determined by 

BCA (Thermo Fisher Scientific, Waltham, Massachusetts). 

 

Isolated Mitochondria Respirometry 

Respirometry in isolated mitochondria was performed as previously described in 

detail (Ngo et al., 2021). Briefly, isolated mitochondria were re-suspended in 

mitochondrial assay buffer (MAS; 100 mM KCl, 10 mM KH2PO4, 2 mM MgCl2, 5 mM 
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HEPES, 1 mM EGTA, 0.1% BSA, 1 mM GDP, pH 7.2) and kept on ice. Two micrograms 

per well were loaded into Seahorse XF96 microplate in 20 µL volume containing 

substrates. The loaded plate was centrifuged at 2,000 x g for 5 min at 4°C and an 

additional 130 µL of MAS buffer + substrate was added to each well. Substrate 

concentrations in the well were as follow: i) 5 mM pyruvate + 5 mM malate + 4 mM ADP 

or ii) 2mM malate + 4 mM ADP. For Pyruvate plus malate dependent respiration; 

oligomycin was injected at port A (3.5 μM), N,N,N’,N’-Tetramethyl-p-phenylenediamine 

(TMPD) + ascorbic acid (0.5mM + 1mM) at port B and azide (50mM) at port C. For 

palmitoyl-carnitine dependent respiration; 5 mM malate + 4 mM ADP+ 40 µM palmitoyl-

carnitine was injected at port A, oligomycin was injected at port B (3.5 μM), N,N,N’,N’-

Tetramethyl-p-phenylenediamine (TMPD) + ascorbic acid (0.5mM + 1mM) at port C and 

azide (50 mM) at port D. Mix and measure times were 0.5 min and 4 min, respectively. 

A 2 minute wait time was included for oligomycin-resistant respiration measurements. 

 

To calculate the effects of Prot K on oxygen consumption rates, we measured state 

3 or the capacity of coupled mitochondria to produce ATP in the presence of substrates 

and ADP, oligomycin resistant leak and ATP-linked respiration, Complex IV-driven 

respiration and non-mitochondrial oxygen consumption.  

 

Fold changes in respiration were calculated from raw OCR values obtained in each 

experimental group, where respiration of treated mitochondria isolated in the same day 

and analyzed on the same plate were normalized to the untreated mitochondria to 
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establish the effect of PK and PMSF treatment. The individual fold changes over 

untreated mitochondria obtained from independent experiments were then averaged, 

represented in bar graphs. For each substrate (pyruvate malate or palmitoyl carnitine) 

and mitochondrial state (ie State 3, leak, ATP-linked, CoxIV) we calculated the fold 

change of each individual mitochondrial state between the mitochondria treated with PK 

and/or PMSF and compared it to the untreated CM or PDM of the group. For example for 

State 3, we set the CM untreated equal to 1 by dividing by the raw OCR value and then 

compared the raw OCR values of the 3 other groups to the CM untreated to calculate the 

fold change. For the comparison between CM Prot K and PDM Prot K as in Figure 2G 

and Figure 3G, the fold changes were calculated from the raw OCR values of each 

individual experiment by comparing the OCR values of each state with the CM untreated 

state 3, which was set to 1.  

 

Peridroplet Mitochondria Quantification  

Plate Reader Assay 

Fat layer and stripped fat layer were incubated in MAS buffer containing 

MitoTracker DeepRed from Invitrogen M22426 (MTDR, 500 nM, final) and 

BODIPY493/503 from Invitrogen D3922 (BD493, 1 μM, final) for 10 minutes at 37oC. Dye 

was removed by centrifuging the samples at 1000×g for 10 min and removing the 

infranatant. The stained fat layer or stripped fat layer was resuspended in 100 μl of MAS 

and fluorescence was measured in clear-bottom black 96-well plate (Corning, NY). MTDR 

was excited at 625 nm and its emission recorded at 670 nm. BD493 was excited at 488nm 
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laser and its emission recorded at 500-550nm. MTDR/BD493 was calculated for the fat 

cake and the stripped fat cake. For PDM quantification, we calculated the difference of 

the MTDR/BD493 between the fat cake and the stripped fat cake. 

 

ATP Synthesis Assay 

10 µg of isolated mitochondria were re-suspended in 10 µl MAS buffer containing 5 

mM pyruvate + 5 mM malate + 3.5 mM ADP and plated onto a clear-bottom black 96-well 

plate (Corning, NY). Luciferin-luciferase mix was added to the mitochondria and 

luminescence immediately. Luminescent counts were integrated over 0.5 s at 10 s 

intervals separated by 0.5 s orbital shaking on Spark M10 microplate reader (Tecan, 

Männedorf, Switzerland). The linear rate of luminescence increase was calculated to 

determine ATP synthesis rate. 

 

Protein Gel Electrophoresis and Immunoblotting 

5-15 mg of isolated mitochondrial protein or fat layer was re-suspended in 

NuPAGE LDS Sample Buffer containing β-mercaptoethanol (Thermo Fisher Scientific, 

Waltham, Massachusetts). Samples were then loaded into 4 %–12 % Bis-Tris precast 

gels (Thermo Fisher Scientific, Waltham, Massachusetts) and electrophoresed, in 

constant voltage at 60V for 30 min (to clear stacking) and 140V for 60 min. Proteins were 

transferred to methanol-activated Immuno-Blot PVDF Membrane (Bio-Rad, Hercules, 

CA) in 30V constant voltage for 1 hr at 4°C. Blots were incubated over-night with primary 

antibody diluted in PBST (phosphate buffered saline with 1 mL/L Tween-20/PBS) + 5 % 
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BSA (Thermo Fisher Scientific, Waltham, Massachusetts) at 4°C. The next day, blots 

were washed in PBST and incubated with fluorescent or HRP secondary antibodies, 

diluted in PBST+ 5 % BSA for 1 hour at room temperature. Proteins were detected using 

the following antibodies: MTCO1 antibody [1D6E1A8] (ab14705), Total Rodent OXPHOS 

Cocktail (ab110413), VDAC (ab15895) all from Abcam, Cambridge, United Kingdom. 

ATP5A1 Monoclonal Antibody (15H4C4) (43-9800 Thermo), NDUFFB8 monoclonal 

antibody (20E9DH10C12) (459210, Thermo), SDHA Monoclonal Antibody 

(2E3GC12FB2AE2) (459200, Thermo) from Thermo Fisher Scientific, Waltham, 

Massachusetts. UQCRC2 Rabbit Polyclonal Antibody (14742-1-AP) from Proteintech 

(Rosemont IL), TOMM20 monoclonal antibody clone 4F3 (WH0009804M1-100UG) 

Sigma (St. Louis, MO) and VDAC (D73D12) Rabbit mAb Cell signaling Technology 4661T 

(Danvers, MA). Secondary antibodies used were Goat anti-Mouse IgG secondary 

antibody, Alexa Fluor® 660 conjugate (Thermo Fisher Scientific, Waltham, 

Massachusetts), Goat anti-Rabbit IgG secondary antibody DyLight 800 (Thermo Fisher 

Scientific, Waltham, Massachusetts), Donkey anti Mouse IgG (H+L) Highly Cross 

Adsorbed Secondary Antibody, Alexa Fluor® 488 conjugate (Thermo Fisher Scientific, 

Waltham, Massachusetts), Anti rabbit IgG, HRP linked Antibody (7074, Cell Signaling 

Technology, Danvers, MA), Anti mouse IgG, HRP linked Antibody (7076, Cell Signaling 

Technology, Danvers, MA).  Blots were imaged on the ChemiDoc MP imaging system 

(Bio-Rad Laboratories, Hercules, CA). Band densitometry was quantified using FIJI 

(ImageJ, NIH).  
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Fluorescence Microscopy 

Imaging Apparatus 

All imaging was performed on Zeiss LSM880. Super-resolution imaging was 

performed with 63x and 40x Apochromat oil-immersion lens and AiryScan super-

resolution detector.  

 

Fluorophore Excitation/Emission 

All fluorophores were excited on separate tracks to avoid artifacts due to bleed-

through emission. BODIPY 493/503 were excited with 488 nm 25 mW Argon-ion laser 

and their emission captured through 500-550 nm band-pass filter. MitoTracker DeepRed 

was excited using 633 nm 5 mW Helium-Neon laser and its emission captured through a 

645 nm long-pass filter.  

 

Lipid Droplet Imaging  

Fractions of large and small lipid droplets were stained with BODIPY493/503 

(BD493, 1 μM, final) for 10 minutes at 37oC. 10-20 µl of each sample was mixed in a 1:1 

ratio with Matrigel and pipetted into a single compartment of a cellview glass bottom 4 

compartment cell culture dish (Griener Bio-One #627975). Imaging was performed using 

63x Apochromat oil-immersion lens for lipid droplet layers.  

 

PDM Imaging from Fat Layers 
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Pre-stripped fat layer and stripped fat layer were incubated in MAS buffer 

containing MitoTracker DeepRed (MTDR, 500 nM, final) and BODIPY493/503 (BD493, 1 

μM, final) for 10 minutes at 37oC. Dye was removed by centrifuging the samples at 

1000×g for 10 min and removing the infranatant. The stained fat layer or stripped fat layer 

was resuspended in 100 μl of MAS. 20 µl of each sample was mixed in a 1:1 ratio with 

Matrigel and pipetted into a single compartment of a cellview glass bottom 4 compartment 

cell culture dish (Griener Bio-One #627975). Imaging was performed using 63x for BAT 

and both 40x and 63x Apochromat oil-immersion lens for WAT.  

 

Image Analysis 

Lipid Droplet Size Analysis 

Fat layers of large and small LDs stained with BD493 were measured by 

fluorescence detection using AIVIA image analysis software (Leica Microsystems, 

version 10.5.0). The LDs were detected and segmented by BD493 fluorescence using 

pixel classifier machine learning that generated a segmentation mask. LD count and 

measures of perimeter and surface area occupied by BD493-pixels were extracted by 

AIVIA software from the segmentation data for each image. The average perimeter and 

surface area for each image was calculated and graphed as a single point.  

 

Analysis of PDM Content from Fat Layers  

Mitochondria-lipid droplet interactions in 2D images of BD493 and MTDR stained 

fat layers were analyzed with CellProfiler 2.0 (Kamentsky et al, 2011). LDs were identified 
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based on BD493 staining with size cutoffs of 20-100 microns for WAT LDs and 1-50 

microns for BAT LDs. Mitochondrial staining was deblurred by subtraction through a 52 

pixel median filter. Subsequently, mitochondrial ROIs of 0.5 to 5 microns were recognized 

through an adaptive Otsu thresholding algorithm. Mitochondrial ROIs within 500 nm 

distance to the LD border were classified as peridroplet mitochondria, as adopted from 

Benador et al 2018, and the percentage of interaction was determined as length of 

perimeter of LD boundary interacting with mitochondria versus the length of total LD 

perimeter. 

 

Image Presentation 

Image contrast and brightness were not altered in any quantitative image analysis 

protocols. Brightness and contrast were optimized to properly display representative 

images in figure panels.  

 

Statistical analysis 

Statistical analyses were performed using GraphPad Prism 5.03 (GraphPad Software 

Inc., San Diego, CA, USA). Data were presented as mean ± SEM for all conditions. 

Normality of data was checked by Kolmogorov-Smirnov test with the Dallal-Wilkinson-

Lillie for corrected p value. For data with normal distribution, one-way ANOVA with 

Šídák multiple comparisons test was employed. Individual means were compared using 

the parametric two-tail Student’s t-test. For non-parametric data, Kruskal-Wallis with 

Dunn’s multiple comparisons test was used. Comparisons between two groups were 
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assessed by Kolmogorov-Smirnov test, and when appropriate Wilcoxon matched-pairs 

rank test. Differences of P < 0.05 were considered to be significant. All graphs and 

statistical analyses were performed using GraphPad Prism 9 (GraphPad Software, San 

Diego, CA). 
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FIGURES 

 
Figure 2-1: Proteinase K treatment enables the isolation of peridroplet 

mitochondria (PDM) from WAT and increases the yield of PDM isolated from BAT. 
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(A) Super-resolution confocal microscopy of lipid droplet fractions from white adipose 

tissue (WAT), visualizing peridroplet mitochondria (PDM, red) attached to lipid droplets 

(LDs; green) before (Non-stripped Fat) after high-speed centrifugation (Stripped Fat), and 

after proteinase K (Prot K) treatment and high-speed centrifugation (Stripped + Prot K). 

Mitochondria were stained with Mitotracker DeepRed (MTDR) and LDs with 

BODIPY493/503 (BD493). Scale Bar=10 microns. (B) PDM quantification of WAT LDs 

determined by quantifying the % of LD surface covered by mitochondria from images 

shown in panel (A). 18-32 lipid droplets were analyzed from 4 independent isolations. (C) 

Imaging and staining performed as in (A) but using LD fractions from brown adipose 

tissue (BAT). (D) PDM quantification of images from BAT shown in panel (C). Dot plot 

shows quantification of the % of LD surface covered by mitochondria as in panel (B). 10-

12 images were analyzed, each with multiple lipid droplets from 5 independent isolations. 

For each image, the total % of LD surface covered by mitochondria was averaged and 

represents a single point on the graph. (E) Summary of new method enabled by Prot K 

to isolate PDM and cytoplasmic (CM) mitochondria from WAT and BAT. Fat homogenates 

were centrifuged at low speed to separate the fat layer containing PDM from supernatant 

containing the CM. Prot K was added to both the LD fraction and supernatant and 

incubated for 15 minutes. High-speed centrifugation separated PDM from Prot K treated 

lipid droplets and CM from the supernatant. (F and G) Comparison of protein recovered 

in PDM and CM fractions in the presence or absence of Prot K treatment from (F) WAT 

and (G) BAT. N=6-9 independent isolation experiments, with each individual data point 

representing one single experiment. (H and I) Western blot of PDM (H) and CM (I) 
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isolated from WAT and BAT with regular PDM protocol, PDM isolation + Prot K, PDM 

isolation with Prot K + PMSF and PMSF alone. N=3-4 independent experiments of PDM 

and CM isolation. (J and K) PDM quantification of WAT (J) and BAT (K) using the 

fluorescence plate reader assay. Mitochondria were stained with MTDR and LDs with 

BD493. The ratio of MTDR/BD493 fluorescence was quantified as a measure of PDM 

mass per LD mass. 5-6 independent isolation experiments. *P < 0.05, **P < 0.01, ***P < 

0.001, ****P < 0.0001 by one-way ANOVA. ### P < 0.001 compared to untreated CM or 

PDM by Student’s t-test. All data presented as mean ± SEM. Illustrations were created in 

Biorender. 
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Figure 2-2: Proteinase K treatment enables the isolation of functional PDM from 

WAT. 
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Assessing mitochondrial function in WAT after isolation with either centrifugation alone, 

Prot K, Prot K+PMSF, or PMSF alone. (A-C) WAT CM respirometry using 

pyruvate+malate as the substrate. Data were normalized to untreated CM for each 

individual experiment. (A) State 3 OCR of WAT CM from n=16-20 independent isolation 

experiments each with 1-2 biological replicates. (B) CoxIV OCR after injection of TMPD 

and ascorbate of WAT CM from 16-20 independent isolations. (C) Quantification of ATP 

synthesis activity in WAT CM from 6 individual isolations. ATP synthesis rates were 

determined by the rate of luminescence gain. (D-F) WAT PDM respirometry using 

pyruvate+malate as the substrate. Data were normalized to untreated PDM for each 

individual experiment. (D) State 3 OCR of WAT PDM and (E) CoxIV OCR of WAT PDM 

after injection of TMPD and ascorbate from 15-20 independent isolations. (F) 

Quantification of ATP synthase activity in WAT PDM from 6 individual isolations. (G) 

Assessing mitochondrial function in WAT CM and PDM with Prot K from 13-15 

independent isolations. Both CM + Prot K and PDM + Prot K were normalized to untreated 

CM for each individual experiment. (H) Quantification of ATP synthesis activity using 

pyruvate+malate as the substrate from WAT CM and PDM treated with Prot K from 13-

15 independent isolations. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by one-way 

ANOVA. # P < 0.05 by Student’s t-test. All data presented as mean ± SEM. 

 



 

  

 

126 
 

 

Figure 2-3: Isolation of PDM from BAT with Proteinase K does not decrease 

mitochondrial respiratory capacity.  
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Assessing mitochondrial function in BAT after isolation with either regular isolation 

protocol, Prot K, Prot K+PMSF, or PMSF alone. (A-C) BAT CM respirometry using 

pyruvate+malate as the substrate. Data were normalized to untreated CM for each 

individual experiment. (A) State 3 oxygen consumption rate (OCR) of BAT CM and (B) 

CoxIV OCR after injection of TMPD and ascorbate of BAT CM from 6-13 independent 

isolation experiments. (C) Quantification of ATP synthesis activity in BAT CM from n=5 

individual experiments. ATP synthesis rates were determined by the rate of luminescence 

gain. (D-F) BAT PDM respirometry using pyruvate+malate as the substrate. Data were 

normalized to untreated PDM for each individual experiment. (D) State 3 OCR of BAT 

PDM and (E) CoxIV OCR after TMPD and ascorbate injection of BAT PDM from 6-13 

independent isolation experiments. (F) Quantification of ATP synthase activity in BAT 

PDM from n=5 individual experiments. (G) Assessing mitochondrial function in BAT CM 

and PDM with Prot K from n=9-12 independent isolations. Both CM + Prot K and PDM + 

Prot K were normalized to untreated CM for each individual experiment. (H) Quantification 

of ATP synthesis activity using pyruvate+malate as the substrate from BAT CM and PDM 

treated with Prot K from n=3-4 independent isolations. *P < 0.05, **P < 0.01 by one-way 

ANOVA. # P < 0.05 by Student’s t-test. All data presented as mean ± SEM. 
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Figure 2-4: Proteinase K treatment enables the isolation of mitochondria attached 

to small lipid droplets that cannot be detached by centrifugation.  

(A) Schematic representation of the isolation protocol for small and large LDs. Tissue was 

homogenized and first centrifuged at 500 x g to create a fat layer containing large LDs 

(LG-LDs). After removing the first fat layer, homogenates were centrifuged at 2000 x g to 

create a second fat layer containing small LDs (SM-LDs). (B and C) Super-resolution 

confocal microscopy of fat layers containing LG-LDs and SM-LDs isolated from WAT (B) 

and BAT (C). The fat layers were stained with BD493. Scale bar = 10 microns. (D and E) 
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Examining LD size distribution in fat layers isolated from WAT (D) and BAT (E) separated 

by differential centrifugation. N=4-6 individual experiments with n>2 images analyzed per 

experiment. (D) In WAT, the data was grouped into bins with a range of 0.1 starting at 0. 

The last group contained the frequency of LD area between 1.05 μm2 and 17,086 μm2. 

(E) In BAT, the bin range was 0.5 and started at 0. The last group contained the frequency 

of LD area between 3.5 μm2 and 2,034 μm2. (F and G) Quantification of the perimeter of 

lipid droplets found in the large LD and the small LD preparations isolated from WAT (F) 

and BAT (G) fat layers. N=4-6 individual experiments with n>2 images analyzed per 

individual experiment. Each point on the graph represents the average LD perimeter from 

a single image. (H and I) Assessing the amount of PDM associated with large versus 

small LDs. PDM quantification from WAT (H) and BAT (I) using the fluorescence plate 

reader assay in n=4 individual experiments. Mitochondria were stained with MTDR and 

LDs with BD493. The ratio of MTDR/BD493 was quantified as a measure of PDM 

abundance. *P < 0.05,  **P < 0.01, ***P < 0.001 by one-way ANOVA, #### P < 0.0001 

by nonparametric Kolomogrov smirnof analysis. All data presented as mean ± SEM. 

Illustrations were created in Biorender. 
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Figure 2-5: PDM isolated from large and small lipid droplets have unique 

characteristics. 

Assessing mitochondrial function in PDM isolated from LG- and SM-LDs from WAT and 

BAT. All mitochondria were isolated from WAT and BAT using the Prot K protocol. (A and 

B) Quantification of state 3, mitochondrial proton leak, ATP-linked and CoxIV OCR using 

pyruvate malate (A) as substrate or palmitoyl-carnitine+malate (B) as substrate in PDM 

from LG- and SM-LDs in WAT. 4-6 individual isolations were normalized to VDAC protein 

content for each experiment as a measure of mitochondrial content. (C and D) Assessing 

mitochondrial function in PDM isolated from LG- and SM-LDs in BAT. Quantification of 

state 3, mitochondrial proton leak, ATP-linked, and CoxIV OCR using pyruvate+malate 

(C) as substrate or palmitoyl-carnitine+malate (D) as substrate from 4-6 individual 

isolations. (E) Representative Western blots of mitochondrial proteins from mitochondria 

isolated from LG- and SM-LDs from WAT and (F) quantification of the protein data from 
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n=3-5 individual isolations. (G) Representative Western blots of mitochondrial proteins 

from mitochondria isolated from LG- and SM-LDs from BAT and (H) quantification of the 

protein data from n=3-5 individual isolations. * P < 0.05, ** P < 0.01, *** P < 0.001  by 

Student’s t-test and # P < 0.05, ## P < 0.01 by nonparametric Kolomogrov smirnof 

analysis. All data presented as mean ± SEM. 

 

 

Supplementary Figure 2- 1: Isolation of PDM with Proteinase K requires PMSF 

inactivation for Western Blot analysis of mitochondrial proteins. 

Western Blot analysis of mitochondrial proteins from PDM and CM isolated from WAT 

and BAT with regular PDM protocol, PDM isolation+ Prot K, PDM isolation with Prot K + 

PMSF and PMSF alone. All samples were normalized to total protein amount before 

loading in the gel for comparison.  (A and B) Western blot analysis of WAT PDM proteins 
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(A) and BAT PDM proteins (B) from Figure 1H. (C and D) Western blot analysis of WAT 

CM proteins (C) and BAT CM proteins (D) from Figure 1I. Note that Prot K treatment 

resulted in degradation of mitochondrial proteins when samples were stored at -80ºC. 

The addition of PMSF after the 15 min Prot K incubation period rescued the degradation 

of mitochondrial proteins. For all groups n=3-6 individual isolations. *P < 0.05, **P < 0.01, 

***P < 0.001 by non parametric Kruskal-wallis test-for each individual protein. # P < 0.05,  

## P < 0.01, ### P < 0.001 compared to untreated CM or PDM by Kolmogorov–Smirnov 

test.  All data presented as mean ± SEM. 
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Supplementary Figure 2- 2: Cytochrome c supplementation results in similar 

increases in oxygen consumption in mitochondria with and without Proteinase K. 

Analysis of state 3 oxygen consumption and non-mitochondrial oxygen consumption, 

determined by the presence of azide in WAT and BAT CM and PDM with or without 

proteinase K. (A and B) State 3 OCR (A) and non-mitochondrial oxygen consumption (B) 

of WAT CM and WAT PDM supplemented with cytochrome c, with and without proteinase 

K. (C and D) State 3 OCR (C) and non-mitochondrial oxygen consumption (D) of BAT 

CM and BAT PDM supplemented with cytochrome c, with and without proteinase K. No 

differences were observed between the groups that were treated with proteinase K and 

those that were not.  
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CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS 
 

Intracellular mitochondrial heterogeneity has been observed to play a role in both 

physiology, as well as pathological states. Heterogeneity in terms of mitochondrial 

dynamics and morphology, membrane potential, and fuel utilization is correlated with 

diversity in intracellular needs related to cell specific region and proximity to other 

organelles within the cell (Kuznetsov & Margreiter, 2009).  

 In chapter two, I a discuss a novel mechanism to induce lipid cycling in BAT as a 

mechanism to increase energy expenditure independent of UCP1 activity. Blocking 

pyruvate entry into the mitochondria is a novel mechanism to increase the proportion of 

mitochondria that oxidize fatty acid and the MPC may be a novel target to increase 

energy expenditure. MPC activity adds a new level of regulation controlling and limiting 

energy expenditure and fuel preference.  

 Recent identification of a unique population of mitochondria within individual cells 

that support LD expansion was thought to be a mechanism to induce increased lipid 

storage and protect from lipotoxicity. Despite the role of PDM in providing ATP for lipid 

synthesis in brown adipocytes, in chapter three I explore their role in murine white adipose 

tissue, which seems to be different from BAT PDM. The successful isolation and 

bioenergetic characterization of PDM vs the cytoplasmic mitochondria in WAT indicate 

that at least two types of mitochondria with unique bioenergetics that co-exist in WAT. 

Moreover, we find that WAT PDM have lower-ATP synthesizing capacity and preference 

for pyruvate when compared to WAT CM. These findings suggest that aspects of 

mitochondrial heterogeneity including intracellular organization and function can be cell 
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type and tissue specific. Furthermore, Freyre and colleagues found that MIGA2, and not 

Plin5 as in BAT, acts as a unique mitochondria-LD tethering protein for PDM in WAT, 

further supporting tissue-specific regulation of PDM interaction and function (Freyre et al, 

2019). PDM have been shown to play different roles in several other tissues and be 

dependent on the nutrient status of the cell. The caveats previously discussed with the 

current models to induce PDM formation add additional complexity in our pursuit to 

understand the unique function of PDM.  

 In support of a tissue-specific role of PDM, recent studies in hepatocytes found 

that unique subpopulations of hepatic mitochondria support distinct lipid metabolic 

pathways. In conditions of starvation, fatty acids are selectively trafficked to cytosolic 

mitochondria (CM) for oxidation, while PDM are the major site of fatty acid trafficking and 

facilitate esterification under fed conditions or during excess fatty acid exposure. 

Moreover, Najt et al. found that the proportion of these populations is altered under 

different metabolic states such as nutrient deprivation, enabling fine tune control of 

cellular adaptation (Najt et al, 2023). 

In addition to increasing PDM formation, several studies have suggested that 

decreasing PDM can be beneficial in different tissues and physiological states. Our 

finding that PDM in WAT do not have increased ATP-synthesizing capacity or a 

preference for pyruvate oxidation, suggests these PDM may not support LD build up. In 

conditions of lipotoxicity, detaching PDM from LDs may represent a promising approach 

to increase fat oxidation in WAT. Detaching PDM may be a method to induce WAT 
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browning, by forcing mitochondria to become cytoplasmic and oxidize fat. It is not known 

if this increase in fat oxidation will require UCP1 expression.  

Evidence that detaching PDM from the LD can be beneficial, has also been 

observed in BAT as BAT PDM detach from the LD upon adrenergic stimulation in order 

to increase fat oxidation. It has been suggested that PDM detachment may represent a 

novel mechanism to increase fat oxidation and energy expenditure in BAT. Female mice 

with BAT-specific knock-out of Mfn2 were resistant to diet induced obesity and had 

increased capacity to oxidize fatty acid, although they had impaired cold tolerance 

(Mahdaviani et al, 2017). Because Mfn2 KO reduced the interaction of mitochondria and 

LD, this suggest that PDM detachment promotes resistance to HFD, while also indicating 

that PDM are required for thermogenesis (Mahdaviani et al., 2017). Of note, a complete 

lack of PDM might also result in the accumulation of toxic free fatty acids in certain tissues 

that cannot increase fat oxidation or uncoupling. Mice with DGAT2 KO die shortly after 

birth due to severe lipopenia (Stone et al, 2004). Part of this effect may be due to a lack 

of PDM, where DGAT2 KO mice lack PDM and therefore cannot esterify fatty acids 

resulting in severe lipotoxicity, however the mechanism still remains unclear. Although 

there are caveats associated with PLIN5 and DGAT2 KO studies, we can still infer 

interesting information on the effect of a lack of PDM.  

The potential of PDM as a therapeutic target highlights the overall idea of 

intracellular mitochondrial heterogeneity and the role of mitochondria in cell function. 

Changing the subpopulations of mitochondria within individual cells is a potential novel 

mechanism to fine tune cell and tissue function and whole body metabolic homeostasis. 
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