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ABSTRACT OF THE DISSERTATION 

 
Mitochondrial Dynamics: The Role of Adaptations in the Mitochondrial Proteomic Profile 

in Different Cellular Contexts  

 

by 

 

Amanda Lin 

 

Doctor of Philosophy in Molecular, Cellular and Integrative Physiology 

 

University of California, Los Angeles, 2018 

 

Professor Andrea L Hevener, Chair 

 

 

Mitochondria are critical for regulating metabolism and energy expenditure. These 

organelles are comprised of roughly 2,000 proteins. Dysfunction of mitochondria and its 

components has been associated with many pathologies including cardiovascular, 

neurodegenerative, and metabolic diseases. While previous reports have aimed to 

characterize the mitochondrial proteome, the relationship between the mitochondrial 

proteome and function has not been experimentally established on a systematic level. 

This lack of understanding impedes the contextualization and translation of proteomic 

data to the molecular derivations of mitochondrial diseases. 
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To traverse this knowledge gap, we analyzed the mitochondrial proteomic profile from 

four different tissue types – two mitochondrial proteomes from identical genetic codons 

(mouse heart and mouse liver), two cardiac mitochondrial proteomes from unique 

genomes (mouse heart and human heart), and one well-studied metazoan model 

system (drosophila). By linking mitochondrial protein abundance with biochemical 

pathways, we were able to identify the core functionalities of these mitochondria. Using 

bioinformatics analyses, we identified significant enrichment of disease-associated 

genes and their products. Correlational analyses suggested that the mitochondrial 

proteome design is primarily driven by cellular environment. Taken together, these 

results link the mitochondrial composition with function, providing a prospective 

resource for mitochondrial pathophysiology and developing novel therapeutic targets in 

medicine. 

 

As mitochondrial dysfunction is exacerbated by dysfunctional protein quality control and 

often further contributes to pathology, we addressed the mechanisms underlying the 

maintenance of healthy mitochondrial architecture. This requires a steady balance 

between protein synthesis and degradation – or turnover. It is well-documented that 

mitochondrial autophagy (mitophagy) is the primary mechanism to degrade 

dysfunctional mitochondria via lysosomes. However, as failure to contain or replenish 

mitochondrial proteins damaged by reactive oxygen species directly underlies many 

pathological phenotypes, developing therapies to target mitochondria on an individual 

protein level is of interest. Therefore, we designed a metabolic heavy water (2H2O) 

labeling strategy to study individual protein turnover rates in vivo. We calculated the 
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turnover rates for 458 proteins in mouse cardiac and hepatic mitochondria and revealed 

distinct tissue-specific turnover kinetics with protein half-lives spanning from hours to 

months. These results indicate that mitochondria are not turned over only as individual 

units; excess mitochondrial proteins are synthesized in the cytosol to be imported into 

the mitochondria when needed. Therefore, mitochondria possess a mixture of 

previously- and newly-synthesized proteins. Our study demonstrates the first large-

scale analysis of mitochondrial protein turnover rates in vivo, with potential applications 

in translational research.  

 

To further study the structure of mitochondria, we sought to investigate how alterations 

in mitochondrial morphology and dynamics (fission and fusion) affect metabolism and 

physiology. Proper mitochondrial function is required to maintain metabolic homeostasis 

and cellular energetic capacity and mitochondrial dysfunction has been associated with 

the development of insulin resistance in glucoregulatory tissues. Our laboratory has 

recently shown that heat shock protein 72 (HSP72) is an important molecular link 

between mitochondrial function, cellular metabolism, and insulin action. Indeed, HSP72 

protein levels are reduced in muscle from obese and diabetic patients, and HSP72 

levels are inversely associated with the degree of insulin resistance and adiposity. 

Findings from our laboratory show that HSP72 regulates Parkin action including 

mitochondrial quality control and reveal that the deletion of either HSP72 or Parkin 

induces mitochondrial dysfunction and skeletal muscle insulin resistance. However, the 

molecular phenotypes encompassing the HSP72-mitochondria-glucose homeostasis 

paradigm have been to date, exclusively established in male model systems. In contrast 
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to the obesity-insulin resistance phenotype of male HSP72 knockout (KO) mice, our 

findings show that female mice lacking HSP72 possess a lean phenotype with 

enhanced insulin sensitivity. Interestingly, loss of HSP72 promotes increased muscle 

ERα expression in female mice; this is a likely mediator of improved mitochondrial 

function and insulin action in female HSP72 KO mice fed a normal chow diet. Our 

studies lay the important foundation for the rational design of novel therapeutic 

strategies that can be used to combat metabolic-related diseases in women. 

 

Together, our findings suggest that mitochondria and its proteomic profile are highly 

dynamic in composition and kinetics. These properties are dependent on not only the 

host organism, but also the organ milieu. In addition, our findings highlight the sex-

specific role of mitochondrial dysfunction in the onset of metabolic diseases. Therefore, 

developing therapeutic strategies to target mitochondrial function, health, and dynamics 

are crucial to ameliorate complications associated with metabolic diseases, including 

type 2 diabetes and insulin resistance in men and women.  
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CHAPTER 1 

Introduction 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*Sections of this chapter are adapted from Zhang et al., Perspectives on: SGP 
Symposium on Mitochondrial Physiology and Medicine: Mitochondrial proteome design: 
From molecular identity to pathophysiological regulation, Journal of General Physiology, 
139(6):395-406. http://jgp.rupress.org/content/139/6/395.long 
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1.1 The History of Mitochondria 

 

The essence of mitochondria lies within their ability to generate energy, maintain 

metabolism, and regulate signaling cascades. As fundamental constituents of numerous 

rudimentary cellular processes, the molecular architecture and the proteome of the 

mitochondria are critical to intracellular biochemistry. The behavior of the mitochondria 

is subjugated to the environment of this organelle; perturbation of mitochondrial 

homeostasis can prompt pathophysiological conditions to arise.  

 

The history of mitochondrial research can be traced back to Rudolf Albrecht von Kolliker 

in 1857 when he first described the mitochondrion. In 1890, Richard Altmann termed the 

mitochondria “bioblasts,” noted their ubiquitous nature, and showed exceptional 

foresight when he explained that these bioblasts were living inside cells and were 

responsible for “elementary functions.” The endosymbiotic theory was first articulated by 

Konstantin Mereschkowski in 1905. Although several hypotheses were put forth to 

explain the merger between mitochondria and cells, it was Lynn Margulis who tied the 

endosymbiotic theory to biochemical and cytological evidence. Mitochondria are of α-

protobacterial origin, engulfed by cells through endosymbiosis about two billion years 

ago. The name “mitochondrion” was first introduced in 1898 by Carl Benda from the 

Greek words “mitos” (thread) and “chondros” (granule). The first well-preserved 

mitochondria were isolated by Hogeboom et al.[1] in 1948. This approach proved to be 

significantly advantageous to mitochondrial research for several decades, in particular, 

on the characterization of mitochondrial proteome biology and function which we focus 
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today. A key finding from the hypothesis of chemiosmosis by Mitchell[2] is an organized 

subproteome, i.e., the electron transport complexes, with a dedicated role, supporting 

the oxidation and phosphorylation function in the mitochondria. The complexity of the 

subproteome was further realized with the introduction of innovative methods to 

visualize three-dimensional structures and the role of the mitochondria in cell death 

signaling[2]. These discoveries inspired the research efforts to link biological pathways 

with their subproteome-based molecular participants in the regulation of mitochondrial 

function. Figure 1 summarizes the milestones of the long and fruitful history of 

mitochondrial research.  

 

The relationship between mitochondria and disease has been firmly established, with 

one of the first reported mitochondrial diseases by Rolf Luft and colleagues at 

Karolinska University in Stockholm, Sweden. A patient was presented with 

hypermetabolism unrelated to thyroid dysfunction. Through morphological (increased 
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number of mitochondria) and biochemical (loosely coupled mitochondrial oxidative 

phosphorylation [OXPHOS]) evidence, this group of investigators concluded that 

mitochondria were the source of these symptoms, marking the beginning of an era of 

mitochondrial medicine. Throughout the 1970s, other landmark discoveries singled out 

specific metabolic as well as enzymatic deficiencies, such as pyruvate dehydrogenase 

and carnitine palmitoyltransferase deficiencies. Over 20 years passed between the 

discovery of mitochondrial DNA (mtDNA) and its mapping. In 1988, for the first time, 

mutations in mtDNA-associated diseases were reported[3]. As the detection of 

mitochondrial dysfunctions became more prevalent, the identification of mitochondrial 

components, as well as the characterization of mitochondrial proteome dynamics, 

increased in relevance.  

 

 

1.2 Proteins Supporting Mitochondrial Architecture and Biology 

 

The mitochondrion is an organelle comprised of four distinct compartments—the outer 

mitochondrial membrane (OMM), the intermembrane space, the inner mitochondrial 

membrane (IMM), and the matrix— which are bordered by its unique double-membrane 

structure. Production and transportation of electrolytes are facilitated by proteins 

embedded within the membranes. Approximately 1,000 proteins have been identified by 

several proteomic investigations[4-9] to support mitochondrial structure and function. 

Figure 2 summarizes the major mitochondrial cellular processes, their subproteomes, 

and their involvements in metabolic diseases.  
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The majority of proteins comprising the mitochondria are encoded by nuclear DNA. 

However, unlike their surrounding organelles, mitochondria possess their own DNA, 

which serves as code for the 13 proteins constituting seven proteins for complex I, one 

for complex III, three for complex IV, and two for complex V of the electron transport 

chain (ETC), also known as the respiratory complexes. In most multicellular organisms, 

mtDNA are inherited maternally. Because there are many copies of mtDNA and there 

are many mitochondria in all cell types, most mitochondrial mutations often have few 

detrimental effects on mitochondrial function until they reach sufficient number, a 

“threshold effect.” Not surprisingly, this threshold effect is lower in highly aerobic tissues 

such as the eye, brain, and heart[10]. Therefore, these tissues are more susceptible to 
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mitochondrial dysfunction. To date, proteomic approaches have been successful in 

characterizing the subproteome supporting OXPHOS function, including the 

identification of 88 proteins from the human heart[8] and 96 proteins from the mouse 

heart[4]. These proteins represent 90% or more of the entire OXPHOS subproteome 

(nuclear and mDNA combined). The remaining 10% of the OXPHOS proteins are 

known only by their genetic information, but are undetected by proteomic methods. 

They may have exceptionally low abundance or may carry unique biochemical 

properties (e.g., hydrophobic proteins); their protein characterization may require 

approaches with higher sensitivity (e.g., antibodies).  

 

As the key energy producer of the cell, the mitochondrion is fundamental for many 

metabolic processes. The products of glycolysis enter the mitochondrial matrix to 

continue their conversion to energy in the tricarboxylic acid (TCA) cycle, which 

possesses a subproteome composed of 11 proteins in the mouse cardiac 

mitochondria[4]. Subsequently, NADH and FADH2 proceed to donate electrons to the 

ETC components, eventually reducing oxygen to water. An electrochemical gradient is 

established and maintained to harness the energy produced by the subsequent flow of 

protons back into the matrix to synthesize ATP from ADP and phosphate.  

 

Calcium plays a multifaceted role in mitochondrial function. Mitochondrial calcium 

regulation can be denoted by influx, matrix buffering, and efflux[11, 12]. A total of 61 

proteins from the mouse heart[4] has been reported to support calcium regulation in 

mitochondria. Mitochondria have been implicated in the induction of cell death; two 
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differential processes have been shown to lyse the cells: necrosis and apoptosis. The 

protein identities defining both the necrosis and apoptosis pathways are only partially 

understood. Release of apoptotic factors such as cytochrome c, Smac/Diablo, and 

apoptosis-induced factors into the cytosol attracts caspase-9 and apoptotic protease- 

activating factor 1 to form the apoptosome with ATP. The Bcl-2 family proteins are also 

activated during the apoptotic process. A total of 26 proteins in the mouse heart[4] has 

been identified to be related to apoptosis.  

 

In parallel, mitochondria produce free radicals by leaking electrons to oxygen in the 

process of transferring electrons through the ETC, in particular complexes I and III. To 

counteract this, endogenous scavenging enzymes and antioxidants are activated to 

eliminate reactive oxygen species (ROS); this defense system includes superoxide 

dismutases, catalase, peroxidredoxin, glutathione peroxidase, and reduced glutathione. 

Currently, 29 proteins in the human heart are affiliated with redox functions[8], whereas 

32 proteins were reported in the mouse heart.  

 

Mitochondrial proteases participate not only in protein proteolysis[13], but they also are 

emerging as crucial regulators of mitochondrial function. The many types of 

mitochondrial proteases include the PIM1/Lon protease, the mitochondrial 

intermembrane space protease I and the ClpXP protease in the matrix, and the i-AAA 

protease and the m-AAA protease residing in the IMM. Proteases are shown to play 

essential roles in mitochondrial morphology maintenance, mitochondrial biogenesis, and 

mitochondrial metabolism regulation[14]. Mitochondrial proteases are evolutionarily 
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conserved from yeast to humans in support of the evolutionary prokaryotic ancestors. 

Disturbances of the mitochondrial proteolytic system affect mitochondrial homeostasis. 

Thus far, 40 proteases were reported from the mouse heart[4] in the mitochondria. 

 

 

1.3 Proteomic Profiling of Mitochondria 

 

The mitochondrial proteome is unique, complex, and dynamically regulated as it adapts 

to the needs of the tissues or disease states[15, 16]. Over the past decade, tremendous 

efforts have been made to explore mitochondrial subproteomes and their 

posttranslational modifications (PTMs) in both physiological and pathological 

environments. Indeed, mitochondrial proteomes in various organisms and tissues, 

including yeast[17], mouse[4-6, 9], human[8, 18], rat[7, 19, 20], and drosophila[21] have 

been investigated. Figure 3 deciphers the state-of-the-art experimental workflow used in 

mitochondrial proteomic studies, including mitochondrial isolation, purification, mass 

spectrometry (MS) identification, and data analyses.  

 

Preparation of pure and functionally viable mitochondria is an important first step to 

achieving reliable and reproducible proteomic outputs. Hogeboom et al.[1] developed 

the first protocol to isolate rat liver mitochondria based on a differential centrifugation. 

Thereafter, isolation methods have been modified and tailored based on different 

tissues and species. Mitochondria could be further purified by free-flow electrophoresis 

or density gradient centrifugation with either percoll or other dense materials such as 
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metrizamide, sucrose, and nycodenz. Mitochondrial purity and intactness could be 

validated by immunoblottings using specific organelle protein markers, membrane 

potential measurements, and respiratory control index assessments, as well as electron 

microscopy morphology detection[4]. If a particular mitochondrial subproteome, such as 

OMM, IMM, or OXPHOS, is the subject of interest, isolation of these subcompartments 

is desirable. Sample fractionation has been frequently applied to reduce the complexity 

before the sample is subjected to MS analyses. Different approaches have been used, 

including gel-based approaches such as one-dimensional SDS-PAGE, two-dimensional 

PAGE (2-DE), and blue native PAGE, as well as gel-free–based approaches such as 

immunoprecipitation, liquid chromatography (LC), and free-flow electrophoresis. 

Different separation approaches are complementary. 2-DE is preferred to separate 

soluble and high-abundance proteins but poorly resolves hydrophobic proteins, low-
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abundance proteins, and proteins with extreme isoelectric point values. The 

combination of a blue native PAGE and a SDS-PAGE could be used to enrich the 

identification of OXPHOS protein complexes[20]. Gel-free–based shotgun proteomic 

analyses, combining a strong cation exchange LC and a reversed-phased LC, are 

beneficial for the detection of proteins with low abundance and high hydrophobicity.  

 

An early study on mitochondrial proteomes by Rabilloud et al.[22] was conducted on 

human placental mitochondria using 2-DE followed by MS analyses; they reported a 

total of 46 proteins. Subsequently, Taylor and his collaborators[8, 18] characterized the 

human cardiac mitochondrial proteome using SDS-PAGE separation and 

multidimensional LC coupled with MS analyses, where 722 proteins were reported. 

Furthermore, Mootha et al.[9] characterized mitochondrial proteomes from the mouse 

brain, heart, liver, and kidney samples. 399 proteins were identified from proteomic 

studies and 428 proteins were reported from gene annotation analyses, combining for a 

total of 591 distinct proteins from different tissues. Among these 399 proteins, 107 

proteins were conserved across tissues. Later, Kislinger et al.[6] performed a global 

proteomic survey of four organellar compartments (cytosol, membranes, mitochondria, 

and nuclei) in six mouse organs. 4,768 proteins were identified, of which 1,075 proteins 

were localized in the brain mitochondria, 667 in the heart mitochondria, 789 in the 

kidney mitochondria, 775 in the liver mitochondria, 1,072 in the lung mitochondria, and 

901 in the placenta mitochondria. Among these mitochondrial proteins, only 132 

proteins were conserved across tissues. Later on, studies by Zhang et al.[4] identified 

940 distinct proteins from mouse cardiac mitochondria using functionally validated 
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mitochondria, among which 480 proteins were not identified by the aforementioned 

major proteomic profiling studies[6, 8, 9]. Additionally, Pagliarini et al.[5] combined MS 

analyses with GFP tagging, as well as machine learning, and created a mitochondrial 

compendium of 1,098 genes and their protein expressions across 14 different mouse 

tissues. By linking the characterized proteins in this inventory to known mitochondrial 

pathways, 19 proteins were predicted to be important for the function of ETC complex I, 

of which one protein (C8orf38) was further validated. Many methodological issues may 

contribute to these mitochondrial proteome differences as reported by their MS-based 

identifications. There are issues using mitochondrial samples from different tissues, 

including sample preparations, contaminants from abundant proteins, the overall 

molecular compositions of the targeted mitochondrial proteome, the dynamic ranges of 

protein abundance in the particular mitochondrial proteome of interest, etc. Apart from 

these technical factors, it is highly possible that the reported diversity in mitochondrial 

proteomes is a result of their tissue specificity. Despite the variability of MS-based 

proteomic approaches, the proteomic results from different research groups indicate the 

heterogeneity of mitochondrial proteomes among the rat/mouse tissues [6, 7, 16, 19]. 

These inter-tissue comparisons recognize that the mitochondrial proteomes are tuned to 

meet the metabolic and signaling requirements of their environment. For example, heart 

mitochondria require a constant and stable supply of ATP to maintain cardiac function, 

whereas the liver mitochondria are orientated toward a more biosynthetic role conducive 

for metabolic function. In addition, using a combination of comparative genomics and 

computational algorithms, the interspecies comparisons support the notion of the 

existence of conserved and heterogeneous proteins in the mitochondrial proteome[23].  
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The four subcompartments of the mitochondria are comprised of different protein 

contents. The matrix incorporates approximately two thirds of the mitochondrial 

proteins, with the IMM containing 21%, the intermembrane space occupying ~6%, and 

the OMM encompassing a mere 4% of the overall proteins of the mitochondrion[24]. 

These values are still under investigation as low-abundance proteins are difficult to 

detect with the current technology. Using organic acid, Da Cruz and Martinou[25] 

extracted the IMM fractions of hepatocytes and found 182 proteins using a 2-DE-LC-

MS/MS. McDonald et al.[26] further identified 348 proteins through three separation 

techniques (2D-LC with ProteomeLab PF 2D Protein Fractionation System, 2-DE, and 

RP-HPLC). A two-step digestion with trypsin and proteinase K facilitated the detection 

of OMM proteins previously unidentified[24]. Another study of Saccharomyces 

cerevisiae by Zahedi et al.[27] encountered 112 OMM proteins, including integral and 

peripheral membrane proteins.  

 

In parallel to protein identification, two main strategies have been applied to the 

quantitative mitochondrial proteomic analyses: an MS-based label-free approach and 

differential labeling quantitative techniques. The label-free quantification is based on 

either the measurement of the peptide precursor intensity ions of a protein or the 

number of fragmented spectra peptides of a protein. This approach has been 

successfully used in the comparison of mitochondrial proteome changes under 

physiological and pathological conditions in various animal models[7, 16]. Isotope-

labeling experiments include two-dimensional difference in-gel electrophoresis (2D-
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DIGE), isotope-coded affinity tag, isobaric tags for relative and absolute quantitation 

(iTRAQ), and stable isotopic labeling by amino acids in cell culture (SILAC), as well as 

stable isotopic labeling in mammals (SILAM). These approaches are more accurate, but 

the reagents are costly and require specialized bioinformatics tools.  

 

In recent years, several databases of mitochondrial proteins have been created, 

including MitoP2[28], Mitoproteome[29], Mito-Carta[5], MitoMiner[30], as well as 

COPaKB, i.e., the Cardiac Organellar Protein Atlas Knowledgebase (http://www 

.heartproteome.org). These databases list mitochondrial proteins identified via multiple 

approaches, including MS/MS analyses, literature curations, and bioinformatics 

evaluations. COPaKB is an integrated resource of proteome biology configured to 

specifically focus on cardiovascular biology and medicine. Its first release includes 

proteomic data from large-scale proteomic surveys of cardiac mitochondrial proteins.  

 

Defining the mitochondrial proteome is a challenge because of the dynamics of this 

organelle. Approximately 293 out of 940 proteins identified were found to contain 

mitochondrial targeting sequences[4]. In contrast, a majority of proteins do not bear the 

mitochondrial targeting sequences; however, they can travel to multiple subcellular 

localizations in parallel to their mitochondrial residency. Some proteins anchor onto the 

outer membrane of mitochondria with a loose attachment; they are called mitochondrial-

associated proteins. Targeting sequence prediction cannot be used as a sole strategy to 

validate the mitochondrial localization of proteins caused by a higher false-positive 

prediction rate as well as multiple protein import mechanisms. Some mitochondrial 
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proteins are only expressed in certain developmental stages or specific species. 

Furthermore, some mitochondrial proteins are expressed in very low abundances and 

do not meet the detection threshold criteria of MS. Collectively, the above issues (the 

nature of mitochondrial proteins and the technological limitations) contribute to the 

current discrepancy of the existing mitochondrial proteome datasets. 

 

 

1.4 Mitochondria in the Pathogenesis of Metabolic Dysfunction 

 

As the central hubs of energy production and other important signaling pathways, 

mitochondria possess a high susceptibility for being implicated in numerous human 

pathological phenotypes. Dysfunction of mitochondrial proteins caused by either 

environmental changes or genetic mutations has been shown to be directly associated 

with various diseases including insulin resistance and metabolic syndrome. 

 

The development of diabetes mellitus typically accompanies the dysfunction of insulin 

production and absorption by the body[31]. Using 2-DE followed by LC-MS/MS 

analyses, recent studies from Taurino et al.[32] observed the decreased expression of 

the Ndufs3 protein subunit of complex I in steptozotocin-induced type 1 diabetic rats. In 

combination with genetic (a decreased mRNA level) as well as biochemical (impaired 

catalytic activity of complex I) evidence, this group of investigators concluded that 

Ndufs3 is a critical contributor to the onset of diabetic encephalopathy in type 1 

diabetes[32]. Through the use of iTRAQ and 2D-DIGE, subsarcolemmal mitochondria 
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(SSM) and interfibrillar mitochondria (IFM) were analyzed to determine whether type 1 

diabetes influenced the proteomic makeup of these two mitochondrial subpopulations in 

the heart[31]. The proteomic makeup of IFM was affected to a greater extent than SSM, 

as exemplified by a decrease in fatty acid oxidation and OXPHOS proteins. Compared 

with diabetic SSM, the expression levels of adenine nucleotide translocator, 

mitochondrial phosphate carrier, mitofilin, inner membrane translocases, and 

mitochondrial heat shock protein 70 were decreased in diabetic IFM. The levels of 

mitochondrial protein import were unchanged in diabetic SSM, whereas the levels of 

mitochondrial protein import were substantially decreased in diabetic IFM[31, 33]. 

PTMs, specifically protein oxidations and deamidations, were more prevalent within 

IFM. Therefore, proteomic alterations were linked to the dysfunction of mitochondrial 

protein import such as mitochondrial heat shock protein 70. This evidence underscores 

the role of the mitochondrial proteomes underlying pathophysiology of diabetes, insulin 

resistance, and metabolic syndrome.  

 

 

1.5 Sex Differences and Metabolic Regulation 

 

Recently, the scientific community has begun taking steps to address the effect of sex 

on preclinical studies[34]. As such, the need to identify metabolic sex differences has 

become a critical issue. The effect of genetics (XX and XY in females and males, 

respectively) is emphasized by the actions of sex hormones including estrogens, 
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progesterone, and androgens which play an influential role in regulating metabolism in 

both males and females. 

 

With the exception of reproductive organs, females and males have similar organ 

systems; however, women have a smaller muscle mass than men with greater 

differences in upper body than lower body muscle mass[35, 36]. The composition of 

these muscles is also sexually dimorphic - women tend to have a 27-35% greater Type I 

area relative to total fiber area as well as a greater capillary density[37]. Females are 

better equipped to regulate glucose homeostasis since more Type I fibers and a greater 

capillary density enhance tissue perfusion, providing more blood, oxygen, and 

metabolites to the muscles. Since Type I muscle fibers possess more mitochondria, this 

also increases the capacity for both glucose and lipid oxidation[37]. In addition, Type I 

fiber percentage and capillary density is negatively correlated with insulin resistance 

and type 2 diabetes mellitus (T2DM) in both lean and obese individuals[37]. Therefore, 

the combination of a greater proportion of Type I fibers and higher estrogen levels play 

a large role in how female muscles have enhanced glucose tolerance, likely contributing 

to improved oxidative metabolism and enhanced insulin sensitivity. However, previous 

literature indicates that women and men do not differ significantly in metabolic activity, 

suggesting that a man and woman of comparable muscle mass would have a similar 

endurance performance. Therefore, these studies suggest that the primary 

differentiating factor for energy consumption is body composition and size[38-40]. 
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Moreover, under the same moderate intensity endurance workload, women have a 

lower respiratory exchange ratio (the ratio of carbon dioxide produced and oxygen 

used). This suggests that women have a reduced dependence on carbohydrates and 

preferentially oxidize lipids as a fuel source for exercise compared to men[41-46]. 

Having a higher glycolytic capacity and Type II fibers allows men to utilize more 

glucose[47, 48] in the absence of oxygen, but leads to more lactate accumulation and 

therefore, longer recovery times[37]. This indicates that men possess a greater ability 

for glycogenolysis and glycolytic flux than women, while women have increased 

potential for β-oxidation compared to men[47]. Sex hormones likely contribute to this 

difference in substrate metabolism. Furthermore, while skeletal muscle is the main 

tissue for glucose uptake, adipose tissue also contributes to blood glucose disposal. 

Lipid droplet morphology is sex-specific, with men having fewer but larger lipid droplets 

and women possessing a larger quantity of smaller lipid droplets[37]. Lipids are an 

advantageous source of fuel for prolonged exercise compared to glucose which is an 

ideal source of energy for short durations of intense exercise. CD36, a critical 

transporter of lipids to mitochondria for oxidation, is increased in both men and women 

after aerobic training, but is higher in women regardless of training status. 

Intramyocellular lipids are also elevated in female muscle with a higher percentage of 

these lipids in contact with mitochondria after exercise for increased oxidation 

potential[37]. This indicates enhanced fatty acid storage and transport[37] in women 

compared to men.  A greater number of Type I muscle fibers and a reliance on lipids as 

a source of fuel suggests that women are more resistant to fatigue than men.  
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In addition, body fat distribution and energy substrate utilization patterns are sex-

specific. Compared to males, females possess enhanced insulin sensitivity and less 

visceral fat. Since females also possess a greater capacity to store and clear lipids, 

females can utilize lipids at an increased rate, allowing for a slower time to fatigue[37, 

49]. These benefits may provide females a certain metabolic flexibility to better combat 

cellular stressors. On the other hand, males have increased muscle mass and a higher 

glycolytic capacity which are beneficial for short, intense bursts of energy[37]. Together, 

these findings emphasize the impact of sex on the molecular mechanisms underlying 

metabolism. 

 

 

1.6 The Sex-Specific Relationship Between Mitochondria, HSP72, and Insulin 

Sensitivity 

 

Obesity is a critical health and financial burden, and a leading cause of death in the 

United States due to secondary complications of T2DM and cardiovascular disease[50]. 

Obesity is strongly associated with mitochondrial dysfunction and insulin resistance in 

metabolically active tissues including muscle, liver and adipose[51-53]. The severity of 

T2DM has been correlated with age, genetics, and sex[54]. In particular, men and 

women differ in their responsiveness to insulin with men more likely to develop insulin 

resistance than pre-menopausal women[55-57]. While there is currently no cure for 

T2DM, exercise and diet modification are beneficial strategies for disease management; 

however, the precise mechanisms underlying the health benefit of these interventions 
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remains incompletely understood[58, 59]. Proper mitochondrial function is required to 

maintain metabolic homeostasis and cellular energetic capacity. There is evidence that 

males and females differ in their regulation of mitochondrial processes; females have a 

higher mitochondrial content and antioxidant activity[60-63]. However, the mechanisms 

that contribute to mitochondrial dysfunction and insulin resistance in men and women 

remain unclear.  

 

Recent evidence reveals that an impaired heat shock protein (HSP) response to cellular 

stress underlies insulin resistance[64-67] in males. A clinical target of interest is heat 

shock protein 72 (HSP72), a chaperone protein that facilitates the proper folding of 

newly translated and misfolded proteins. HSP72 expression is associated with the 

maintenance of insulin sensitivity since a reduction in its protein abundance promotes 

dysfunctional mitochondria and insulin resistance in rodents and humans alike[68, 69]. 

In addition, HSP72 is the most prevalent HSP induced under cellular stress including 

acute nutrient excess and endurance exercise[68]. As such, HSP72 expression is 

intimately linked to metabolic homeostasis and mitochondrial function.  

 

Previous studies have implicated imbalances in mitochondrial fission-fusion dynamics in 

the onset of insulin resistance[70-73]. The equilibrium between mitochondrial fusion and 

fission is central to numerous aspects of physiology such as apoptosis and control of 

mitochondrial quality and inheritance[74]. Disrupting the balance between fusion and 

fission can lead to fused mitochondria that are unable to maintain bioenergetic capacity 

and self-regulate mitochondrial quality control[75]. Our laboratory and others have 
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demonstrated that chronic hyperfused and fragmented mitochondrial architecture are 

correlated with metabolic syndrome[70-73]. The ablation of key fusion and fission 

proteins, including mitofusin (Mfn) 2 and dynamin-related protein (Drp) 1, leads to 

insulin resistance[76-78]. Mfn2 is an outer mitochondrial membrane protein that 

mediates mitochondrial fusion and is a target of the E3 ubiquitin ligase Parkin, a protein 

involved in mitochondrial quality control[68]. Drp1, the key regulator of mitochondrial 

fission, is a cytosolic protein recruited to the mitochondrial outer membrane. On the 

membrane, Drp1 interacts with pro-fission proteins including mitochondrial fission 

protein 1 (Fis1) to drive the division of a mitochondrion. Drp1 expression is associated 

with increased mitochondrial fragmentation, resulting in inner mitochondrial membrane 

depolarization and decreased ATP production[73, 79]. Smaller, fragmented 

mitochondria and increased fission machinery were observed in the skeletal muscle of 

mice with genetic and diet-induced obesity[73]. These observations highlight the 

importance of mitochondrial fission-fusion dynamics in maintaining insulin sensitivity. 

 

Recently our laboratory found an important function of HSP72 in skeletal muscle 

mitochondrial dynamics. HSP72 translocates to depolarized mitochondria and regulates 

the functionality of Parkin. Male HSP72 knockout (KO) mice exhibit reduced fatty acid 

oxidation, increased reactive oxygen species (ROS) production, and impaired insulin 

action[68]. This phenotype occurs as a result of whole body accumulation of 

dysfunctional hyperfused mitochondria and impaired Parkin action[74, 80-83]. Without 

HSP72, Parkin accumulates in the cytosol (impaired protein autoregulation) and fails to 

translocate to mitochondria to induce mitophagy. The impairments in muscle oxidative 
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function were paralleled by increased white adipose tissue (WAT) mass in male KO 

mice. In contrast, female HSP72 KO mice have decreased WAT mass and enhanced 

insulin sensitivity.  

 

Since the male HSP72 KO mice are phenotypically well-characterized at a variety of 

ages, we studied female animals which we believe will provide important insight into 

both the sexually dimorphic role of HSP72 in regulating glucose homeostasis, as well as 

lay the foundation for potential sex-specific therapeutic interventions targeting T2DM.  

 

1.7 The Overall Goal of Our Study 

 

Mitochondrial function and dynamics play a crucial role in physiological cellular 

maintenance. Herein, we provide a framework for studying the effects of organism- and 

tissue-specificity of the mitochondrial proteomic profile and its associated functions 

(Chapter 2). We further study whether tissue-specificity can affect mitochondrial 

turnover (biogensis and/or degradation) rates (Chapter 3). Finally, we investigate the 

effect of a specific heat shock protein (HSP), HSP72, on insulin sensitivity and 

mitochondrial dynamics in males and females (Chapter 4). We believe that data from 

our studies will be essential in the development of sex-specific mitochondrial therapeutic 

interventions targeting diseases such as T2DM and metabolic syndrome. 
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CHAPTER 2 

Characterization, Design, and Function of the Mitochondrial Proteome: 

From Organs to Organisms 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*This chapter is reprinted from Lotz, Lin, Black, Zhang et al., Characterization, Design, 
and Function of the Mitochondrial Proteome: From Organs to Organisms, Journal of 
Proteome Research, 13(2):433-46. https://pubs.acs.org/doi/10.1021/pr400539j 
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*Excerpts of Supporting Information Tables S1 and S2 are shown. Complete 

Supporting Information Tables S1 and S2 can be found at: 

https://pubs.acs.org/doi/suppl/10.1021/pr400539j/suppl_file/pr400539j_si_001.pdf 
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CHAPTER 3 

Metabolic Labeling Reveals Proteome Dynamics of Mouse Mitochondria 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*This chapter is reprinted from Kim, et al., Metabolic Labeling Reveals Proteome 
Dynamics of Mouse Mitochondria, Molecular & Cellular Proteomics, 11(12):1586-94. 
http://www.mcponline.org/content/11/12/1586.long 
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Supplemental Table S1 can be found at: 

http://www.mcponline.org/content/11/12/1586/suppl/DC1 
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24 proteins out of 314 are shown as an example.  

Complete Supplemental Fig. S1 can be found at: 

http://www.mcponline.org/content/suppl/2012/08/21/M112.021162.DC1/mcp.M112.

021162-1.pdf 
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24 proteins out of 386 are shown as an example.  

Complete Supplemental Fig. S2 can be found at: 

http://www.mcponline.org/content/suppl/2012/08/21/M112.021162.DC1/mcp.M112.

021162-1.pdf 
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CHAPTER 4 

Sexual Dimorphisms in HSP72-mediated Control of Mitochondrial Function and Insulin 

Sensitivity 
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4.1 Introduction 

 

Insulin resistance is a defining feature of the metabolic syndrome and is an early 

underpinning involved in the pathogenesis of type 2 diabetes mellitus (T2DM). Insulin 

resistance is characterized by diminished insulin action in peripheral tissues including 

skeletal muscle, liver, and adipose tissue[1-4]. The onset and severity of T2DM has 

been correlated with age, genetics, and sex[5]. Since men and women diverge in 

susceptibility to insulin resistance and T2DM, with men showing a higher prevalence of 

insulin resistance and T2DM vs age-matched premenopausal women[6-8], it is 

important to understand the mechanisms underlying sexual dimorphisms in metabolism 

and disease susceptibility. Understanding the biology underlying sex differences related 

to metabolic disease pathobiology will aid in the development of novel sex-specific 

therapeutic interventions for diseases including T2DM.  

 

While the precise molecular mechanisms involved in the etiology of insulin resistance 

are not fully understood, many agree that inflammation and stress kinase activation 

impair insulin signal transduction[9-14]. The primary cellular defense against metabolic 

and inflammatory insult is the rapid synthesis of a family of chaperone proteins (heat 

shock proteins, HSPs) by the induction of heat shock transcription factor 1 (HSF1). 

Impaired heat shock protein response to cellular stress is thought to underlie chronic 

disease susceptibility[15-18], and this notion is supported by the observation that 

expression of the inducible HSP isoform, HSP72, is significantly diminished in obese 
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patients with T2DM, while conversely, expression levels are elevated in healthy 

endurance trained individuals[19-24]. 

 

Previous evidence reveals that an impaired HSP response to cellular stress underlies 

insulin resistance and T2DM[15-18]. We have shown that HSP72, a protein chaperone 

that facilitates the proper folding of newly translated and misfolded proteins, is 

associated with the maintenance of insulin sensitivity. Reduced protein abundance of 

HSP72 promotes dysfunctional mitochondria and insulin resistance in rodents and is 

associated with metabolic dysfunction in humans[20-22]. HSP72 is the most highly 

induced HSP in response to cellular stress and chronic endurance exercise[20], 

however its precise role in regulating metabolic homeostasis and insulin action is 

incompletely understood. We have previously shown that HSP72 translocates to 

depolarized mitochondria and regulates the E3 ubiquitin ligase Parkin, a protein 

involved in mitochondrial quality control[20]. Male mice with an HSP72 knockout 

mutation (HSP72 KO) exhibit reduced fatty acid oxidation, increased reactive oxygen 

species (ROS) production, and impaired insulin action[20]. This phenotype occurred at 

least in part as a consequence of accumulation of dysfunctional hyperfused 

mitochondria and impaired Parkin action in skeletal muscle[25-29]. In the absence of 

HSP72, Parkin accumulates in the cytosol and fails to translocate to mitochondria to 

promote mitophagy. We attributed the increase in adiposity of HSP72 KO mice to 

reduced oxidative metabolism in skeletal muscle. In contrast, in animals with muscle-

specific overexpression of HSP72, we observed protection against genetic- and diet-

induced obesity and insulin resistance[22]. Although strong correlations between 
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HSP72 expression, adiposity, and insulin sensitivity are well-established[19-22], these 

observations have only been shown in men and male rodents. Therefore, to improve 

our understanding of the effect of sex on HSP72 expression and metabolic 

homeostasis, we experimentally reduced HSP72 in female mice and cells by genetic 

means to determine whether HSP72 serves a similar role in regulating metabolism 

between the sexes. In contrast to male HSP72 KO mice, herein we show that female 

HSP72 KO mice are lean, glucose tolerant, and have enhanced insulin sensitivity. 

Moreover, although a similar elevation of muscle Parkin was observed in female and 

male HSP72 KO mice, females were protected against metabolic dysfunction that we 

surmise is a consequence of impaired mitophagy in male KO animals. In female HSP72 

KO mice, we observed increased ERα expression and mitochondrial fission signaling. 

We show increased muscle oxidative function paralleled by enhanced insulin sensitivity 

even under the basal, normal chow-fed condition. Thus, our findings suggest a novel 

sex-specific role for HSP72 in the regulation of skeletal muscle mitochondrial function 

and insulin action. Our data support the notion that sex is an important biological 

variable of important consideration when testing and validating molecular targets of 

therapeutic potential. 

 

 

4.2 Research Design and Methods 

 

Animals 
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Female wild-type (WT) and HSP72 KO (global null mutation of Hspa1a/Hspa1b genes; 

Mutant Mouse Regional Resource Center Repository; University of California, Davis). 

WT and KO animals were confirmed to be of pure C57BL/6 background (The Jackson 

Laboratory). Ten cohorts of HSP72 KO mice were bred at the University of California, 

Los Angeles (UCLA) and used for in vivo and ex vivo investigation. All procedures were 

performed in accordance with the Guide for Care and Use of Laboratory Animals of the 

National Institutes of Health and were approved by the Animal Subjects Committee of 

UCLA. Animals were studied in the 6-h fasted condition unless otherwise specified, for 

example fed or starved (24 h).  

 

Leupeptin Treatment Studies 

To assess whether Parkin protein is degraded by the lysosome under basal conditions, 

6-h fasted WT mice were treated for 1 h with leupeptin (L2884, Sigma-Aldrich; 40 

mg/kg; intraperitoneal injection) to inhibit lysosomal proteases. Quadricep and soleus 

muscles were harvested for LC3B immunoblot analyses. 

 

Circulating Factors, Glucose Tolerance, and Ambulatory Movement  

The circulating factors insulin, leptin, resistin (Multiplex, Millipore), and adiponectin were 

analyzed in the blood of 6-h fasted 8-, 20-, 28-week-old mice. Intraperitoneal glucose 

tolerance tests (GTTs; 1 g/kg dextrose) were performed on the 6-h fasted mice[30, 31]. 

Mice from a separate cohort were acclimated to their metabolic chambers (Columbus 

Instruments) for the initial 24 hours, and their ambulatory movement was recorded for 

48 hours.  
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Hyperinsulinemic-Euglycemic Clamp Studies  

At 28 weeks of age, dual catheters were surgically placed in the right jugular vein. 3 

days post surgery, glucose clamp studies were performed as previously described[30-

32].  

 

Muscle Fatty Acid Oxidation and Esterification 

Fatty acid oxidation and esterification assays were performed on isolated soleus 

muscle; detailed methodology previous described in[33]. 

 

Primary Skeletal Muscle Cells 

Primary skeletal muscle myoblasts were isolated from WT and HSP72 KO mice at 8–12 

weeks of age, as previously described[34]. Myoblasts were cultured to confluence then 

differentiated to myotubes in Dulbecco’s modified Eagle’s medium (DMEM)/5% horse 

serum for 5–7 days prior to experimentation. 

 

Cell Culture and Treatments 

C2C12 myoblasts (ATCC) were maintained and proliferated in DMEM/10% FBS and 

differentiated in DMEM/2% horse serum.  

 

Insulin-Stimulated 2-Deoxyglucose Uptake Into Myocytes 

Glucose uptake was performed on cultured skeletal muscle cell in 12-well culture plates 

using the 2-deoxyglucose method in[32]. 
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Fatty Acid Oxidation and Esterification in Cultured Muscle Cells 

Fatty acid oxidation and esterification in cultured skeletal muscle cells were performed 

in six-well culture plates, as previously described[32]. 

 

Ex Vivo Soleus Muscle Strip Glucose Uptake 

Whole muscle ex vivo glucose uptake was analyzed with 2-deoxyglucose, with minor 

changes to that described previously[32, 35]. 

 

Mitochondria Isolations 

Two separate techniques were used to isolate mitochondria from WT and HSP72 KO 

skeletal muscle: 1) a Dounce homogenizer and the Mitochondria Isolation Kit for 

Cultured Cells (Thermo Scientific) and 2) by percoll density method[36]. Quadriceps 

were washed in ice-cold PBS. A Dounce homogenizer (25 strokes) broke up the tissue 

and fragments of the cell were pelleted at 800g for 10 min at 4°C. Subsequently, 

mitochondria in the supernatant were pelleted at 12,000g for 15 min at 4°C and washed 

twice with isolation buffer. 

 

Mitochondrial Respiration from Isolated Mitochondria 

Mitochondrial respiration (oxygen consumption) from mitochondria isolated from skeletal 

muscle was assessed using an XF96 Extracellular Flux Analyzer (Seahorse 

Biosciences). Crude mitochondrial isolations were prepared to maintain high 

mitochondrial respiratory function. Mitochondrial respiration was measured using an 
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XF96 Extracellular Flux Analyzer. Skeletal muscle were loaded in the XF96 microplate 

at 4.5-6 µg/well for Complex I-driven respiration (pyruvate and malate) and 2.5-4 µg/well 

for Complex II-driven respiration (succinate and rotenone) in 20 μl of respective 

substrates and mitochondrial assay solution (MAS) per well. The plate was centrifuged 

2,400 g for 5 minutes at 4°C before 130μl of MAS was carefully added per well and the 

plates were incubated at 37°C for 5 min. MAS buffer contained 70mM sucrose, 220mM 

mannitol, 5mM KH2PO4, 5mM MgCl2, 2mM HEPES, 1mM EGTA, 0.1% BSA fatty acid-

free (pH 7.2 adjusted with KOH) and substrates were used at concentrations of: 5mM 

pyruvate, 5 mM malate, 5 mM succinate, and 2µM rotenone. Mitochondria were loaded 

into the XF96 instrument and the first oxygen consumption measure was taken with 

substrates only (State 2) prior to the injection of 2mM ADP to induce State 3 respiration. 

Additional injections included 3µM oligomycin from Port B for State 4o, 4μM FCCP from 

Port C to measure uncoupled respiration, and Antimycin A at 4μM from Port D to inhibit 

mitochondrial oxygen consumption. All analyzed oxygen consumption data are 

normalized to µg protein loaded per well (pmoles O2/min/µg protein). 

 

Muscle Fiber Respiration 

Muscle fibers were separated and permeabilized with saponin. Muscle fibers of similar 

masses were placed in an Oroboros Oxygraph-2k (Oroboros Instruments). Substrates 

added to assess respiration included malate, octanoylcarnitate, ADP, Cytochrome C, 

pyruvate, glutamate, succinate, CCCP, rotenone, and Antimycin A. Samples with 

impaired mitochondrial membrane integrity (using a +10% increase threshold in 

respiration after cytochrome c addition) were excluded. 
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Mass Spectrometry (MS) and Data Analyses 

Mitochondria were isolated using the above isolation procedure. Mitochondrial pellets 

were resuspended in lysis buffer (0.5% sodium deoxycholate, 12mM sodium lauroyl 

sarcosine, and 50mM triethylammonium bicarbonate) prior to in-solution trypic 

digestion. Stable-isotopic dimethyl labeling of the peptides was utilized to provide 

relative quantitation between male and female proteomes. The samples were 

fractionated via strong cation exchange (SCX) chromatography for global proteomic 

analysis. Peptides were injected onto a laser-pulled nanobore C18 column with 1.8 um 

beads and resolved using a 3 hour gradient optimized on a hybrid quadrupole-Orbitrap 

mass spectrometer in dd-MS2 mode. The raw data were analyzed in Proteome 

Discoverer 2.1, which provided measurements of abundance for the identified peptides. 

Uniprot[37] was used to convert MS IDs to protein IDs. Biological information of 

individual proteins was extrapolated from gene ontology (GO) biological processes and 

molecular functions annotations. The polarHistogram function in R, a software for 

statistical computing and graphics, was used to illustrate proteins significantly changed 

between the genotypes in a polar histogram. Data was also run through g:Profiler[38] 

and PANTHER[39] for functional profiling of the mitochondrial proteome. 

 

Electron Microscopy 

Fresh soleus tissue was harvested and placed in 2% glutaraldehyde in PBS for 2 hours 

at room temperature and then at 4°C overnight. Fixed tissues were washed and post-

fixed the following day in a solution of 1% OsO4 for 2 hours. Tissues were dehydrated, 
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embedded in pure epon 812, and cured (60°C for 48 hours). Muscle longitudinal 

sections of 60 nm thickness were cut using an ultramicrotome (RMC MTX). The tissue 

sections were double stained in 8% uranyl acetate for 25 min at 60°C and lead citrate 

for 3 min at room temperature. A 100CX JEOL electron microscope was used to 

examine the stained slices. 

 

Immunoprecipitation and Immunoblot Analysis 

Mouse tissues and cell cultures for immunoblotting were homogenized in RIPA lysis 

buffer containing protease and phosphatase inhibitors before being clarified and 

resolved by SDS-PAGE. Proteins for immunoprecipitations were solubilized in RIPA 

containing deoxycholate, 1% glycerol, and protease inhibitors by rotation at 4°C for 1 h, 

then cell debris were pelleted for 10 min at 5,000g. Total protein was measured, and 

500 μg of sample was incubated with antibody (HSP72, Enzo Life Sciences) overnight 

then immobilized on  Pierce™ Protein A/G Magnetic Beads (Thermo Scientific) for 2 h 

at 4°C prior to washing 3× in RIPA buffer. Proteins were resolved by SDS-PAGE. All 

samples for Western blotting were transferred to polyvinylidene fluoride membranes and 

probed with the following antibodies: HSP72 (Stressgen), ERα exon III MC-20 (Santa 

Cruz), glyceraldehyde-3-phosphate dehydrogenase (Millipore), p62 (ProGen), 

phosphatase and tensin homolog–induced putative kinase 1 (PINK1; Cayman 

Chemicals), DJ-1/Park7 (R&D Systems), Mfn2 (Abcam), porin/voltage-dependent anion 

channel (MitoSciences), Ubiquitin-FK2 (Enzo Life Sciences), HA-mouse (Covance), V5 

(Invitrogen), DNAJB2 (Protein Tech Group), and cABL (BD Pharmingen). The following 

antibodies were all from Cell Signaling Technologies: pSer473-Akt (#9271), Parkin 
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(#2132 & #4211), pan-actin, LC3B, Beclin1, LAMP1, HSP60, HSP90, and HA-rabbit. 

Densitometric analyses were performed using BioRad Chemidoc Quantity One image 

software. 

 

Muscle Lipid Intermediates and Lipidomics Analyses 

Triacylglycerol, diacylglycerol, and ceramides were extracted from the quadriceps 

muscle (n = 6 per genotype) and quantified as previously described[40-42]. Lipidomic 

analyses were performed by the Baker IDI Lipidomics Core on quadriceps homogenized 

in 300 μl PBS buffer, pH 7.47 according to previous methods, with modifications[43]. 

 

RNA Extraction, cDNA, and Quantitative RT-PCR 

RNA from tissues and cells was extracted using RNeasy columns as per manufacturer’s 

instructions (Qiagen). cDNA was synthesized from 1 µg of total RNA using SuperScript 

II as per manufacturer’s instructions (Invitrogen). qPCR was performed on 20 ng cDNA 

on a BioRad MyiQ PCR Detection System using SyBR Green chemistry and analyzed 

using iQ5 Software (BioRad version 2.1) as previously described[32]. 

 

Statistics 

Values presented are expressed as means ± SEM. Statistical analyses were performed 

using Student t tests as well as one- and two-way ANOVA with Tukey’s post hoc 

comparison for identification of significance within and between groups where 

appropriate (SPSS graduate pack, Chicago, IL). Significance was set a priori at p < 

0.05. 
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4.3 Results 

HSP72 Regulates Insulin Action in a Sexually Dimorphic Manner 

 

A global null mutation of Hspa1a/Hspa1b genes was used to create a HSP72 KO 

mouse and was compared to WT female littermates under basal normal chow-fed 

conditions. In contrast to observations in male HSP72 KO mice[20], female HSP72 KO 

mice demonstrated lower total body weight (Figure 2A), and reduced white adipose 

tissue (WAT), and liver mass compared to age-matched (8.5-10 months old) wild-type 

(WT) female mice (Figure 2B). This phenotype was recapitulated in aged (12.5-15 

months old) female mice (Figure 2C-D). Since we observed a difference in body weight 

between the genotypes, we chose to perform glucose tolerance testing on weight-

matched animals. Enhanced glucose tolerance was observed in female KO vs. WT 

mice (Figure 3A. In parallel to improved glucose tolerance in female KO animals, 

insulin signal transduction, phosphorylation of GSK-3, a key regulator of glycogen 

synthesis, and at AktSer473, a critical component of the insulin signaling pathway involved 

in glucose import, was enhanced in female KO mice (Figure 3B). Enhanced insulin 

action was confirmed by the gold standard method for assessment of whole body insulin 

sensitivity, the hyperinsulinemic-euglycemic clamp. Female KO mice showed enhanced 

insulin sensitivity compared to female WT mice (Figure 3C).  
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HSP72 Is Critical for Mitochondrial Morphology, Parkin Regulation, and Autophagic 

Signaling 

 

The role of HSP72 in mitochondrial function and health is well-studied[15, 44-46]. 

However, these molecular phenotypes have been observed only in male model 

systems. To investigate the sex-specific relationship between HSP72 and metabolism, 

we first assessed parameters of mitochondrial health. We have previously identified 

HSP72 as critical in regulating Parkin action. Although Parkin protein expression was 

similarly elevated in male and female KO mice (Figure 4A), we found that Parkin was 

incapable of mitochondrial translocation and mitophagic turnover in muscle in male 

mice. In contrast to the male KO animals, in female HSP72 KOs, Parkin was observed 

on the outer mitochondrial membrane of damaged organelles thus indicating the 

maintenance of Parkin functionality in females despite the loss of HSP72 (Figure 4B). 

Protein expression of mitochondrial fission factor (MFF) and mitochondrial fission 1 

protein (FIS1), proteins involved in mitochondrial fission, were higher in female HSP72 

KO mice compared with WT. While total dynamin-related protein 1 (Drp1), a key 

GTPase involved in  of mitochondrial division, was reduced in the KO female animals 

compared to WT, phosphorylation of the inhibitory site, serine 637, of Drp1 was also 

significantly reduced in KO vs. WT (Figure 4C). Of interest, although Drp1 protein levels 

were identical between the groups, mRNA levels for the gene encoding Drp1, dnm1l, 

was significantly increased in female KO skeletal muscle (Figure 4D). Protein levels for 

fusion components (mitofusin 2, Mfn2) were also reduced in the KOs, supporting an 

enhanced mitochondrial fission phenotype (Figure 4E). We assessed mitochondrial 
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number using a surrogate marker, mtDNA abundance, between female WT and KO 

mice. Interestingly, qPCR revealed that mtDNA abundance was reduced in muscle of 

female KO animals (Figure 4F). This reduction was further confirmed by the sensitive 

method Digital Droplet PCR. Electron micrographs (EMs) of female KO mouse muscle 

showed mitochondria of significantly smaller area and perimeter vs. WT, compared to 

the enlarged, tubulated, and highly fused mitochondria observed in male HSP72 KO 

skeletal muscle vs. WT (Figure 5). Interestingly, mtDNA abundance was decreased in 

female KO mice, as were TFAM and PGC1α protein levels (Figure 6A-B). Furthermore, 

mRNA expression of Nrf1, Polg1, and Polrmt was reduced in the female KO skeletal 

muscle vs. WT (Figure 6C). Together, these data suggest that mitochondrial biogenesis 

is reduced in HSP72 KO females compared with WT. We assessed autophagic flux 

using leupeptin, and observed increased accumulation of LC3I and LC3II in female KO 

mice over WT (Figure 6D). These data reflect increased autophagic flux in KO 

compared to WT females and this is in sharp contrast to our findings for male animals. 

Enhanced fission dynamics and autophagic flux is associated with improved fatty acid 

oxidation[47] and diminished ROS production[48, 49] since fission is hypothesized to 

improve mitochondrial bioenergetic efficiency[50] and promote the elimination of 

dysfunctional mitochondria[51].  

 

Furthermore, to determine the mechanisms underlying improved mitochondrial function, 

we took a large-scale approach of the mitochondrial proteome and identified changes in 

individual mitochondrial proteins and their expression levels to provide insight into the 

remodeling changes in the female WT and KO skeletal muscle mitochondrial proteome 



 

 97 

(Figure 7). Our proteomic analysis confirmed a decrease in the relative protein 

abundance of Mfn2 in female KO mice compared to WT mice (Supplemental Figure 

1). Of interest, only 3 out of the 67 significantly changed proteins were higher expressed 

in the female KOs: 1) 3-Hydroxybutyrate Dehydrogenase 1(Bdh1) which is a 

mitochondrial enzyme involved in fatty acid catabolism, 2) Family With Sequence 

Similarity 162 Member A (Fam162a) is involved in apoptosis, cytochrome c release, and 

caspase activation, and 3) Nudix Hydrolase 8 (Nudt8) which mediates hydrolysis of 

nucleoside diphosphate derivatives. Functional analysis using PANTHER[39] revealed 

that proteins significantly changed between the basal female WT and KO skeletal 

muscle mitochondria profile were enriched in catalytic activity, binding, structural 

molecule activity, and antioxidant activity GO molecular function processes. 

Furthermore, the three highest PANTHER[39] pathways these significant proteins were 

predominantly involved in were Insulin/IGF pathway-protein kinase B signaling cascade, 

PI3 kinase pathway, and Gonadotropin-releasing hormone receptor pathway.  

 

HSP72 KO Enhances Compensatory Molecular Mechanisms in Females 

 

Our laboratory has previously shown that in addition to regulating mitochondrial 

functionality, HSP72 chaperones the estrogen receptor  (ER) and controls its protein 

expression in skeletal muscle[52]. We find that the abundance of ER is elevated in 

females compared with males, is the predominant receptor expressed in skeletal 

muscle, and is highly associated with insulin sensitivity[52]. Next, we examined the 

relationship between HSP72, ER, mitochondrial health, and metabolism. Work from 
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our laboratory and others[52, 53] has established that the loss of ER in both female 

and male whole-body and muscle-specific KO (MERKO) mouse results in an 

accumulation of lipids, tissue inflammation, and insulin resistance in skeletal muscle. 

Interestingly, female and male ERKO and MERKO skeletal muscle mitochondria 

exhibited a dysmorphic, hyperfused phenotype and had impaired respiration[52, 53]. To 

complement these studies, we cultured C2C12 myotubes, a mouse myoblast cell line, 

with the ER-selective agonist propyl pyrazole triol (PPT) and showed augmented 

fission signaling (Figure 8A). Together, these data suggest that ER expression is not 

only integral in maintaining metabolic homeostasis, but also mitochondrial morphology 

and functionality. We assessed ER expression in the female HSP72 WT and KO mice 

and found that female KO mice have both elevated ER protein and Esr1 (Figure 8B) 

mRNA levels. In contrast, ER protein levels were identical between male WT and KO 

mice (Figure 8C). 

 

 

4.4 Discussion 

 

Sex-specific Regulation of Mitochondrial Dynamics 

 

Proper mitochondrial function is required to maintain metabolic homeostasis and cellular 

energetic capacity. There is evidence that males and females differ in the regulation of 

mitochondrial processes. Females possess a higher mitochondrial content and 

antioxidant activity[54-56]. However, the sex-specific mechanisms that contribute to 
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mitochondrial dysfunction and insulin resistance in men and women remain unclear. 

Therefore, determining the underlying differential mechanisms of insulin resistance in 

men and women will aid in the current understanding of metabolic dysfunction and 

facilitate the development of novel sex-specific interventions to combat metabolic 

syndrome. 

 

Previous studies show that imbalanced mitochondrial fission-fusion dynamics promotes 

the onset of insulin resistance[20, 57-59], impairs mitochondrial bioenergetic capacity, 

and mitochondrial quality control[51]. The ablation of key fusion and fission proteins, 

including Mfn2 and Drp1, leads to insulin resistance[60-62]. Mfn2 is an outer 

mitochondrial membrane protein that mediates mitochondrial fusion and is a target of 

the E3 ubiquitin ligase Parkin, a protein involved in mitochondrial quality control[21]. 

Drp1 is a cytosolic GTPase recruited to the mitochondrial outer membrane where it 

oligomerizes to form high order mitochondrial ribbons around the mitochondrion. Drp1 

interacts with pro-fission proteins including mitochondrial fission protein 1 (Fis1) and 

mitochondrial fission factor (Mff) on the outer mitochondrial membrane to drive the 

division of a mitochondrion to two daughter organelles[57, 63]. Disrupting the fission 

and fusion signaling machinery led to obesity and insulin resistance; for example, our 

laboratory and others have shown that chronic mitochondrial hyperfusion is correlated 

with metabolic dysfunction[54-56]. These observations highlight the importance of 

mitochondrial fission-fusion dynamics in maintaining insulin sensitivity.  

 

Sex-specific Regulation of Mitochondrial Dynamics 
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Recently our laboratory found an important role for HSP72 in skeletal muscle 

mitochondrial dynamics. We observed that HSP72 translocates to depolarized 

mitochondria and regulates the functionality of the E3 ubiquitin ligase Parkin. Male 

HSP72 KO mice exhibited reduced fatty acid oxidation, increased reactive oxygen 

species (ROS) production, and impaired muscle insulin action[21]. The impairment in 

muscle oxidative function was paralleled by increased WAT mass in male KO mice. 

Metabolic dysfunction occurred as a consequence of the accumulation of dysfunctional 

hyperfused mitochondria and impaired mitophagic flux due to impaired Parkin action[25-

29]. In the absence of HSP72, Parkin accumulated in the cytosol (impaired protein 

autoregulation) and failed to translocate to depolarized mitochondria to induce 

mitophagy.  

 

Interestingly, although we observed a similar increase in Parkin protein in the cytosol in 

both HSP72 KO male and female animals, KO female mice showed improved insulin 

sensitivity and oxidative function compared with WT mice, thus a sex-specific effect of 

HSP72 in the control of oxidative function and insulin action was observed by our 

laboratory. The mechanisms underlying these differences in metabolism between males 

and females) remain largely unknown. However work in collaboration with Jake 

Lusis[64-68] shows that estrogens contribute markedly to the genetic architecture of 

insulin sensitivity with females showing enhanced muscle insulin sensitivity over males. 

Therefore, sex-specific strategies may be delineated to combat diseases in which 

differing mechanisms contribute to disease pathobiology in women compared with men. 



 

 101 

This notion is reinforced by our findings indicating that the loss of HSP72, promotes 

opposing sex-specific metabolic alterations. In sharp contrast to male HSP72 KO mice 

that show an obese, insulin resistance phenotype compared to WT males, female 

HSP72 KO animals relative to WT exhibit reduced adiposity and heightened insulin 

sensitivity. We have previously shown that HSP72 is a chaperone of ER and controls 

its protein expression in skeletal muscle[52]. Herein, we show that reduced HSP72 

expression in female mice increases skeletal muscle ER action which we hypothesize 

underlies sexually dimorphic outcomes related to mitochondrial function and insulin 

action. While a striking accumulation of cytosolic Parkin was noted in both male and 

female HSP72 KO mouse skeletal muscle, the remaining molecular phenotypes differed 

between the sexes. Specifically, in female KO mice compared to their WT counterparts, 

we observed elevated ER levels, the predominant estrogen receptor in skeletal muscle 

that we have previously shown to be involved in the maintenance of mitochondria and 

metabolic health[52, 53].  

 

The Absence of HSP72 Increases ER Expression Levels and Fission Signaling 

 

Two principal forms of ER have been identified to date, ER and ERβ, encoded by 

separate genes - Esr1 and Esr2, although ER is more highly expressed than ERβ in 

insulin-sensitive tissues. Our lab has previously shown that ER is a critical 

transcription factor in the maintenance of whole body insulin action and protection 

against tissue inflammation in both female[53] and male mice[52].  
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We have demonstrated in C2C12 myotubes that treatment with propyl pyrazole triol 

(PPT), an ER-selective agonist, induces mitochondrial fission signaling and mtDNA 

replication by Polg1. Thus, ER appears to be a driving factor for mitochondrial division 

and mtDNA replication. With this in mind and since mitochondrial morphology was 

altered with the loss of HSP72 in male mouse skeletal muscle, we turned our attention 

to the morphology of skeletal muscle mitochondria in female HSP72 KO. Electron 

micrographs of the skeletal muscle mitochondrial confirmed that the both the area and 

perimeter of mitochondria in female KO mice were smaller compared to female WT 

mice. In line with findings from EM analyses, we determined that fission signaling and 

the expression of fission-related proteins were elevated in muscle of female HSP72 KO 

animals.  

 

We next focused on identifying how ER interacts with mitochondria to promote fission. 

Though this mechanism is not fully elucidated, an ER IP suggests that ER interacts 

with mitochondrial inner membrane fusion regulators OPA1 and OMA1 (Supplemental 

Figure 2). Enhanced fission is thought to improve fatty acid oxidation and uncoupling 

and reduce ROS production. It is also theorized to improve quality control as a way to 

more rapidly eliminate damaged mitochondria and maintain a healthy population of 

mitochondria. Elevated fission signaling paired with an increase in autophagic flux seen 

in the female KO skeletal muscle suggests an increase in the turnover of damaged 

mitochondria. Together with decreased mitochondrial biogenesis signaling, this could 

lead to decreased mtDNA copy number as seen in the female KOs, indicating that there 

could be fewer mitochondria in the female KOs. These remaining mitochondria, 
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however, have enhanced efficiency; respiration measured in individual permeabilized 

muscle fibers using an Oroboros Oxygraph-2k (Oroboros Instruments) show that the 

female KOs are able to respond to cellular stressors comparatively to WT female mice 

(Supplemental Figure 3A). Isolated mitochondria respiration assessed with a 

Seahorse XF96 also recapitulated these findings (Supplemental Figure 3B). This is in 

stark contrast to male KO primary myotubes which had reduced oxygen consumption 

(basal and maximal respiration rates) compared to those from WT mice[20]. 

Collectively, our findings suggest that the induction of ER and enhanced mitochondrial 

fission and autophagy likely underlie improvements in the health of the mitochondrial 

network in female mice.  

 

Since ERα is highly expressed in female skeletal muscle, and HSP72 is a chaperone of 

ERα that controls its protein turnover, we hypothesize that ERα may underlie protection 

of mitochondrial function and insulin action that we observe in female HSP72 KO mice. 

Our data support the notion that increased ERα contributes to compensatory alterations 

in metabolic function and the prevention of obesity and insulin resistance in females.  

 

Conclusion  

 

Mitochondria are key organelles in regulating metabolism and energy expenditure, 

mitochondrial dysfunction has been associated with the development of insulin 

resistance in glucoregulatory tissues[52]. Our laboratory has recently shown that HSP72 

is critical for the maintenance of for mitochondrial function, cellular metabolism, and 
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insulin action. Importantly, HSP72 protein levels are markedly reduced in muscle from 

obese and diabetic patients. In male mice, we have consistently shown that HSP72 is 

directly correlated with insulin sensitivity and inversely correlated with adiposity. In 

contrast, herein we provide evidence that these relationships for HSP72 are sex-

specific. Considering that small molecule drugs are in development for targeting HSP72 

to enhance insulin sensitivity, it is imperative that we understand the role of sex in 

regulating metabolism and insulin so that therapeutic strategies are equally as 

efficacious in males and females.  
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Figure 1: Clinical Rationale for Targeting HSP72. A) Skeletal muscle HSP72 protein 

levels are markedly reduced in obese and type 2 diabetic (T2DM) individuals compared 

with young and aged healthy individuals. Muscle HSP72 mRNA expression is elevated 

in humans after 40 minutes of cycling (B) and in mice after 90 minutes of treadmill 

exercise (C). Values are means ± SEM. *, significance, p<0.05.  
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Figure 2: The Effects of Aging on Body and Organ Weights for Female HSP72 WT 

and KO Mice. A) Female 8-10 month KO mice (n=22 mice/genotype) weighed less than 

their WT counterparts (n=17 mice/genotype). B) White adipose tissue (WAT) and liver 

mass was reduced in female KO mice compared to WT. Heart mass was used as a 

control. C-D). The same phenotypes were reflected in aged 13-14 month female KO 

(n=9 mice/genotype) mice compared to WT controls (n=5 mice/genotype). Values are 

means ± SEM. *, significance, p<0.05. 
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Figure 3: Glucose Tolerance in Female HSP72 KO Mice. A) Glucose tolerance is 

enhanced in KO (closed squares) vs WT (open circles) (n=11-13 mice/genotype). B) 

Representative immunoblots and densitometry of insulin signaling in muscle of WT and 

HSP72 KO female mice (n=6 mice/genotype). C) Insulin-stimulated glucose disposal 

rate is enhanced in female KO vs. WT and mice (n=8 mice/genotype). 
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Figure 4: Mitochondrial Fission Signaling in Muscle of HSP72 KO Female Mice. A) 

Parkin protein expression levels were elevated in muscle from female HSP72 KO mice 

compared to WT (n=6 mice/genotype). B) Parkin protein localization was found in both 

the cytosol and mitochondrial fraction of female KO skeletal muscle (n=6 

mice/genotype). C) Fission signaling in skeletal muscle of female HSP72 KO mice was 

increased compared to WT (n=5-6 mice/genotype). D) Muscle Drp1 (dnm1l) expression 

levels were elevated in KO female mice (n=7-8 mice/genotype). E) Mfn2 protein 

expression was reduced in female KO mice compared to WT controls (n=5-6 

mice/genotype). F) Mitochondrial DNA (mtDNA) copy number was reduced in female 
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HSP72 KO mice (D) (n=7 mice/genotype). Values are means ± SEM. *, significance, 

p<0.05 between genotypes.  
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Figure 5: Smaller and Fragmented Muscle Mitochondria in HSP72 KO Females. A) 

Electron micrographs of soleus muscle show smaller, fragmented mitochondria in 

HSP72 KO (bottom panels) females compared to WT (top panels), n=2 mice/genotype. 

B) Although muscle mitochondrial number was identical between the genotypes, relative 

mitochondrial area and perimeter were significantly reduced in HSP72 KO females. 

Values are means ± SEM. *, significance, p<0.05 between genotypes. 
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Figure 6: Mitochondrial Biogenesis and Autophagy Signaling in Female HSP72 

WT and KO Skeletal Muscle. Representative immunoblots of TFAM (A) and PGC1α 

(B) protein levels in WT and KO female mice (n=6 mice/genotype). C) Expression of 

mitochondrial biogenesis genes from quadriceps of WT and KO female mice (n=7-8 

mice/genotype). D) Markers of autophagy were increased in HSP72 female KO mice 

compared to WT mice following leupeptin, an autophagy inhibitor, treatment. Values are 

means ± SEM. *, significance, p<0.05, between genotypes. 
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Figure 7: Muscle Mitochondrial Proteomic Profile in Female HSP72 WT and KO 

Mice. Muscle mitochondrial proteins in female HSP72 WT and KO mice under basal 

conditions (n = 6/genotype). This clearly shows that there are marked changes in 

female HSP72 WT and KO skeletal muscle mitochondria. Bars are fold change. Blue = 

WT. Red = KO. All proteins shown had a significance of p <0.05. 
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Figure 8: ERα Expression Levels in Muscle of HSP72 KO Female Mice. A) C2C12 

myotubes treated with a vehicle or the ERα-selective agonist, propyl pyrazole triol (PPT) 

had increased fission signaling. Muscle ERα protein (B; left) and mRNA (B; right) 

expression was elevated in HSP72 KO female mice compared to WT (n=6-8 

mice/genotype). C) No change was observed for muscle ERα protein levels between 

male WT and KO mice (n=6 mice/genotype). Values are means ± SEM. *, significance, 

p<0.05, between genotypes. 
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Supplemental Figure 1: Bioinformatics Analysis of the Female HSP72 WT and KO 

Mitochondrial Proteome. A functional analysis using g:Profiler shows translation as 

the top biological process and cytoplasm as the top cellular component based on a 

significance, p<0.05. Aminoacyl-tRNA biosynthesis was the top biology pathway 

(KEGG). 
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Supplemental Figure 2: ERα Binding to Mitochondrial Fusion Proteins. After IP of 

skeletal muscle with an ERα antibody or normal rabbit (Rb) IgG, immunoblotting with 

the ERα antibody verified that ERα present in the input was recovered in the bound 

material. Fusion proteins Opa1 and Oma1 were found in higher abundance in the anti-

ERα bound material. For the comparison, a positive control for ERα, ovary, was shown. 

 



 

 118 

 

 

Supplemental Figure 3: Mitochondrial Respiration in Female HSP72 WT and KO 

Mice. A) Respiration from individual permeabilized muscle fibers was measured using 

an Oroboros Oxygraph-2k (Oroboros Instruments). Mitochondrial membrane integrity 

was assessed using a +10% increase threshold in respiration after CytC addition. 

OCTC, Octanoylcarnitate. ADP, Adenosine diphosphate. CytC, Cytochrome C. Pyr, 

Pyruvate. Glut, Glutamate. Succ, Succinate. CCCP, Carbonyl cyanide m-chlorophenyl 

hydrazone. Rot, Rotenone. AntA, Antimycin A. B) Quantification of oxygen consumption 

rates (OCR) drive by Complex I (left) and Complex II (right) in skeletal muscle 
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mitochondria isolated from WT and KO female mice. State 3 quantifies respiration 

linked to maximal ATP synthesis, State 4o, induced with oligomycin (ATP Synthase 

inhibitor), determines proton leak, and uncoupled respiration quantifies maximal 

electron transport chain activity induced by the chemical uncoupler, FCCP. There were 

no statistically significant changes in any respiratory parameter with pyruvate and 

malate (Complex I) or succinate and rotenone (Complex II). Values are means ± SEM. 

*, significance, p<0.05, between genotypes. 
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Conclusion and Future Direction 
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5.1 Proteomic Profiling of Mitochondria Reveals Inter- and Intra-species 

Heterogeneity From Both Expressional and Functional Perspectives   

 

Contextualization of mitochondrial proteins to their biological pathways and their 

corresponding linkages to clinical phenotypes affords great opportunities to advance our 

understanding regarding the fundamentals of mitochondrial diseases. Proteomics 

investigations in the past 15 years have paved a foundation for future studies to 

establish a comprehensive mitochondrial proteome map. Several challenges remain. At 

the technology front, these include the identification of proteins in low abundance, 

proteins that are associated with mitochondria, or proteins with unique biochemical 

features. Future tasks detailing comprehensive and quantitative characterization of the 

mitochondrial protein PTMs are also daunting. In the biology arena, functional 

information regarding individual components within many mitochondrial subproteomes 

is far from completion. Characterization of these proteins may lead to the discovery of 

novel mitochondrial functions, of which we are not yet aware. Integrating MS strategies 

with other approaches such as computational biology, protein arrays, and biochemical 

analyses will facilitate the advancement and completion of a mitochondrial proteome 

knowledgebase. The ultimate goal of mitochondrial proteome research is to bridge the 

knowledge gap between mitochondrial compositions and their functionalities, therefore 

providing potential diagnostic and prognostic targets for mitochondrial-associated 

diseases. 
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Herein, we characterized the mitochondrial proteomic profile in great detail and 

presented rigorous evidence for organ- and organism-specific mitochondrial identity[1]. 

We analyze the mitochondrial proteome from four different model systems including two 

cardiac mitochondrial proteomes from distinct genomes (mouse heart vs human heart) 

as well as two unique organ systems from the same genome (mouse heart vs mouse 

liver), and a metazoan our-group (drosophila). Assessment of mitochondrial protein 

abundance and their biochemical properties reflected core mitochondrial functionalities 

specific to each host milieu. Compared to published reports on the mitochondrial 

proteome at the time[2-6], we identified the largest mitochondria proteomic pool to date. 

Our study of the proteome−function correlation confirms previous observations of 

mitochondrial biology and contributes new evidence of the expediency of diagnosing 

mitochondrial disease through proteomic parameters. Furthermore, correlational 

analyses suggest that mitochondrial proteome design is primarily driven by cellular 

environment. This investigation bridges the knowledge gap between molecular 

compositions and their accompanying functions, which ultimately aids in the translation 

of mitochondrial proteomics data to a contextualized understanding of complex 

mitochondrial biology as well as allows for the acquisition of a prospective source for not 

only the diagnosis of mitochondrial pathologies but also the procurement of 

mitochondrial therapeutic targets. 

  

 

5.2 Metabolic Heavy Water Labeling of Mitochondrial Proteins Demonstrates 

Individualized Protein Turnover Rates   
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The maintenance of a healthy network of mitochondria hinges upon the delicate 

homeostasis between protein synthesis and degradation, known as the turnover of 

proteins. Imbalances in mitochondrial turnover and quality control have been associated 

with many diseases. It is well-known that mitochondria are degraded in a whole 

organelle fashion through mitochondrial autophagy (mitophagy). However, it was not 

known how the process of mitochondrial dynamics was regulated in different cellular 

contexts. Furthermore, up to this point, the majority of quantitative proteomics was 

dictated by steady-state measurements which served as fragmentary snapshots of the 

mitochondrial proteome. 

 

To analyze mitochondrial dynamics in vivo, we used a deuterium (2H2O; heavy water) 

labeling strategy to study individual protein turnover in mouse heart and mouse liver[7] – 

two organs that contained large quantities of mitochondria, but differed in cellular 

composition and function. We saw that individual mitochondrial turnover rates spanned 

at least an order of magnitude within an organ. This was conceptually significant 

because it suggests that individual mitochondria cannot be assumed to turn over as 

single units. Instead, it is likely that mitochondrial proteins are synthesized at variable 

rates in the cytosol and enter mitochondria, resulting in mitochondria with old and new 

proteins to preserve homeostasis under mitophagy. Our findings underscore the 

significance of obtaining a proteome dynamics map at individual protein resolution in 

uncovering signatures of protein quality control dysfunctions, such as in aging and 

metabolic perturbation studies.  
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In conclusion, we demonstrated the first mitochondrial proteome-wide study of in vivo 

protein dynamics. Our designed experimental platforms enabled us to calculate the 

turnover rates of 458 murine mitochondrial proteins, ranging over 2 orders of magnitude 

in half-life[7]. Mitochondrial protein turnover displayed both organ-specific differences 

and interprotein heterogeneity, and subcellular fractionation ensured that the protein 

kinetics were free from interference by cytosolic pre-cursors. Our methodology has wide 

applications in the characterization of protein kinetics and temporal proteome changes 

in mammalian systems and clinical studies. 

 

 

5.3 HSP72 is a Sex-specific Regulator of Insulin Sensitivity and Mitochondrial 

Dynamics 

 

The exact involvement of mitochondria in the onset of insulin resistance and metabolic 

dysfunction remains a controversial subject. This issue is one worth investigating, as 

evidence suggests a causal role for the dysfunction of these organelles in the 

pathological response to metabolic syndrome in animal models. As cellular stress 

adaptation is essential for the maintenance of metabolic homeostasis, heat shock 

proteins (HSPs) are induced in response to stress. We see that expression levels of a 

specific HSP, HSP72, are reduced in obese and diabetic human muscle[8], and 

increased following exercise training. Moreover, we have shown that the induction of 

HSP72 is critical for the protection against genetic- and diet-induced obesity and insulin 
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resistance in rodents[9]. Our laboratory has shown that HSP72 is a mitochondrial stress 

sensor linking mitochondrial function and cellular metabolism with insulin action[10]. We 

have shown that HSP72 overexpression promotes enhanced mitochondrial function and 

we have identified HSP72 as a binding partner of the mitochondrial quality control 

protein, Parkin. HSP72 deletion impaired Parkin turnover and action, resulting in the 

retention of enlarged, dysmorphic mitochondria with reduced respiratory capacity. As a 

consequence, KO mice accumulated lipid in muscle and became insulin resistant and 

glucose intolerant over time compared with control animals. These findings suggest that 

the HSP72-Parkin axis links mitochondrial health with insulin sensitivity; however, these 

studies were performed exclusively in males.  

 

Despite similar impairment in Parkin turnover between male and female KOs, in 

contrast to males, female KOs remained insulin sensitive and glucose tolerant. 

Interestingly, ERα was elevated in muscle from female HSP72 KO mice and this 

observation was paralleled by enhanced mitochondrial fission signaling (↑Fis1 and 

MFF) and a reduction in mitochondrial size. We have demonstrated previously that ERα 

is critical for mitochondrial function and muscle insulin action; therefore, since HSP72 

binds ERα to regulate its protein turnover, we hypothesized that induction of ERα may 

compensate for a loss of HSP72 and thus, preserve metabolic homeostasis in female 

KO mice. Overall, our findings suggest that sex may control the impact of HSP72 in 

regulating mitochondrial health and insulin sensitivity. Our research provides the 

important foundation for the rational design of novel therapeutic strategies that can be 

used to combat metabolic-related diseases in women. 
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