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 The functional state of the mitochondrion, the organelle responsible for 

generating the cellular fuel source adenosine triphosphate, is intricately linked 

with systemic metabolic fitness, but the precise details of the connection 

between mitochondria and metabolism are only beginning to become fleshed 

out. This dissertation investigates the mechanisms through which 
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mitochondria non-autonomously relay signals of energetic stress to peripheral 

tissues capable of mediating adaptive changes in metabolism. To accomplish 

these studies, states of mitochondrial stress were modeled in pre-progeroid 

polymerase gamma mtDNA mutator (POLG) mice challenged with a high-fat 

diet, in lean and metabolically-perturbed obese mice administered drugs that 

interact with mitochondrial-dependent pathways, as well as in cultured cells 

treated with mitochondrial poisons. Paradoxically, high-fat diet feeding 

appeared to ameliorate metabolic defects present in young POLG mice, 

mitigating their pre-programmed adaptive starvation-like response to apparent 

mitochondrial defects. In addition to having complete resistance to diet-

induced obesity, these mice displayed a striking diet-induced increase in 

mitochondrial biogenesis in brown adipose tissue, resulting in increased 

oxygen consumption and thermogenesis. Mechanistically, this response can 

be linked to induction of fibroblast growth factor 21 (FGF21), a hepatic-derived 

endocrine hormone believed to mediate a metabolic response to caloric 

restriction, but also interestingly an established marker of mitochondrial 

disease. Moreover, compounds that activate the mitochondrial unfolded 

protein stress response corrected some metabolic defects and symptoms of 

progeria exclusively in aging POLG mice. In addition, chemical compounds 

that uncouple the electron transport chain as well as the widely used 

biguanide class of anti-diabetic drugs induced FGF21 and promoted oxidative 
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metabolism in both cultured cells and diet-induced obese mice in a manner 

similar to the HFD-induced phenotype observable in POLG mice. 

Comprehensively, the studies described in this dissertation provide new 

mechanistic insight into the multi-faceted functions of FGF21, and implicate 

this hormone as an adaptive metabolic mediator of mitochondrial stress 

signals. 
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CHAPTER ONE: 

 

Nuclear Receptors and AMPK – An Evaluation of the Therapeutic Utility of 

Exercise Mimetics for Treating Metabolic Diseases 

 

  



2 

Abstract 

Endurance exercise is one of the best ways to combat metabolic 

diseases, and can create a multitude of system-wide improvements in insulin 

sensitivity and metabolic homeostasis. Pharmacological compounds that can 

recapitulate any of the known benefits of exercise, also known as “exercise-

mimetics,” have the potential to reverse the underlying pathologies of 

metabolic syndrome. Accordingly, drugs that reduce blood glucose levels, 

suppress hepatic gluconeogenesis, or increase energy expenditure and lipid 

metabolism have been highly scrutinized for their exercise-like abilities useful 

for treating diabetes. Despite scores of studies spanning more than a decade 

to this end, the identity of an efficacious exercise mimetic still remains elusive. 

In this chapter, I will highlight several nuclear receptors and nuclear receptor 

cofactors that are putative targets for exercise mimetics, and review recent 

studies that provide advancements in our understanding of the mechanisms of 

how exercise mimetics exert their effects. I will also discuss evidence from 

clinical trials utilizing these compounds in human subjects to evaluate the 

efficacy of using them to treat diabetes.  

 

Introduction 

Lifestyle interventions, such as through improving diet and exercise 

habits, remain one of the most effective methods for combating the many 
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diseases associated with metabolic syndrome (Knowler et al., 2002). This 

disorder can be characterized by the manifestation of a heterogeneous 

collection of symptoms including obesity, hyperglycemia, insulin resistance, 

inflammation, hypercholesterolemia, and diabetes (Shin et al., 2013). Diabetes 

itself refers to health complications resulting from persistent elevation of blood 

sugar potentially caused by a variety of problems with insulin production in the 

pancreas or insulin-dependent signaling in peripheral tissues such as muscle 

and fat (Alberti and Zimmet, 1998). Even a small increase in physical activity 

can result in a plethora of physiological benefits, including resistance to diet-

induced obesity, improved cardiac and muscle fitness, reduced systemic 

inflammation, and preventing mental issues such as depression and anxiety 

(Warburton et al., 2006). Despite the apparent ease and accessibility to 

exercise for most people, obesity and type II diabetes (T2D) are still two of the 

most widespread diseases afflicting the world today. For those unable to 

exercise, pharmacological activation of the molecular pathways that mediate 

even some of its known benefits might provide a therapeutic avenue for 

treating metabolic diseases.  

Although the exact mechanisms for how exercise can improve the 

symptoms of metabolic diseases are incompletely understood, adaptive 

changes in skeletal muscle oxidative metabolism and mitochondrial function 

are believed to play a significant role (Fan et al., 2013). Endurance exercise 
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training in skeletal muscle can be mechanistically linked to activation of an 

AMP-sensitive gene expression program orchestrated by 5' adenosine 

monophosphate-activated protein kinase (AMPK) and the nuclear receptor 

peroxisome proliferator-activated receptor (PPAR) delta (Narkar et al., 2008). 

Two drugs that target these pathways, the AMP-analogue 5-amino-1-β-D-

ribofuranosyl-imidazole-4-carboxamide (AICAR) and the PPAR delta ligand 

GW501516, can greatly improve exercise performance in mice without training 

(Narkar et al., 2008). Over the course of the 6 years since this initial 

observation was made, “exercise mimetics,” or pharmacological compounds 

capable of recapitulating some of the physiological benefits of exercise, have 

gathered a large amount of interest as therapies for metabolic diseases and 

doping agents for competitive athletes alike. Given the breadth of complexity in 

the physiological benefits of exercise, a single “magic pill” capable of 

completely recapitulating exercise remains largely a pipedream. However, 

using exercise mimetics instead as targeted therapeutics for specific metabolic 

diseases remains possible. In this chapter, I will discuss recent findings that 

address the efficacy of targeting AMPK and/or nuclear receptor-controlled 

pathways to recreate some of the benefits of exercise, and whether 

compounds that modulate AMPK and nuclear receptor activity might be useful 

for treating type II diabetes.  
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How might one specific exercise mimetic be used as a therapy for a 

complex disease such as diabetes? Since skeletal muscle is one of the major 

organs responsible for glucose clearance and utilization in the body, 

increasing glucose uptake into muscle via exercise is a convenient and 

straightforward method for lowering blood glucose levels and improving insulin 

sensitivity (Baron et al., 1988). Hepatic gluconeogenesis can also contribute to 

hyperglycemia, and interventions that inhibit gluconeogenesis could 

accordingly be anti-diabetic (Magnusson et al., 1992). In addition, increased 

levels of circulating fatty acids inhibit insulin-dependent glucose uptake, 

signifying that elevated metabolism or sequestration of fatty acids could 

improve insulin sensitivity as well (Boden and Shulman, 2002). Exercise is 

able to reduce hyperglycemia, suppress de novo glucose synthesis, and 

increase the uptake and metabolism of fatty acids, removing them from 

circulation. Accordingly, when evaluating exercise mimetics as potential 

therapies for diabetes, I will discuss three separate therapeutic strategies: 

reducing plasma glucose levels, suppressing gluconeogenesis, and 

sequestering/oxidizing fatty acids that promote insulin resistance. The safety, 

specificity, and strategies for therapeutic delivery for each exercise mimetic 

will also be considered. 
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PPAR delta: using GW501516 to promote oxidative metabolism in 

muscle. 

The PPAR family of nuclear receptors has long been appreciated for its 

role in regulating energetic homeostasis by controlling the expression of a 

large array of metabolic genes in many different tissues (Schoonjans et al., 

1996). Mechanistically, PPARs operate as ligand-inducible transcription 

factors constitutively bound to consensus response elements on chromatin in 

a heterodimer with the retinoid X receptor (RXR) (Barish et al., 2006). PPAR 

delta was one of the first nuclear receptors to garner attention as a potential 

mediator of exercise given its importance to skeletal muscle development and 

fiber type determination (Barish et al., 2006). Since transgenic mice 

overexpressing a constitutively active VP-16 PPAR delta showed a shift in 

skeletal muscle towards a pro-endurance oxidative fiber type, PPAR delta 

ligands naturally surfaced as putative exercise mimetics (Wang et al., 2003). 

Originally developed as a drug to treat hyperlipidemia, the PPAR delta-specific 

ligand GW501516 has been studied and reviewed extensively as an exercise 

mimetic since it was first demonstrated to synergistically promote endurance 

with AICAR in mice (Dressel et al., 2003; Narkar et al., 2008). At present, 

GW501516 has demonstrated some promise in a handful of phase 1 and 

phase 2 clinical trials for metabolic disorders such as hypercholesterolemia 
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and dyslipidemia with no published side effects in humans, but has yet to 

move past this stage of study (Olson et al., 2012; Ooi et al., 2011).  

Unfortunately, GW501516 was almost immediately and widely used as 

a doping agent by athletes after its discovery as a potential exercise mimetic, 

and has subsequently been banned by the world anti-doping agency. This fact 

is somewhat disconcerting considering that emerging research has found that 

GW501516, in a similar manner to compounds that activate PPAR alpha, 

promotes carcinogenesis in animal models (Wang et al., 2006). GW501516 

has also been linked to a decrease in bone density in ovariectomized rats, 

similar to side effects seen with some of the PPAR gamma agonists (Mosti et 

al., 2014). In addition, GW501516 can potentiate liver fibrosis in response to 

CCl4-induced injury through a pro-proliferative mechanism (Kostadinova et al., 

2012). Despite the known side effects, GW501516 still presents as an 

attractive anti-diabetic compound given its profound effects on promoting 

oxidative metabolism. While oral administration of GW501516 might prove to 

not be efficacious due to its aforementioned exercise-independent effects, 

targeted administration of GW501516 to muscle or elsewhere could provide an 

interesting alternative. A recent example of this strategy utilized topical 

application of polymer-encapsulated GW501516 to successfully promote 

healing of diabetic wounds by reducing oxidative stress in the wound 

microenvironment (Wang et al., 2015). Future studies, including an intensive 
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phase 3 clinical trial carefully focusing on the potential mitogenic effects of 

GW501516 will be necessary to establish the utility of this compound as a 

potential efficacious treatment for diabetes. In addition, alternative PPAR delta 

ligands to be used as putative exercise mimetics will need to undergo a 

similarly rigorous screening process. 

PPAR alpha: targeting the liver to promote metabolic fitness through 

FGF21. 

Like the other members of the PPAR family, PPAR alpha functions to 

induce the expression of genes that regulate oxidative metabolism and lipid 

homeostasis. PPAR alpha has several known endogenous ligands, most of 

which are fatty acids that can originate from dietary sources, lipolysis of 

adipose tissue stores, or de novo lipogenesis (Dreyer et al., 1993). Whereas 

PPAR delta is responsible for regulating its target genes most critically in 

skeletal muscle, PPAR alpha functions in the liver to adapt to fluctuations in 

metabolic homeostasis (Contreras et al., 2013). The classical example of this 

is how fasting and caloric restriction result in depletion of fatty acid stores from 

white adipose tissue, which can activate PPAR alpha in liver and induce the 

expression of its endocrine hormone target genes that signal for tissues such 

as muscle to adapt accordingly to this stress (Kersten et al., 1999). As this 

fasting response closely resembles improvements in metabolic fitness as seen 
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during exercise, compounds that target PPAR alpha could potentially be used 

as exercise mimetics to treat diabetes.  

Unfortunately, synthetic PPAR alpha ligands such as fibrate drugs have 

all but been abandoned as potential therapeutic avenues due to their almost 

universal induction of hepatocarcinogenesis through peroxisome proliferation 

(Peters et al., 2005). Given the strong link between PPAR alpha activity and 

metabolic fitness, recent research efforts have instead focused on the specific 

downstream genes that are PPAR alpha targets. One such endocrine 

hormone under the transcriptional control of PPAR alpha is fibroblast growth 

factor 21 (FGF21), which is produced and secreted by the in the liver in 

response to metabolic stresses such as fasting (Inagaki et al., 2007; Lundasen 

et al., 2007). Acute bouts of exercise are able to induce hepatic FGF21 

expression and increase circulating FGF21 levels as well, likely due to fatty 

acids derived from exercise-induced lipolysis functioning as PPAR alpha 

ligands (Cuevas-Ramos et al., 2012). Peripherally, FGF21 promotes a 

starvation-like state, and can have profound effects on stimulating glucose 

uptake and fatty acid oxidation in highly metabolic tissues such as muscle 

(Mashili et al., 2011; Potthoff et al., 2009). Transgenic mice overexpressing 

FGF21 in the liver as well as mice administered with supra-physiologic doses 

of FGF21 have significantly improved insulin sensitivity and resistance to 

metabolic syndrome (Kharitonenkov and Larsen, 2011; Zhang et al., 2012b). 
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Accordingly, FGF21 has been substantially pursued as a potential therapy for 

metabolic disease, but has since fallen short due to deleterious off-target 

effects such as causing bone loss (Wei et al., 2012). Interestingly, FGF21-like 

compounds have also shown promise in ameliorating diabetes, with recent 

studies using a FGF21-like polypeptide to improve metabolic homeostasis in 

diabetic monkeys as well as in a clinical trial involving obese human patients 

(Adams et al., 2013; Gaich et al., 2013). In addition, strategies aimed at 

inducing FGF21 natively through a physiological metabolic stress while 

simultaneously circumventing the undesirable side effects of PPAR alpha 

activation could also be potentially effective anti-diabetes therapies. 

PPAR gamma: new mechanisms for generating insulin-sensitizing 

adipokines. 

PPAR gamma has long been at the vanguard for treating metabolic 

diseases, and the PPAR gamma-activating thiazolidinedione (TZD) class of 

drugs have been prolific anti-diabetics since the early 1990s (Spiegelman, 

1998). PPAR gamma is essential for the development of adipose tissue, and 

regulates the expression of genes involved in lipid handling, storing, 

metabolism, as well as of adipokines with critical metabolic functions such as 

adiponectin (Berger et al., 2005). Indeed, energetic stressors such as exercise 

and fasting can modulate PPAR gamma activity and the expression of its 

target genes in adipose tissue, highlighting PPAR gamma as a potential 
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nuclear receptor target for exercise mimetics (Butcher et al., 2008; Vidal-Puig 

et al., 1996). Even though the value of PPAR gamma ligands in treating 

diseases such as diabetes has been firmly established, the precise 

mechanisms through which they function are still under investigation. 

Activation by PPAR gamma by TZDs is generally believed to treat diabetes by 

sequestering fatty acids that promote insulin resistance out of circulation and 

into adipose tissue, while simultaneously promoting the efficiency of lipid 

handling in and differentiation of those adipocytes (Lehrke and Lazar, 2005). 

Recently, TZDs were found to inhibit phosphorylation on the S273 residue in 

PPAR gamma by cyclin-dependent kinase 5 (CDK5), which causes a 

dysregulated expression pattern of PPAR gamma target gene expression 

indicative of obesity in white adipose tissue (Choi et al., 2010). This 

mechanism has been further elucidated with the finding that thyroid hormone 

receptor associated-protein 3 (Thrap3) binding to phosphorylated S273 on 

PPAR gamma is also essential for mediating PPAR gamma activity in 

obesogenic states (Choi et al., 2014a). This paradigm has already been 

explored as a potential therapeutic target for diabetes using the non-agonist 

PPAR gamma ligand UHC1, which exclusively prevents CDK5 

phosphorylation of S273 on PPAR gamma. Interestingly, UHC1 treatment 

reduced the symptoms of diet-induced obesity and improved insulin sensitivity 

in high-fat diet fed mice (Choi et al., 2014b). In addition to providing 
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mechanistic insight into how TZDs and PPAR gamma are involved in the 

progression of diabetes, these studies also implicate Thrap3 and CDK5 as 

prospective anti-diabetic targets as well.  

In addition to PPAR gamma’s role in sequestering lipids that promote 

insulin resistance out of circulation, it also controls the expression of key 

adipokine hormones that maintain metabolic homeostasis. For example, 

adiponectin, a PPAR gamma target gene produced and released from white 

adipose tissue, is able to suppress hepatic gluconeogenesis, activate glucose 

uptake in peripheral tissues, increase lipid catabolism, and promote weight 

loss (Yamauchi et al., 2001). Interestingly, adipose-derived adiponectin was 

recently shown to relay the FGF21-mediated systemic improvements in 

metabolic fitness, proposing a coordinated mechanism by which activation of 

PPAR alpha in liver and PPAR gamma in fat can produce an exercise-like 

metabolic phenotype (Holland et al., 2013; Lin et al., 2013). Another adipokine, 

fibroblast growth factor 1 (FGF1), has also been identified as an adipose-

specific PPAR gamma target gene important for adipocyte remodeling and 

differentiation (Jonker et al., 2012). Accordingly, FGF1 knockout mice are 

unable to maintain adipose tissue plasticity when challenged with a high-fat 

dietary stress (Jonker et al., 2012). Although FGF1 physiologically functions in 

a predominantly autocrine manner due to its high affinity for heparin sulfate 

proteoglycans, ectopic injection of recombinant FGF1 rapidly lowered glucose 
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levels by 50%, suppressed hepatic glucose production, and improved insulin 

sensitivity in obese diabetic mice sustainably for approximately 2 weeks (Suh 

et al., 2014). This effect was importantly uncoupled from any mitogenic growth 

hormone-like effects of FGF1 by ablation of its N-terminal domain (Suh et al., 

2014). Comprehensively, these studies propose the use of PPAR gamma 

target adipokine hormones therapeutically in both conventional and in non-

physiological settings to improve systemic metabolic homeostasis. 

PGC1 alpha: promoting thermogenic metabolism in brown and beige fat. 

PPAR gamma is also essential for the development and function of 

brown adipose tissue (BAT), a mitochondrially dense and highly metabolic fat 

pad responsible for mediating adaptive thermogenesis (Cannon and 

Nedergaard, 2004). When stimulated by cold challenge or through adrenergic 

signaling, BAT rapidly begins to uptake and metabolize glucose. Induction of 

thermogenesis in BAT can mechanistically be attributed to activation of PPAR 

gamma and its cofactor PPAR gamma coactivator 1 (PGC1) alpha (Wu et al., 

1999). PGC1 alpha is also highly induced in skeletal muscle by exercise, 

where it coactivates nuclear receptors such as the PPARs and estrogen 

related receptors (ERRs) to express genes that induce mitochondrial 

biogenesis and glucose uptake (Baar et al., 2002; Finck and Kelly, 2006). 

Understandably, PGC1 alpha has been an attractive target for anti-diabetic 

therapies aimed at lowering blood glucose levels or simply burning off excess 
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calories, and has been extensively studied and reviewed as a putative target 

for exercise mimetics in liver and muscle (Lin et al., 2005).  

The last few years have seen a large surge of research highlighting the 

potential to utilize PGC1 alpha-dependent pathways to “brown” inguinal white 

fat pads to create “beige” fat that expresses key gene markers of brown fat 

function, have increased mitochondrial content, and also have increased 

uptake of glucose and lipids (Harms and Seale, 2013). Mechanistically, how 

can browning of white fat be achieved? TZD treatment has been linked to 

browning, and TZD binding to PPAR gamma facilitates the direct interaction 

between PGC1 alpha and the deacetylase sirtuin 1 (SIRT1), which when 

deacetylated induces the expression of genes that mediate thermogenesis in 

white fat (Qiang et al., 2012). Accordingly, a SIRT1 gain of function model had 

a similar effect in comparison to TZD treatment with regard to evidence of 

browning and general improvements in insulin sensitivity (Qiang et al., 2012). 

Browning has also been recently associated with inflammation, with 

macrophages recruited to white fat during cold challenge facilitating a 

transition to the beige state (Qiu et al., 2014). IL-4 treatment alone was also 

sufficient to increase the amount of beige fat and subsequently reduce the 

symptoms of obesity in mice (Qiu et al., 2014). Endocrine metabolic hormones, 

including FGF21, have also been closely associated with browning in mice 

and humans, but conflicting evidence exists as to their actual specific 
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contribution to the development of beige fat (Lee et al., 2014). One such 

hormone that has been hotly contested recently in the browning field is irisin, 

the secreted myokine cleavage product of fibronectin type III domain-

containing protein 5 (FDNC5). Induced by exercise in skeletal muscle in a 

PGC1 alpha-dependent manner, irisin increases energy expenditure and the 

expression of genes important for thermogenesis in white fat (Bostrom et al., 

2012). Given these findings, recombinant irisin certainly seems like an 

attractive candidate exercise mimetic useful for the treatment of obesity and 

diabetes. However, mixed findings have been recently published regarding the 

relevance of irisin to browning in humans. For example, irisin levels in 

circulation as well as in muscle and fat have been inversely correlated with 

obesity in human subjects, and human white adipose cell lines have yet to 

show sensitivity to irisin-mediated browning (Elsen et al., 2014). In addition, 

emerging evidence suggests irisin may originate from adipose tissue in 

addition to muscle (Crujeiras et al., 2014). Further investigation into the 

molecular mechanisms that govern browning in human and animal models will 

be required to determine if this process can be efficaciously targeted by 

exercise mimetics to treat diabetes.  

AMPK: targeting the central regulator of energy homeostasis. 

Long considered to be at the epicenter of metabolic signaling pathways, 

AMP-activated protein kinase (AMPK) relays fluctuations in intracellular AMP 
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concentrations to functional cellular energetics by simultaneously activating 

catabolic and repressing anabolic processes (Hardie, 2011). Mechanistically, 

AMP interacts with AMPK’s gamma subunit, facilitating an activating 

phosphorylation of the alpha subunit by upstream regulatory kinases such as 

LKB1, allowing AMPK to phosphorylate its downstream targets, many of which 

are moieties in metabolic signaling and nuclear receptor cofactors such as 

PGC1 alpha  (Gwinn et al., 2008; Jager et al., 2007; Shaw et al., 2005). 

Accumulating evidence has established a “global” role for AMPK in relaying 

energetic stress to physiological changes from a wide array of environmental 

stimuli such as caloric restriction, exercise, and pathologies such as obesity 

and type 2 diabetes (Canto and Auwerx, 2009; Narkar et al., 2008). As such, 

pharmacological modulation of AMPK activity has developed into an attractive 

and widely-studied therapeutic avenue for metabolic disorders.  

How can AMPK be activated to treat metabolic disorders such as 

diabetes and obesity? Several exercise mimetic-like compounds to date have 

been designed and exhaustively tested with this aim in mind. At the forefront is 

AICAR, an adenosine analogue that can interact with and activate AMPK 

directly (Sullivan et al., 1994). AICAR has been shown to induce glucose 

uptake into muscle via AMPK-dependent stimulation of Glut4 translocation to 

cell membranes (Russell et al., 1999). In addition, AICAR treatment has been 

demonstrated to reduce the expression of insulin receptor in hepatic cell lines, 
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suggesting that it can potentially be used to improve insulin sensitivity and 

signaling (Nakamaru et al., 2005). AICAR, when co-administered with the 

PPAR delta ligand GW501516 to sedentary mice can synergistically enhance 

exercise performance without training through facilitating an oxidative fiber-

type switch in skeletal muscle (Narkar et al., 2008). More recently, AICAR has 

also been used to recapitulate exercise’s mood-improving effects while 

simultaneously improving insulin sensitivity in a mouse model of depression 

and diet-induced obesity (Liu et al., 2014). Despite the known benefits, AICAR 

has yet to demonstrate efficacy as an anti-diabetic in humans due to it being 

rapidly metabolized once administered and its marginal oral activity (Musi and 

Goodyear, 2002). In addition, AICAR usage in humans has been linked to 

lactic acidosis, an undesirable side effect which has shelved other anti-diabetic 

compounds in the past (Musi and Goodyear, 2002). Even though these issues 

have not been resolved to date, AICAR still has potential and continues to be 

pursued as a possible anti-diabetic.  

 Metformin, a drug of the biguanide class known to function in an AMPK-

dependent manner, is one of the most widely used anti-diabetes drug on the 

market today (Knowler et al., 2002; Zhou et al., 2001). Despite the broad 

usage of metformin to this end due to its efficacious, if transient, ability to 

improve insulin sensitivity, the precise mechanism by which metformin exerts 

its effects is imperfectly understood (Luengo et al., 2014). One proposed 
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mechanism for metformin is as an inhibitor of the mitochondrial electron 

transport chain – by interacting with the ETC directly, metformin disrupts the 

normal process of cellular ATP generation, creating a pseudo-starvation state 

within the cell (Andrzejewski et al., 2014). In response, the mitochondria 

respond accordingly via activating AMPK and its subsequent downstream 

targets, creating a compensatory induction of mitochondrial biogenesis and 

function (Zhou et al., 2001). Metformin has also recently been linked to 

disrupting bile acid homeostasis in an AMPK-dependent manner, resulting in 

direct phosphorylation and activation of the nuclear receptor farnesoid X 

receptor (FXR) in the liver, promoting metabolic homeostasis (Lien et al., 

2014).  Interestingly, structural studies have also suggested that metformin 

might also interact directly with AMPK’s gamma subunit in a similar manner to 

AICAR (Zhang et al., 2012a). Recent evidence however has proposed 

alternatives for metformin’s mechanism of action. For example, metformin was 

found to directly inhibit the mitochondrial enzyme glycerophosphate 

dehydrogenase, which is involved in the gluconeogenic pathway in liver 

(Madiraju et al., 2014). This inhibition disrupted the redox-sensitive ratio of 

lactate to pyruvate, resulting in suppressed hepatic gluconeogenesis (Madiraju 

et al., 2014). Similarly, a mouse model deficient for glycerophosphate 

dehydrogenase phenocopies mice that have been treated with metformin 

(Madiraju et al., 2014). These findings are supported by independent studies 
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demonstrating metformin’s ability to inhibit hepatic gluconeogenesis in an 

AMPK-independent manner (Foretz et al., 2010). While metformin’s precise 

mechanism of action remains muddled, the compound is still highly relevant to 

treating metabolic disorders such as diabetes, which is likely linked to some 

interaction with an AMPK-dependent pathway.  

SIRT1: relaying mitochondrial redox states to metabolic improvements.  

 As a sensor of cellular energetics, AMPK activity is closely associated 

with cellular redox states independent of direct concentrations of AMP or ATP. 

For example, AMPK activity can impact the intracellular ratio of NAD+ to 

NADH, which are critical for ferrying electrons during oxidative phosphorylation 

and also important coenzymes in the processes that mediate cellular redox 

reactions (Canto et al., 2009). One mechanism proposed to link these two 

pathways suggests that NAD+ functions as a cofactor for sirtuin 1 (SIRT1)-

mediated deacetylation and activation of PGC1a, activating the expression of 

energetic and metabolic genes that mediate cellular adaptation to exercise 

(Rodgers et al., 2005). Accordingly, drugs that impact the NAD+/NADH ratio or 

target SIRT1 directly have the potential to create exercise-like effects. Recent 

studies have explored these strategies, using compounds in this manner to 

increase oxidative metabolism and combat diet-induced obesity in mice. For 

example, supplementing mice with the NAD+ precursor nicotinamide riboside 

(NR) increased intracellular NAD+ levels, activated SIRT1 resulting in 
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deacetylation of PGC1a, and enhanced mitochondrial function in skeletal 

muscle and BAT – comprehensively resulting in improved exercise 

performance (Canto et al., 2012). Similarly, inhibition of the NAD+ consuming 

DNA repair enzyme poly (adp-ribose) polymerase 1 (PARP-1) increased 

intracelluar NAD+ levels, which conferred resistance to high-fat diet-induced 

metabolic defects and increased exercise performance through improvements 

in mitochondrial function and oxidative metabolism in skeletal muscle (Pirinen 

et al., 2014). Interestingly, genetic deletion of PARP-1 or treatment with PARP 

inhibitors was able to correct the phenotype of a mouse model of 

mitochondrial disease unable to properly synthesize cytochrome c (Cerutti et 

al., 2014). Analogously, administration of NR to the Twinkle mitochondrial DNA 

deletor mouse model of mitochondrial disease increased mitochondrial 

biogenesis in skeletal muscle and blunted the progression of mitochondrial 

myopathy (Khan et al., 2014). Collectively, compounds that can be used to 

modulate the cellular redox state by increasing the NAD+/NADH ratio can 

create an exercise-like, AMPK-dependent induction of mitochondrial and 

metabolic fitness, which might be useful for combating obesity and type-2 

diabetes. 

 How else might the SIRT1-AMPK pathway be exploited to treat 

diabetes by creating exercise-like effects? Resveratrol, a naturally occurring 

polyphenol produced by grapes used to make red wine, is a well-established 
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activator of SIRT1 that can promote mitochondrial function in muscle, increase 

exercise endurance, and is even believed to be linked to longevity (Lagouge et 

al., 2006). Subsequently, resveratrol has been proposed to combat diseases 

ranging from cardiac dysfunction to cancer through activation of SIRT1, 

although the exact mechanism of how it can comprehensively promote a wide 

array of protective benefits is not known (Baur and Sinclair, 2006). Does 

resveratrol have potential to be used as an exercise mimetic to efficaciously 

treat diabetes? Resveratrol has undergone a few recent clinical trials to 

address this question. One recent trial revealed that administration of 

resveratrol to ten obese type-2 diabetic males induced the expression of both 

AMPK and SIRT1 in skeletal muscle, coupled with an increase in resting 

metabolic rate (Goh et al., 2014). Another trial demonstrated that after a 6-

month resveratrol regiment, patients receiving the compound had 

approximately 10% higher levels of circulating adiponectin, coupled with 

reduced expression of systemic inflammatory markers (Tome-Carneiro et al., 

2013). These results suggest that resveratrol treatment might exert beneficial 

effects on white adipose tissue, potentially mediated through PPAR gamma. 

Unfortunately, another recent clinical trial administering high doses of 

resveratrol to 24 obese male subjects for 4 weeks was unable to show any 

improvements in insulin sensitivity, glucose homeostasis, or fatty acid 

metabolism (Poulsen et al., 2013). Resveratrol treatment also appeared to 
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suppress exercise-dependent improvements in aerobic respiration in a trial of 

27 inactive aged men (Gliemann et al., 2013). Although conflicting clinical 

evidence exists as to the efficacy of resveratrol to treat diabetes, the 

compound unquestionably highlights the promise of SIRT1 as a putative anti-

diabetic target. 

Conclusions and Perspectives 

 The push to develop novel drugs to treat diabetes has never been 

stronger in the metabolism field, and AMPK/nuclear receptor-regulated 

pathways continue to remain in the limelight with regard to artificially 

recapitulating the benefits of exercise. The specific molecular mechanisms 

dictating how these exercise mimetics work are just beginning to emerge, 

despite many of these compounds being used to combat diabetes for more 

than a decade. Future studies aimed at fleshing out a concrete link between 

exercise, AMPK, nuclear receptors, and improvements in metabolic 

homeostasis will facilitate the development of new exercise mimetics with 

improved tissue specificity, increased stability, and minimal side effects. Given 

the amount of recent findings that critically advance our understanding of 

these drugs, I believe that an exercise mimetic capable of efficaciously treating 

type-2 diabetes cannot be too far in our near future.   
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Chapter I Figure 1: Unified pathways for exercise mimetics. Compounds, 
either endogenous or synthetic, that can recapitulate the benefits of exercise 
(red dots) interact with several different parts of a unified nuclear receptor / 
cofactor transcriptional complex that promotes the expression of genes that 
maintain metabolic homeostasis. Direct ligands for nuclear receptors 
(GW501516, fatty acids, and TZDs), activators of the nuclear receptor cofactor 
PGC1 alpha, AMPK, and SIRT1 (AICAR and metformin, and nicotinamide 
riboside, PARP inhibitors, and resveratrol respectively) promote the 
expression of nuclear receptor target genes (FGF21, adiponectin, FGF1, and 
irisin) which can be secreted to function as endocrine hormones with 
peripheral effects. Comprehensively, these exercise mimetics can promote 
endurance in skeletal muscle, lower blood glucose levels, increase fatty acid 
metabolism, suppress hepatic gluconeogenesis, and cause browning of white 
fat into beige fat.  
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Abstract 

 Animal models of mitochondrial disease have great potential to further 

our understanding of the interplay between mitochondrial function and the 

maintenance of systemic metabolic homeostasis. In this chapter, I describe 

the metabolic phenotype of the polymerase gamma mtDNA mutator (POLG) 

mouse, a mouse model of mitochondrial disease that has been utilized 

previously to model aging. Surprisingly, POLG mice exhibiting symptoms of 

progeria have lower levels of blood glucose, insulin, and fatty acids, which can 

be indicative of a lean, metabolically fit state observable during exercise and 

fasting. Moreover, hepatic genes associated with oxidative metabolism that 

are transcriptional targets of the nuclear receptor PPAR alpha and its 

coactivator PGC1a are highly induced in these mice. In addition, Complex II of 

the electron transport chain is activated in progeroid POLG mouse livers 

without activation of AMPK, mTOR, or autophagy signaling. Taken together, 

these findings provide evidence for the existence of an adaptive starvation-like 

response to mitochondrial stress in POLG mice. 

 

Introduction 

Although mitochondria are best appreciated as the organelles 

responsible for oxidative metabolism within the cell, they also have central 

functions in other cellular processes such as differentiation, apoptosis, and 
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aging (Lopez-Otin et al., 2013; Nunnari and Suomalainen, 2012). 

Unsurprisingly, metabolically active tissues such as muscle, brain, and liver 

that have a high energetic demand are susceptible to mitochondrial 

dysfunction, and exhibit the primary phenotypes of the related diseases 

(Mahad et al., 2008; Taylor and Turnbull, 2005). Mitochondria fulfill cellular 

energetic requirements by shuttling electrons across a transport chain (ETC) 

of membrane-bound protein complexes, which is ultimately coupled to the 

synthesis of ATP (Voet and Voet, 2011). Although naturally occurring during 

adaptive thermogenesis in brown adipose tissue (BAT), uncoupling of the ETC 

and its components by mutations or a variety of pharmacological inhibitors can 

increase the amount of oxidative damage to the mitochondria during 

respiration (Schulz and Tseng, 2013; Trifunovic et al., 2005). Importantly, 

these reactive oxygen species (ROS) are thought to be responsible for 

causing damage to mitochondrial DNA (mtDNA) during aging, and have also 

been implicated as signaling molecules that drive many of the mitochondria’s 

secondary functions (D'Autreaux and Toledano, 2007; Lopez-Otin et al., 2013). 

While generally thought to be deleterious, low levels of ROS can induce a 

compensatory increase in mitochondrial function that overcomes the damage 

caused by the initial stressor, resulting in improved mitochondrial function 

(Lopez-Otin et al., 2013; Rattan, 2008).  
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Several different types of mitochondrial stressors that increase ROS 

can improve mitochondrial function in this manner, including endurance 

exercise, non-deleterious mutations in mitochondrial DNA, and 

pharmacological compounds that destabilize the components of the ETC. 

(Hawley et al., 2010; Miller et al., 2013; Rattan, 2008). Interestingly, recent 

studies in C. elegans have demonstrated that the beneficial effects of ROS 

can be transmitted non-autonomously to tissues unaffected by the initial insult, 

and have linked mitochondrial stress signaling to longevity (Durieux et al., 

2011; Onken and Driscoll, 2010). Understandably, a broad spectrum exists 

between the benefits of mild mitochondrial stress and dysfunction, and the 

precise gradient of stress that separates the two is far from being established. 

Emerging studies utilizing mouse models of mitochondrial disease as well as 

an array of mitochondrial inhibitors aim to define these boundaries and could 

highlight future therapies for metabolic disorders. 

Animal models of mitochondrial disease have greatly furthered our 

understanding of the molecular mechanisms whereby mitochondria are able to 

impact systemic metabolism. In this chapter, I describe the metabolic 

phenotype of a mouse model of mitochondrial disease, the aging polymerase 

gamma mtDNA mutator (POLG) mouse. This mouse, which was created and 

first characterized by Trifunovic et al. in 2004, expresses a proofreading-

deficient version of the nuclear-encoded mitochondrial DNA polymerase 
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gamma, and subsequently accumulates point mutations and deletions in its 

mitochondrial DNA (Trifunovic et al., 2004). Phenotypically, these mice display 

a progeroid premature aging phenotype that substantially manifests around 9 

months of age with symptoms such as weight loss, subcutaneous 

lipodystrophy, alopecia, infertility, and anemia, ultimately resulting in death 

around 12 months (Trifunovic et al., 2005; Trifunovic et al., 2004). Since the 

introduction of this mouse model, extensive subsequent studies have utilized 

POLG mice to validate the mitochondrial theory of aging, which directly 

correlates mitochondrial dysfunction with the development of aging-like traits 

(Jang and Van Remmen, 2009; Loeb et al., 2005). However, in recent years 

several follow-up studies have muddled our conception of the POLG mouse as 

a strict model of progeria. For example, despite a majority of the mitochondrial 

DNA mutation load occurring during embryogenesis, POLG mice maintain a 

relative semblance of health for several months before the initial visible signs 

of progeria begin to manifest, which is strictly divergent from known diseases 

of progeria in humans (Ahlqvist et al., 2012). Furthermore, despite evidence 

connecting ROS and oxidative damage during normal physiologic aging, 

elevated ROS and ROS-dependent signaling have yet to be observed in 

POLG mice (Loeb et al., 2005; Ray et al., 2012). In addition, the metabolic 

phenotype of the progeroid POLG mouse has only recently begun to be 

studied, despite the important interconnection between mitochondrial function 



41 

and the regulation of metabolism (Dai et al., 2013). For these reasons, I aimed 

to explore the metabolic phenotype of the POLG mouse further, with an 

emphasis on the mechanistic regulation of metabolism and mitochondrial 

function in the liver. In this chapter, I demonstrate that progeroid POLG mice 

surprisingly display improvements in metabolite and hormone markers 

characteristic of metabolic fitness. In the livers of these mice, I observed the 

induction of a pro-oxidative gene expression network mediated by the nuclear 

receptor PPAR alpha and its coactivator, PGC1a. Interestingly, these changes 

were accompanied by an increase in hepatic mitochondrial function without 

activation of downstream signaling pathways that mediate energy sensing and 

autophagy. These somewhat paradoxical results potentially uncouple the 

direct correlation between mitochondrial function and metabolic fitness in the 

aging POLG mouse. 

 

Results 

Progeroid POLG mice display hallmarks of metabolic pseudo-starvation. 

 Homozygous as well as heterozygous POLG mice present with an age-

dependent decrease in oxygen consumption rate, heat generation, and 

mitochondrial content in highly metabolic tissues (Dai et al., 2013). However, 

other metabolic parameters, such as markers indicative of glucose 

homeostasis, have yet to be investigated in these mice. Given the apparent 
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mitochondrial and metabolic defects, I initially hypothesized that progeroid (8+ 

months of age) POLG mice (Figure 1A) would also be characteristically less 

sensitive to glucose and insulin challenges. To evaluate this hypothesis, I first 

examined fasting blood glucose, insulin, and glucagon levels in 8-month old 

wild-type (WT) and progeroid POLG mice on a normal chow diet. 

Unexpectedly, I found that progeroid POLG mice have 20% lower fasting 

blood glucose in comparison to WT controls (Figure 1B). In addition, these 

mice have 9-fold reduced blood insulin; to a strikingly-low level of 60 pg/mL 

(Figure 1C). This dramatic decrease in insulin is coupled with a corresponding 

6-fold increase in glucagon levels (Figure 1D). Since these data are similar to 

what can be observed in exercise-trained mice as well as during caloric 

restriction, I next examined functional rates of glucose clearance in progeroid 

POLG mice using glucose and insulin tolerance tests (Goodyear and Kahn, 

1998). In comparison to WT, POLG mice were able to more rapidly clear a 

bolus of injected glucose from circulation (Figure 1E), but appeared to have no 

enhanced sensitivity to insulin (Figure 1F). In addition, I measured blood levels 

of triglycerides and free fatty acids in these mice, both of which are elevated in 

metabolic diseases such as obesity and reduced in metabolically fit states. In 

a similar pattern to glucose and insulin, levels of both of these lipids are 

decreased by approximately 10% in progeroid POLG mice compared to WT 
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(Figure 1G and 1H). In total, these data indicate that POLG mice appear to 

exhibit a metabolically-favorable starvation-like state at 8 months of age. 

 

Activation of a hepatic PPAR alpha/PGC1a gene expression network in 

progeroid POLG mice. 

 Mechanistically, what tissues and genes might be mediating the 

observed reduction of glucose and lipid levels in progeroid POLG mice? To 

address this question, I next investigated the expression of PPAR gamma 

coactivator 1 alpha and beta (PGC1a/b), two nuclear receptor transcriptional 

cofactors which promote the expression of oxidative genes in conjunction with 

the PPARs as well as several other nuclear receptors (McKenna et al., 1999). 

Interestingly, PGC1a expression was upregulated by 2.2-fold in the progeroid 

POLG liver, while PGC1b expression trended near significance in the same 

direction (Figure 2A). Accordingly, I narrowed my investigation to the PPAR 

family of nuclear receptors, and observed induction of expression of several 

target genes of PPAR alpha and PGC1a (Figure 2B). Of note (and all induced 

by 10-fold above WT), fibroblast growth factor 21 (FGF21) is a hallmark of 

mitochondrial disease and mediates an adaptive response to starvation, 

insulin-like growth factor binding protein 1 (IGFPB1) is transcriptionally 

inhibited by insulin and is associated with suppressing weight gain and 

glucose metabolism, and leptin receptor (LEPR), whose ligand leptin also 



44 

mediates an adaptive response to fasting (Ahima et al., 1996; Lee et al., 1997; 

Zhang et al., 2012). Importantly, all of the PPAR alpha/PGC1a target genes 

upregulated in the POLG liver are involved in the uptake or breakdown of fatty 

acids, or are otherwise associated with the positive regulation of oxidative 

metabolism. Taken together, these data propose that a hepatic PPAR 

alpha/PGC1a transcriptional pathway promotes the starvation-like state in 

progeroid POLG mice.  

Maintenance of energetic signaling and autophagy pathways in the 

progeroid POLG liver. 

 Since PPAR alpha/PGC1a target genes are highly induced in the 

progeroid POLG liver, I next aimed to investigate mitochondrial function 

specifically as well as probe for activation of protein signaling pathways that 

mediate adaptive changes to energetic stress. I first utilized histological stains 

for the activity of individual complexes of the electron transport chain, and 

observed 6.7-fold increase in hepatic complex II activity (Figure 3B). No 

apparent change was evident in complex I activity (Figure 3A), and complex IV 

activity appeared to be decreased by approximately 2-fold (Figure 3C). In 

support, a 1.5 increase in hepatic complex II-dependent oxygen consumption 

in progeroid POLG mice was observed using the Oroboros Oxygraph-2k high-

resolution respirometer, with no change in complex I or V-specific activity 

(Figure 3D). Despite functional differences in mitochondrial activity in the liver, 



45 

western blot analyses on liver lysates did not demonstrate any activation of the 

AMPK or mTOR signaling pathways that regulate cellular energetics in these 

mice (Figure 4A). In addition, despite the link between mitochondrial stress-

induced tissue damage and activation of autophagy, protein levels of genes 

that regulate autophagy were either not changed or appeared to be slightly 

decreased in progeroid POLG livers (Figure 4B) (Rabinowitz and White, 2010). 

These data demonstrate that mitochondrial mutations in the progeroid POLG 

mouse can impact the individual components of the ETC differently, and do so 

without an induction of classical signaling pathways that are induced in 

response to energetic stress. 

 

Discussion 

 The POLG mouse has been extensively studied as a mouse model of 

mitochondrial disease and premature aging, but the metabolic phenotype of 

this mouse has only recently begun to be investigated. In this chapter, I 

demonstrate that POLG mice displaying visual signs of progeria (at 8 months 

old) have blood glucose, lipid, insulin, and glucagon levels more characteristic 

of a metabolically fit, starvation-like state when compared to WT controls. 

These differences are coupled with an increase in the expression of hepatic 

PPAR alpha/PGC1a target genes, many of which are known to drive oxidative 

metabolism. Functionally, the progeroid POLG liver has elevated activity of 
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complex II of the electron transport chain, yet surprisingly demonstrates no 

activation of the AMPK, mTOR, or autophagy signaling pathways.  

 While the metabolic parameters of progeroid POLG mice discussed 

here are often indicative of metabolic fitness and observed following exercise 

training and caloric restriction, they have also been noted in other mouse 

models of mitochondrial disease. For example, the mtDNA deletor mouse, a 

similar model of adult-onset mitochondrial myopathy but not progeria, has 

been demonstrated to exhibit a pseudo-starvation-like phenotype as a result of 

respiratory chain deficiency caused by the mitochondrial defect (Khan et al., 

2014; Tyynismaa et al., 2005). The rationale for this phenotype stems from the 

idea that miscoded subunits of the ETC are less efficiently able to shuttle 

electrons, resulting in uncoupling. To generate an adequate amount of ATP, 

the system therefore requires a higher input of electrons produced through 

breakdown of substrates like glucose and fatty acids. Interestingly, the livers of 

progeroid POLG mice have higher activity of some ETC complexes but not 

others, suggesting that specific mtDNA mutations might impact each complex 

in a different manner. While not strictly indicative of uncoupling, these findings 

provide evidence for an improvement in mitochondrial function in POLG mice, 

potentially mediated by PPAR alpha and PGC1a. Similarly, hepatic expression 

of fibroblast growth factor 21 (FGF21), an endocrine hormone that mediates 

an adaptive response to starvation, is highly induced in both the POLG and 
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deletor mouse. These findings suggest that mitochondrial stress in the POLG 

mouse might activate an adaptive response that drives their metabolism to a 

more oxidative state. Further studies, potentially including subjecting these 

mice to a metabolic stressor such as a calorically rich diet, will be required to 

establish the validity of this hypothesis. 

  

Experimental Procedures 

Animals 

Male POLG mice and age-matched wild-type controls (>99% C57BL/6 genetic 

background) received a standard chow diet (MI laboratory rodent diet 5001 

and water ad libitum up until collection for terminal studies between 8 and 12 

months of age.  

Gene Expression 

Total RNA was isolated from mouse tissue with the TRIzol reagent. cDNA was 

subsequently synthesized from 1 μg of RNA using iScript (Bio-Rad). mRNA 

levels were quantified by qPCR with SYBR Green (Bio-Rad). These 

experiments were performed in technical triplicates, and relative expression 

levels were normalized against HPRT mRNA levels in the same RNAs. 

Reference Appendix 1 for qPCR primer sequences used in this chapter. 
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Metabolic Studies 

Glucose tolerance tests (GTT) and insulin tolerance tests (ITT) were 

conducted after overnight and 8h fasting, respectively. Either 2g/kg glucose or 

1U/kg insulin was injected intraperitoneally, and blood glucose was 

subsequently measured in sequential time points post-injection using the 

NovaMAX glucometer system. 

Serum Analyses 

Blood was terminally collected by cardiac puncture in fasted mice. Free fatty 

acids (Wako) and triglycerides (Thermo) were measured using enzymatic 

colorimetric methods. Serum insulin (Crystal Chem) and glucagon (Millipore) 

levels were measured by ELISAs.  

Western Blots 

Cell lysates prepared in RIPA buffer (10 mM Tris-HCl, pH 8.0, 1mM EDTA, 

0.5mM EGTA, 140 mM NaCl, 1% Triton-X100, 0.1% sodium deoxycholate, 

0.1% SDS, and protease/phosphatase inhibitor cocktails (Roche) were 

resolved by SDS–PAGE and probed using primary antibodies specific to 

AMPK, mTOR, and autophagy pathways (Cell Signaling Technology). 

Histology 

Frozen sections at 10μm were cut from tissue sections embedded in OCT 

medium and subsequently stained for ETC activity as has been previously 
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described (Jung et al., 2002). Images taken of these slides were quantified 

using the ImageJ software suite.  

Statistics 

All data is presented as means ± standard error. The two-tailed unpaired 

Student’s t-test or one-way ANOVA with Bonferroni’s multiple comparison was 

used to determine the significance of difference between data sets. These 

differences were considered statistically significant when p < 0.05. 

  



 

 

50 

Chapter II Figure 1: Pseudo-starvation in the progeroid POLG mtDNA 
mutator mouse. A) Characteristic visual hallmarks of progeria are evident in 12 
month-old POLG mice (right) compared to WT (left), including reduced body 
mass, a hunched appearance, and alopecia. B) Quantification of fasting blood 
glucose, C) insulin and D) glucagon levels in WT and POLG mice at 8 months 
of age. E) Changes in blood glucose levels over 90 minutes after an 8-hour 
fast and intra-peritoneal injection of 2g/kg glucose in saline, also known as a 
glucose tolerance test (GTT). F) Changes in blood glucose levels over 90 
minutes after an 8-hour fast and intra-peritoneal injection of 1U/kg insulin in 
saline, also known as an insulin tolerance test (ITT) Differences between WT 
and POLG for GTT and ITT are quantified by area under the curve (AUC). G) 
Quantification of fasting blood triglyceride and H) free fatty acid levels in WT 
and POLG mice at 8 months of age. Data are represented as mean + SEM. n 
= 5/group. *p < 0.05, **p < 0.005, ***p < 0.0005 versus WT.
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Chapter II Figure 2: Activation of a PGC1/PPAR alpha target gene 
expression network in the livers of 8 month-old POLG mice. A) Quantification 
of mRNA levels of Pgc1a/b (PPAR gamma coactivator 1 alpha/beta) and B) 
transcriptional target genes of PPAR alpha (Mlycd: malonyl coa-decarboxylase, 
Abcb4: ATP-binding cassette subunit B4, Asl: argininosuccinate lycase, Acadl: 
acyl-coa dehydrogenase, long chain, Txnip: thioredoxin interacting protein, 
Cpt1a: carnitine-palmitoyl transferase 1 alpha, Vldlr: very low-density 
lipoprotein receptor, Adfp: adipophilin, Cd68: cluster of differentiation 68, 
Fgf21: fibroblast growth factor 21, Igfbp1: insulin-like growth factor binding 
protein 1, Lepr: leptin receptor, Ppara: peroxisome proliferator activating 
receptor alpha) in the livers of WT and POLG mice at 8 months of age. Data 
are represented as mean + SEM. n = 5/group. *p < 0.05, **p < 0.005, ***p < 
0.0005 versus WT unless otherwise noted. 
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Chapter II Figure 3: Increased ETC Complex II activity in the livers of 8 
month-old POLG mice. A) Histological staining and quantification for activity of 
ETC Complexes I, B) II, and C) IV in livers of WT and POLG mice at 8 months 
of age. Scale bar: 50μm. D) Oxygen consumption rates for individual ETC 
complexes of liver tissue lysates as measured with the Oroboros Oxygraph 2K 
high-resolution respirometry system. Basal: unstimulated rate of mitochondrial 
respiration, CI+V: respiration rate for stimulated flux in mitochondrial 
complexes I and V, CI+II+: respiration rate for stimulated flux in mitochondrial 
complexes I, II, and V, CII+V: respiration rate for stimulated flux in 
mitochondrial complexes II and V, NM: non-mitochondrial respiration rate. 
Data are represented as mean + SEM. n = 5/group. *p < 0.05, **p < 0.005, 
***p < 0.0005 versus WT unless otherwise noted.
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Chapter II Figure 4: AMPK, mTOR, and autophagy pathways are not 
activated in the liver of 8 month-old POLG mice. A) Immunoblot for 
phosphorylated (p-) and total AMPK and mTOR protein levels as well as the 
mTOR targets and interactors raptor, rictor, and G-protein beta subunit-like 
protein levels in WT and POLG liver lysates at 8 months of age. Actin is used 
as a loading control. B) Immunoblot for Atg3/5/7/12 (autophagy-related 
proteins 3/5/712), LC3A/B (autophagy-related protein light-chain 3 A/B), and 
Beclin1 protein levels in WT and POLG liver lysates at 8 months of age. Actin 
is used as a loading control. 
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 Thermogenesis in mtDNA Mutator Mice 
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Abstract 

 Mitochondria are highly adaptable organelles that can facilitate 

communication between tissues to meet the energetic demands of the 

organism. However, the mechanisms by which mitochondria can non-

autonomously relay stress signals remain poorly understood. In this chapter, I 

report that mitochondrial mutations in the young, pre-progeroid polymerase 

gamma mutator (POLG) mouse cause an adaptive aerobic starvation-like 

response. As a result, these mice exhibit signs of metabolic imbalance and 

thermogenic defects in brown adipose tissue (BAT). This pre-programed 

starvation response confers complete resistance to diet-induced obesity when 

these mice are fed a high-fat diet (HFD). Interestingly, nutrients supplied by a 

HFD paradoxically increase oxygen consumption, restore metabolic 

homeostasis, and induce thermogenesis and mitochondrial biogenesis in BAT. 

I further demonstrate that these beneficial effects of HFD require expression of 

fibroblast growth factor 21 (FGF21). Comprehensively, these findings identify 

a mechanistic link between FGF21, a long-known marker of mitochondrial 

disease, and systemic metabolic adaptation in response to mitochondrial 

stress. 
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Introduction 

Mild mitochondrial damage caused by energetic stress from exercise, 

mitochondrial DNA mutations, or drugs that destabilize the electron transport 

chain can stimulate a compensatory response that induces mitochondrial 

biogenesis and improves function (Yun and Finkel, 2014). However, 

accumulating damage to the mitochondria can eventually overcome any 

protective effects, leading to dysfunction (Lopez-Otin et al., 2013). Elucidating 

the mechanisms by which mitochondrial stress is transmitted could provide 

insight into how localized energetic stress, such as on skeletal muscle and 

heart by endurance exercise, can have a profound systemic impact on glucose 

homeostasis and metabolic plasticity (Rattan, 2008). Similarly, studying the 

molecular basis for the metabolic phenotype of mouse models of mitochondrial 

disease has the potential to more fully illuminate the pathways targetable by 

mitochondrial-based therapies for metabolic disorders. One such model is the 

polymerase gamma mutator (POLG) mouse, a progeroid mouse model 

through which extensive studies have mechanistically coupled mitochondrial 

DNA mutations and aging (Trifunovic et al., 2004). These mice express a 

proofreading-deficient version of the nuclear-encoded mitochondrial DNA 

polymerase gamma, and consequently accumulate point mutations and 

deletions in their mitochondrial genome (Williams et al., 2010). Phenotypically, 

these mice display a premature aging phenotype that substantially manifests 
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around 9 months of age with symptoms such as weight loss, subcutaneous 

lipodystrophy, alopecia, infertility, and anemia (Trifunovic et al., 2004). Despite 

being conceptualized as a simple model of progeria, an increasing number of 

recent studies have suggested that the POLG phenotype is more complicated. 

For example, an endurance exercise intervention was reportedly able to 

impede the manifestation of progeria (Safdar et al., 2011). In addition, despite 

the apparent mitochondrial defects POLG mice have long been thought to lack 

any signs of increased reactive oxygen species (ROS), with only recent 

evidence of oxidative damage in skeletal muscle (Kolesar et al., 2014; 

Trifunovic et al., 2005). Moreover, most mitochondrial DNA mutations occur 

during embryogenesis and are evident by 2 months of age even though young 

POLG mice do not exhibit any apparent signs of respiratory chain dysfunction 

or progeria (Trifunovic et al., 2004) (Ahlqvist et al., 2012).  

While mitochondrial dysfunction present in the aging POLG mouse has 

been extensively characterized, the younger, pre-progeroid POLG mouse 

remains largely unstudied. Given the long gap between the initial mitochondrial 

mutations and the development of any apparent signs of mitochondrial 

dysfunction, I hypothesized that young POLG mice have improved 

mitochondrial function. In this chapter, I show that young POLG mice exhibit 

an aerobic starvation-like response to mitochondrial mutations, which confers 

resistance to diet-induced obesity and the pathologies that accompany it. 
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Interestingly, this response can be attenuated through a paradoxical induction 

of catabolism by a calorie-rich high-fat diet (HFD). Moreover, HFD rescues 

thermogenic defects in these mice by inducing mitochondrial biogenesis in 

brown adipose tissue (BAT). I further demonstrate that this response to HFD in 

BAT requires the endocrine hormone fibroblast growth factor 21 (FGF21). 

These results link FGF21, a long-known marker of mitochondrial dysfunction, 

to how mitochondrial signaling can affect metabolic plasticity, and highlight the 

potential therapeutic value of using drugs that stress mitochondria to treat 

metabolic diseases such as obesity. 

 

Results  

Mitochondrial mutations confer resistance to diet-induced obesity by 

inducing an aerobic starvation-like response.  

To evaluate how metabolic plasticity might be impacted by 

mitochondrial mutations, I placed four cohorts of 2.5 month-old WT and 

homozygous POLG mice on either normal chow or a high-fat diet (60% kcal 

from fat) (HFD) for 2 months. Surprisingly, POLG mice were completely 

resistant to weight gain throughout the entirety of the dietary challenge (Figure 

1A). Magnetic resonance imaging of body fat composition revealed that POLG 

mice on a chow diet have approximately half as much body fat in comparison 

to WT controls (Figure 1B). However, POLG mice fed HFD have a comparable 
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body fat content (~15% fat) to WT on chow (Figure 1B). To explain this 

apparent resistance to diet-induced obesity (DIO), I first utilized the 

Oxymax/CLAMS cage system to measure metabolic rate by way of oxygen 

consumption (VO2) and respiratory exchange ratios (RER, VO2/VCO2) in 

mice from the four previously described cohorts. Unexpectedly, I observed that 

HFD actually increases VO2 by 1.8-fold in POLG mice during both light and 

dark cycles (Figure 1C and 2A). POLG mice fed chow have a lower RER 

during the light cycle in comparison to WT controls (0.82 versus 0.87), 

signifying a preference for fat as a metabolic substrate (Figure 1D and 2B). 

WT and POLG mice fed HFD both appear to metabolize predominantly fat 

(RER~0.75) (Figure 1D and 2B). I next examined food consumption and 

activity over the course of the 2-month high-fat dietary challenge. POLG mice 

fed either chow or HFD both consume the same amount of calories per day 

(10-11kcal/d on chow and 14-15kcal/d on HFD) and have approximately 

similar patterns of activity during both the light and dark cycles in comparison 

to WT controls (Figure 2C and 2D).  

Subsequently, I asked whether POLG mice can maintain metabolic 

homeostasis when challenged with a HFD in addition to remaining lean. To 

begin to answer this question, I first examined fasting blood levels of glucose 

and insulin. POLG mice fed chow have 1.2-fold lower glucose and 1.4-fold 

lower insulin levels than WT controls (Figure 1E and 1F). On a HFD, POLG 
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mice also have reduced glucose (−1.3 fold) and insulin (−1.9 fold) levels in 

comparison to WT mice fed HFD (Figure 1E and 1F). Next, I measured fasting 

blood levels of several endocrine hormones that regulate metabolism. On a 

chow diet, POLG mice have 1.8-fold increased levels of the hunger-promoting 

hormone ghrelin, with a 5.6-fold decrease in levels of the hunger-suppressing 

hormone leptin (Figure 3A and 3B). On the other hand, POLG mice on a HFD 

have comparatively similar levels of both hormones to WT mice fed chow. 

(Figure 3A and 3B). Moreover, POLG mice fed HFD have markedly reduced 

levels of resistin and PAI-1 in comparison to WT controls, which are hormone 

markers of obesity and metabolic syndrome (Figure 3C and 3D). Furthermore, 

POLG mice fed chow have dramatically increased (by 4.7-fold) levels of 

fibroblast growth factor 21 (FGF21), an endocrine hormone known to mediate 

an adaptive response to starvation (Figure 1G) (Zhang et al., 2012). 

Interestingly, HFD appears to synergistically increase FGF21 levels in POLG 

mice by roughly 9-fold higher than in WT mice fed chow or HFD (Figure 1G). 

Collectively, these data suggest that pre-progeroid POLG mice on a chow diet 

undergo a starvation-like response. This response can be alleviated by placing 

these mice on a HFD, which induces a striking increase in aerobic respiration 

and confers resistance to diet-induced obesity.      
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High-fat diet restores metabolic imbalance through mitigating a 

starvation-like gene expression program. 

How can nutrients supplied by a HFD revert the pre-programed 

starvation-like response to mitochondrial mutations in POLG mice? To 

investigate this question, I examined changes in global patterns of gene 

expression in liver and white fat from the four described cohorts using RNA-

Seq. I first utilized gene ontology analyses to identify biological processes that 

were highly regulated by mitochondrial mutations and/or HFD feeding, and 

generated heat maps displaying expression patterns of genes from these 

processes (Figure 4A and 4B). For each gene, the expression value is 

displayed as the log-transformed difference from the mean value of the four 

cohorts of mice. In both liver and white fat, I found that genes that mediate 

metabolic processes have inverse patterns of expression in POLG Chow when 

compared to WT HFD, and similar patterns of expression when comparing WT 

Chow to POLG HFD (Figure 4A and 4B). This finding suggests that starvation 

and nutrient excess induce divergent adaptive changes in gene expression in 

liver and white fat, both of which are diminished in POLG mice fed a HFD. For 

detailed RNA-Seq gene expression data (including lists of top regulated genes, 

gene ontology terms, and KEGG pathways) from liver, brown and white 

adipose tissue, and white quadriceps, reference Appendix 3.  
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To explore the functional metabolic consequences of these divergent 

transcriptional responses to mitochondrial mutations and HFD, I next 

conducted metabolomic analysis on plasma taken from the four described 

cohorts of mice using LC-MS/MS. 582 metabolites from 60 biochemical 

pathways were measured, and variable importance in projection (VIP) scores 

were assigned to the top metabolites that were distinguishable between diet 

and genotype. Partial-least squares discriminate analysis (PLSDA) was used 

to correlate each of the four cohorts of mice based on two components 

consisting of metabolites selected for VIP scores > 1.5. Based on this analysis, 

the comprehensive WT Chow metabolomic profile lies in between that of 

POLG Chow and WT HFD, with POLG HFD appearing to trend between 

POLG Chow and WT HFD as well (Figure 4C, 5A, and 6A). In addition, I 

observed that livers from POLG mice are completely resistant to HFD-induced 

steatosis (Figure 7A). Similarly, a hematoxilyn and eosin stain of white adipose 

tissue (WAT) revealed that adipocyte size mirrors body fat composition in 

these mice (Figure 7B and 7C). POLG mice on a HFD also have significantly 

reduced expression of obesogenic gene markers of macrophage infiltration 

and inflammation in their white fat in comparison to WT fed HFD (Figure 7D). 

Taken together, these data propose that the opposing metabolic adaptations 

to mitochondrial mutations and elevated nutrients are balanced in pre-
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progeroid POLG mice fed a HFD to more closely resemble a normal lean 

mouse. 

Nutrients provided by a high-fat diet rescue thermogenic defects and 

cause mitochondrial biogenesis in brown adipose tissue. 

 What tissue might be responsible for the increase in oxygen 

consumption and lipid metabolism observable in POLG mice fed HFD? Brown 

adipose tissue (BAT), which mediates adaptive non-shivering thermogenesis, 

seemed to be a likely candidate considering that it is dense with mitochondria 

and can undergo a substantial increase in energy expenditure upon 

stimulation (Lowell and Flier, 1997). In addition, recent studies have 

established the sensitivity of BAT to stimulation through FGF21, which I also 

observed to be highly elevated in POLG mice fed a HFD (Chartoumpekis et al., 

2011; Owen et al., 2014). To examine BAT functionality in POLG mice on 

chow or HFD, I first used a thermal infrared camera to image and quantify the 

amount of heat radiating from the area of skin in the scapular region, directly 

above where the BAT is located. Surprisingly, I found that POLG mice on 

chow produce much less heat than WT, with a 2°C lower mean surface 

temperature in this area (Figure 8A and 8B). This apparent thermogenic defect 

can be rescued somewhat by placing the mice on HFD, which elevates the 

surface temperature by approximately 1°C (Figure 8A and 8B). Histologically, 

BAT from WT and POLG mice fed chow appears to have a comparable fat 
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content, while BAT from WT mice on a HFD contains 1.5-fold more stored fat 

(Figure 8C and 9D). However, POLG mice fed a HFD have half the amount of 

fat in their BAT when compared to WT and POLG chow, with the larger lipid 

droplets appearing to have all but disappeared (Figure 8C and 9D). Moreover, 

HFD appears to increase the eosinophilic content of POLG BAT, consistent 

with an induction of fat browning and thermogenesis (Lee and Tontonoz, 

2014) (Figure 8C). Trichrome staining failed to show evidence of fibrosis while 

a Verhoeff stain revealed a dense elastin network induced in POLG BAT by 

HFD (Figure 9A and 9B).  

To investigate if the increase in radiated heat and depletion of lipids 

from BAT in POLG mice on a HFD might be attributable to a restoration of 

thermogenic metabolism, I examined protein levels of UCP1, which mediates 

uncoupling of protons across the electron transport chain in mitochondria to 

generate heat. In POLG mice, HFD appears to drastically induce UCP1 protein 

expression in BAT as evidenced by both western blot and 

immunohistochemistry (Figure 8D and 8E). Differences in UCP1 protein 

expression levels between WT and POLG mice fed chow or HFD are also 

similar to the observed differences in surface temperature (Figure 9C). In 

addition, genes responsible for mediating thermogenesis are downregulated in 

BAT from POLG mice fed chow compared to WT, and rescued to or even 

upregulated beyond WT levels when POLG mice are placed on HFD (Figure 
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8F). Inflammation in BAT has also been linked to thermogenesis through an 

induction of UCP1 (Petruzzelli et al., 2014), and several inflammatory gene 

markers are induced by HFD in BAT from POLG mice (Figure 9E).  

 Could the thermogenic adaptation to HFD exhibited by POLG mice be 

attributable to an induction of mitochondrial biogenesis in BAT? To answer this 

question, I examined the mitochondrial structure and content in BAT from WT 

and POLG mice on chow or HFD directly. First, I used electron microscopy 

(EM) to image the mitochondria in BAT from each of the four cohorts. Normal 

BAT mitochondria are approximately 1μm across and appear to be nestled in 

between the larger lipid droplets, as shown by WT chow and WT HFD (Figure 

10A). However, I observed that BAT from POLG mice on chow contained 

enlarged (5-6μm across) mitochondria, a known hallmark of mitochondrial 

dysfunction (Wallace and Fan, 2009) (Figure 10A). Interestingly, these large 

mitochondria are no longer evident in POLG BAT when the mice are placed on 

HFD (Figure 10A). When quantifying the average number of cristae per square 

μm in these mitochondria, HFD restores a defective, 3.1-fold lower ratio in 

POLG Chow back to that of WT controls (Figure 10B). I next quantified the 

amount of mitochondria in BAT directly through qPCR of mtDNA. Strikingly, 

HFD increases the mitochondrial DNA content (normalized to nuclear DNA 

content) of POLG BAT by 1.5-fold over POLG Chow and WT controls, 

signifying a substantial increase in mitochondrial biogenesis (Figure 10C).  
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Similarly, I examined protein expression of the individual mitochondrial 

electron transport chain (ETC) subunits by western blot (Complex I-V) and 

found that BAT from POLG mice on HFD contains significantly more Complex 

I, II, and III than each of the other groups (Figure 10D). Expression of 

mitochondrial-encoded genes that compose complexes I, IV, and V of the ETC 

is also highly induced by HFD in POLG BAT (Figure 10E). Jointly, these data 

demonstrate that HFD rescues thermogenic defects in POLG BAT through 

stimulating fat metabolism, activating a thermogenic gene expression program, 

and inducing mitochondrial biogenesis. 

The HFD-mediated induction of aerobic thermogenesis in POLG BAT 

requires FGF21 expression. 

 POLG mice, along with transgenic mice that overexpress FGF21, 

exhibit several  starvation-like traits, including decreased adiposity, increased 

ketogenesis (data not shown), and thermogenesis in BAT (Hondares et al., 

2010; Inagaki et al., 2007). Interestingly, even though FGF21 is also a well-

established marker of mitochondrial disease and has been previously shown 

to be induced in several other mouse and human models of mitochondrial 

dysfunction (Khan et al., 2014; Suomalainen et al., 2011), FGF21’s precise 

role as a messenger of mitochondrial stress to signal for adaptive changes in 

metabolism has yet to be elucidated. Since FGF21 is highly induced in POLG 

mice, I wondered whether it might mediate the POLG adaptive response to 
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HFD. In order to answer this question, I injected adenoviruses containing 

either a scrambled (shScram) or short-hairpin RNA targeting FGF21 

(shFGF21) into 4.5mo WT and POLG mice after 8 weeks of HFD feeding, 

generating four experimental cohorts. Adenoviral infection and hepatic shRNA 

expression was confirmed by qPCR for the eGFP tag on both constructs, and 

FGF21 knockdown efficiency was validated via ELISA upon completion of the 

study (Figure 12A and 12B). One week after injecting the virus, I observed a 

significant increase in body weight of POLG mice fed HFD expressing 

shFGF21 over POLG HFD expressing shScram (Figure 11A). I also observed 

significantly reduced blood lactate, a marker of mitochondrial dysfunction, in 

POLG HFD mice with reduced FGF21 compared to shScram (Figure 11B). I 

next asked whether knocking down FGF21 would be sufficient to ablate any of 

the adaptive changes in thermogenesis and mitochondrial function in BAT 

from POLG mice fed a HFD. Indeed, knockdown of FGF21 was sufficient to 

prevent mitochondrial biogenesis in POLG HFD BAT (Figure 11C). In addition, 

FGF21 knockdown caused an increase in lipid droplet size and fat content in 

POLG HFD BAT as measured histologically (Figure 11D and 11E). I next 

asked if FGF21 knockdown could prevent the HFD-induced upregulation of 

genes that mediate BAT thermogenesis in POLG mice. Surprisingly, I found 

that FGF21 loss blunted the induction of thermogenic genes (Figure 11F), 

mitochondrial-encoded ETC subunits (Figure 11G), and inflammatory markers 
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(Figure 12C) genes by HFD in POLG BAT. These data propose that hepatic 

FGF21 mediates the adaptive increase in thermogenesis and mitochondrial 

biogenesis in POLG BAT caused by a HFD. 

 

Discussion 

 Mitochondrial function is undoubtedly intertwined with metabolic fitness, 

but our understanding of the precise mechanisms by which mitochondria can 

communicate to peripheral tissues to regulate metabolism on a systemic scale 

still remains largely convoluted. In this study, I utilized a mouse model of 

mitochondrial dysfunction and progeria, the polymerase γ mutator (POLG) 

mouse, to study the mechanisms through which stressed mitochondria can 

adapt and regulate whole-body metabolism. One might expect these mice to 

be metabolically maladaptive and respond poorly to energetic stress, but I 

have surprisingly found that young POLG mice actually exhibit paradoxical 

improvements in mitochondrial function and metabolic plasticity before they 

eventually develop signs of progeria. When challenged with a HFD, these mice 

exhibit common characteristics seen during fasting and starvation in normal 

mice, becoming resistant to diet-induced obesity, showing improvements in 

glucose homeostasis, and displaying a metabolic profile phenotypically similar 

to that of WT mice fed a chow diet. In addition, when administered a HFD, 

POLG mice surprisingly experience a substantial increase in their systemic 
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metabolic rate likely mediated through an induction of thermogenesis and 

mitochondrial biogenesis in brown adipose tissue (Figure 13A). 

This metabolic phenotype exhibited by young POLG mice bears 

uncanny similarity to mouse models that overexpress fibroblast growth factor 

21 (FGF21), which mediates the benefits of caloric restriction and is a known 

marker of mitochondrial stress (Haas et al., 2008; Zhang et al., 2012). After 

observing dramatically increased levels of FGF21 in POLG mice in conjunction 

with my metabolic findings, I hypothesized that FGF21 might play a role in 

mediating the POLG resistance to diet-induced obesity. In support of this idea, 

I found that blunting the induction of FGF21 in POLG mice fed a HFD was able 

to suppress at least the induction of mitochondrial biogenesis and genes that 

mediate thermogenesis in BAT. In proposing a role for FGF21 in the POLG 

mouse metabolic phenotype, the apparent contradiction that FGF21-

overexpressing mice are widely recognized as a pro-longevity model cannot 

be ignored. I believe that my work in POLG mice further muddles the concept 

of a cohesive anti-aging function for FGF21, given that compounding evidence 

demonstrates that FGF21 is also highly induced in many metabolically 

maladaptive states (Woo et al., 2013). Instead, I propose that FGF21 instead 

functions as a critical transmitter of metabolic demands from stressed 

mitochondria to other tissues in the body, at least in the POLG mouse. 
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Given the difficulties in getting FGF21 and its analogues to show 

efficacy in clinical trials (Kharitonenkov and Adams, 2014), how might the 

beneficial metabolic effects of FGF21 on liver, WAT, and BAT be exploited 

therapeutically? Attempts to inject supraphysiological amounts of FGF21 or 

similar compounds into circulation have been troubled by considerable 

logistical issues as well as numerous off-target effects, such as bone 

degeneration (Wei et al., 2012). Instead, using pharmaceutical agents that 

stress the mitochondria to indirectly induce FGF21 could circumvent these 

issues. For example, the most widely prescribed anti-diabetic drug on the 

market today, metformin, is believed to function as a mitochondrial inhibitor 

and has recently been shown to induce FGF21 both in vivo and in vitro (Kim et 

al., 2013; Nygaard et al., 2012). An interesting therapeutic avenue could be to 

recapitulate the metabolically beneficial POLG-HFD paradigm transiently in 

obese individuals by introducing mitochondrial stress, or in patients suffering 

from mitochondrial disease by increasing the fat content of their diet. 

Despite the known benefits of mild mitochondrial stress, POLG mice 

still develop a progeroid phenotype and ultimately die prematurely. One recent 

study has proposed the use of HFD to rescue another model of progeria, 

Cockayne Syndrome, highlighting a dysregulated PARP1/Sirt1-dependent 

pathway that drives the premature aging phenotype (Scheibye-Knudsen et al., 

2014). An important distinction between this study and the one described in 
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this chapter is the HFD-induced effects appear to be independent of increased 

metabolism of the diet. Furthermore, while HFD is able to rescue premature 

aging in Cockayne Syndrome, HFD is not able to reverse symptoms of 

progeria in older POLG mice (Figure 14A and 14B). Instead of as a cure for 

premature aging, I propose that lipids from a HFD are able function as a 

preferential substrate for dysfunctional mitochondria in the short term. FGF21, 

produced by the liver in response to mitochondrial stress, is able to signal to 

oxidative peripheral tissues such as BAT to prime their metabolic machinery to 

be able to process lipids. 

 One of the most significant challenges for the future studies utilizing 

the young POLG mouse will be uncoupling the known pathologies intrinsic to 

mitochondrial damage, disease, and dysfunction from the apparent 

improvements in metabolic homeostasis. I would reason that the POLG mouse 

progresses along a gradient of increasing stress from mitochondrial mutations 

as it ages, which at a certain stage will tip the scales between the starvation-

like benefits observed at a young age and eventual mitochondrial dysfunction. 

However, the possibility that chronic mild mitochondrial stress contributes to 

the pathologic side of the POLG phenotype must also not be discounted. 

Making this distinction would greatly advance our understanding of the 

interplay between mitochondrial function, metabolism, and aging.  
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Experimental Procedures 

Animals 

2.5 month-old male POLG mice and age-matched wild-type controls (>99% 

C57BL/6 genetic background) received either a standard chow diet (MI 

laboratory rodent diet 5001, Harlan Teklad, 3kcal/g) or high-fat (60%) diet 

(F3282, Bio-Serv, 5.5kcal/g) and water ad libitum up until usage for terminal 

studies at 4.5 months of age. Mice were housed at 22°C on a 12-hour 

light/dark cycle. 

Gene Expression 

Total RNA was isolated from mouse tissue and cells with the TRIzol reagent, 

and cDNA was subsequently synthesized from 1 μg of RNA using iScript (Bio-

Rad). mRNA levels were quantified by qPCR with SYBR Green (Bio-Rad). 

These experiments were  performed in technical triplicates, and relative 

expression levels were normalized against HPRT mRNA levels in the same 

RNAs. Mitochondrial DNA content was quantified by comparing expression of 

a mtDNA-specific primer set (mt-ND1) to a gDNA-specfic primer set (Hprt) on 

DNA isolated from tissues. Reference Appendix 1 for qPCR primer sequences 

used in this chapter. 

Metabolomics 

Heparinized plasma was collected via submandibular bleed after a 12-hour 

fast under light isoflurane anesthesia, and stored at -80°C until analyzed. LC-



81 

MS/MS analysis was performed on extracted metabolites and internal 

standards in a 40:40:20 solvent mix of acetonitrile:methanol:water by multiple 

reaction monitoring (MRM) using the Analyst v1.6.1 software (AB SCIEX, 

Framingham, MA, USA). The chromatographic peaks were identified using 

MultiQuant (v3.0, AB SCIEX), confirmed by manual inspection, and the peak 

areas integrated. The median of the peak area of stable isotope internal 

standards was calculated and used for the normalization of metabolites 

concentration across the samples and batches. Prior to multivariate and 

univariate analysis, the data were log-transformed.   

Metabolic Studies 

Mice were housed in the Oxymax/CLAMS metabolic cage system from 

Columbus Instruments for 4 days with ad lib access to food and water. VO2, 

RER, and activity were measured by the Oxymax system. Body fat 

composition was determined via MRI. Thermal imaging was performed using a 

FLIR T460 infrared camera on unrestrained, alert mice following hair removal 

from the scapular area, and temperature quantified using the FLIR analysis 

software. 

Serum Analyses 

Blood was collected during necropsy after a 12-hour fast by cardiac puncture. 

Blood glucose was measured using the NovaMAX glucometer system. Serum 
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insulin levels (Crystal Chem), leptin (Millipore), FGF21 (Millipore), Ghrelin (Bio-

Rad), Resistin (BioRad), and PAI-1 (BioRad) were measured by ELISAs.  

Western Blots 

Tissue lysates (~100mg) prepared in RIPA buffer (10 mM Tris-HCl, pH 8.0, 

1mM EDTA, 0.5mM EGTA, 140 mM NaCl, 1% Triton-X100, 0.1% sodium 

deoxycholate, 0.1% SDS, and protease/phosphatase inhibitor cocktails 

(Roche) were resolved by SDS–PAGE and probed using primary antibodies 

specific to UCP1, Actin, and Mitoprofile, Porin (Abcam). 

RNA-Seq 

Poly-A mRNA was purified from total RNA isolated from the livers and white fat 

pads of 4.5 month-old wild-type and POLG mice fed the aforementioned diets, 

with three animals in each group. Libraries were prepared using the Illumina 

TRUSeq kit as per the manufacturer’s instructions. Sequences were 

referenced against the mouse mm9 reference genome and Gene Ontology 

was conducted using the HOMER software suite 

(http://biowhat.ucsd.edu/homer/). Reference Appendix 3 for detailed RNA-Seq 

data, including top differentially-expressed genes, and up/downregulated gene 

ontology biological processes and KEGG pathways for liver, brown adipose 

tissue, white adipose tissue, and white quadriceps.  
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Histology 

Tissues were fixed in 10% paraformaldehyde, embedded in paraffin, sectioned 

at 10μm, and stained with hematoxylin/eosin (Pacific Pathology, San Diego 

CA). Quantification of histological sections was performed using the ImageJ 

software suite. Electron microscopy was performed on BAT from mice 

perfused with Ringer's solution followed by 0.15M cacodylate buffer containing 

2.5% glutaraldehyde, 2% PFA, and 2 mM CaCl2 at 40°C for 5 minutes. 

Tissues perfused for EM were sectioned, stained, and imaged by the Salk 

Institute Biophotonics Core. 

Adenoviral Preparation 

Adenoviral vectors for shFGF21 and shScram were prepared, amplified, and 

titrated by Vector Biolabs. The targeting sequence used was 

GGGATTCAACACAGGAGAAC, with a CGAA hairpin loop and TTTTT U6 

termination sequence, tagged with eGFP. Adenoviruses were introduced and 

shRNAs expressed in the liver of young POLG mice via retro-orbital injection 

as has been previously described. 

Statistics 

All data is  presented as means ± standard error. The two-tailed unpaired 

Student’s t-test or one-way ANOVA with Bonferroni’s multiple comparison was 

used to determine the significance of difference between data sets. These 

differences were considered statistically significant when p < 0.05. 
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Chapter III Figure 1: POLG mice resist diet-induced obesity through an 
aerobic starvation-like response. A) Changes in whole body weight in 2.5 
month-old WT and POLG mice fed either Chow or HFD for 8 weeks. B) Body 
fat composition as determined by MRI. C) CLAMS cabinet measurement of the 
oxygen consumption rate at 22°C (VO2) by area under the curve (AUC) after 8 
weeks of HFD, over the course of a 24-hour Zeitgeber day. D) Mean 
respiratory exchange ratios (CO2 emission/O2 consumption) during the light 
and dark cycles. E) Quantification of fasting blood glucose, F) insulin, and G) 
FGF21 levels after 8 weeks on chow or HFD. Data are represented as mean + 
SEM. n = 9-10/group (A-B, D-E), 4/group (C). *p < 0.05, **p < 0.005, ***p < 
0.0005 versus WT Chow unless otherwise noted. 
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Chapter III Figure 2: VO2, RER, Food consumption, and activity in POLG 
mice fed a HFD. A) CLAMS cabinet measurement of oxygen consumption rate 
at 22°C (VO2) after 8 weeks of HFD over the course of a 24-hour Zeitgeber 
day. B) Respiratory exchange ratios (CO2 emission O2 consumption/, 
VCO2/VO2) over a 24-hour period. C) Food consumption (kcal consumed per 
day) after 4 weeks of HFD feeding. D) Total activity during both the light and 
dark cycles determined by CLAMS. Data are represented as mean + SEM. n = 
9-10/group *p < 0.05, **p < 0.005, ***p < 0.0005 versus WT Chow unless 
otherwise noted. 



 

 

87 

 



 

 

88 

Chapter III Figure 3: HFD normalizes circulating endocrine hormone levels in 
POLG mice. A) Quantification of fasting blood ghrelin, B) leptin, C) resistin, 
and D) PAI-1 levels after 8 weeks on chow or HFD. Data are represented as 
mean + SEM. n = 9-10/group. *p < 0.05, **p < 0.005, ***p < 0.0005 versus WT 
Chow unless otherwise noted. 
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Chapter III Figure 4: HFD reprograms gene expression in POLG mice and 
restores metabolic imbalance. A) and B) Rank-ordered expression of key 
genes from differentially regulated biological processes in liver and white fat 
for 4.5mo WT and POLG mice fed either Chow or HFD after 8 weeks (WC: WT 
Chow, PC: POLG Chow, WH: WT HFD, PH: POLG HFD). The heat maps 
represent the LOG2 of the fold-change of each group compared to the mean 
FPKM for each gene as determined through RNA-Seq. C) Multivariate partial 
least squares discriminant analysis (PLSDA) of component groups of plasma 
metabolites significantly different between WT Chow, POLG Chow, WT HFD, 
and POLG HFD mice. n = 3/group (A-B), 9-10/group (C). 
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Chapter III Figure 5: A) Variable Importance in Projection (VIP) Scores for 
metabolites most significantly differentiated by diet and genotype in WT and 
POLG mice on chow or HFD. n = 9-10/group. 
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Chapter III Figure 6: A) Metabolic pathways altered by HFD in POLG mice. 
Red circles correspond to metabolites that are upregulated by HFD feeding, 
and green circles correspond to downregulated metabolites. 
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Chapter III Figure 7: POLG mice resist high-fat diet-induced hepatic steatosis 
and inflammation in white fat. A) H&E stained sections from livers of 2.5 
month-old WT and POLG mice fed either Chow or HFD for 8-weeks. Scale 
bar: 50μm. B) H&E stained sections and C) quantification of the mean 
adipocyte area from white adipose tissue (C: Chow, H: HFD). Scale bar: 25μm. 
D) UCP1 western blot in BAT protein lysates (three mice per group). Actin is 
used as a loading control. (WC: WT Chow, PC: POLG Chow, WH: WT HFD, 
PH: POLG HFD). E) Expression of gene markers of macrophage infiltration 
and inflammation (CD68: cluster of differentiation 68, Ccr7: chemokine 
receptor 7, Ccl2: chemokine (c-c motif) ligand 2, Tnfaip8l2: tumor necrosis 
factor, alpha-induced protein 8-like 2, Bcl6: b-cell lymphoma 6 protein, Cxcl1: 
chemokine (c-x-c motif) ligand 1, Tlr1/8: toll-like receptor 1/8, Mmp12/13: 
matrix metalloproteinase-12/13) in white adipose tissue determined by RNA-
Seq. Data are represented as mean + SEM. n = 9-10/group. *p < 0.05, **p < 
0.005, ***p < 0.0005 versus WT Chow unless otherwise noted.  
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Chapter III Figure 8: Thermogenic defects in POLG brown adipose tissue are 
rescued by HFD. A) Surface temperature of radiated heat visualized by 
infrared camera in 4.5mo WT and POLG mice fed either Chow or HFD after 8 
weeks (WC: WT Chow, PC: POLG Chow, WH: WT HFD, PH: POLG HFD). B) 
Quantification of the mean surface temperature in the scapular region above 
the BAT. C) H&E stained sections from BAT. Scale bar: 25μm. D) UCP1 
western blot in BAT protein lysates from chow and HFD-fed POLG mice (two 
mice per group). Actin is used as a loading control. E) UCP1 
immunohistochemical staining in sections from chow and HFD-fed POLG mice. 
Scale bar: 25μm. F) Quantification of thermogenic gene expression (UCP1: 
uncoupling protein 1, Elovl3: fatty acid elongase 3, PGC1a: PPAR gamma 
coactivator 1 alpha, Gyk: glycerokinase, Dio2: Deiodinase 2, Azgp1: alpha-2-
glycoprotein 1, zinc-binding, Cox7a1: cytochrome c oxidase polypeptide 7a1, 
Cox8b: cytochrome c oxidase polypeptide 8b, Mfsd2a: Major facilitator 
superfamily domain-containing protein 2) in BAT via qPCR. Data are 
represented as mean + SEM. n = 6/group (B, C), 10/group (F). *p < 0.05, **p < 
0.005, ***p < 0.0005 versus WT Chow unless otherwise noted. 
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Chapter III Figure 9: Activation of thermogenic programs in POLG BAT by 
HFD without fibrosis. A) Gomori Trichrome and B) Verhoeff VG staining on 
histological sections of brown adipose tissue from 4.5mo WT and POLG mice 
on chow or HFD for 2 months. Scale bar = 25μm. D) Quantification of total fat 
content from BAT. E) Quantification of inflammatory gene expression (CD68: 
cluster of differentiation 68, Tlr1: toll-like receptor 1: Ccr7: chemokine receptor 
7, Tnfaip8l2: tumor necrosis factor, alpha-induced protein 8-like 2, Mmp12: 
matrix metalloproteinase-12) in BAT by qPCR. Data are represented as mean 
+ SEM. n = 9-10/group. *p < 0.05, **p < 0.005, ***p < 0.0005 versus WT Chow 
unless otherwise noted. 
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Chapter III Figure 10: HFD causes a robust increase in POLG brown adipose 
tissue mitochondrial biogenesis. A) Electron microscopy showing mitochondria 
in BAT from 4.5mo WT and POLG mice fed either Chow or HFD after 8 weeks, 
and B) quantification of the number of cristae per mitochondrial area (square 
μm) (C: Chow, H: HFD) Scale bar: 1μm. C) Quantification of BAT mtDNA 
normalized to total genomic DNA by qPCR. D) Immunoblot of the five ETC 
complexes (CI-V) in protein lysates from BAT (three mice per group). Porin is 
used as a loading control. E) Quantification of mitochondrial gene expression 
(ND1/2: Complex I, Co2/3: Complex IV, Atp6/8: Complex V) in BAT via qPCR. 
Data are represented as mean + SEM. n = 3/group (A, B), 6/group (C-G). *p < 
0.05, **p < 0.005, ***p < 0.0005 versus WT Chow unless otherwise noted. 
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Chapter III Figure 11: Hepatic FGF21 knockdown blunts the adaptive 
thermogenic response to HFD in POLG brown adipose tissue. A) Changes in 
whole body weight in 2.5 month-old WT and POLG mice fed HFD for 8 weeks, 
and injected with an adenovirus containing either a scrambled (Ad-shScram) 
or FGF21-targeted (Ad-shFGF21) shRNA. Mice were collected 1 week 
following injection of the virus. B) Levels of fasting serum lactate. C) 
Quantification of BAT mtDNA normalized to total genomic DNA by qPCR. D) 
H&E stained sections from POLG HFD BAT. Scale bar: 50μm. E) 
Quantification of total fat content from BAT.  F) Quantification of thermogenic 
gene expression (UCP1: uncoupling protein 1, PGC1a: PPAR gamma 
coactivator 1 alpha, Azgp1: alpha-2-glycoprotein 1, zinc-binding, Cox8b: 
cytochrome c oxidase polypeptide 8b) in BAT by qPCR. G) Quantification of 
mitochondrial ETC-subunit gene expression (ND1: Complex I, Co2/3: Complex 
IV, Atp8: Complex V) in BAT by qPCR. Data are represented as mean + SEM. 
n = 10/group. *p < 0.05, **p < 0.005, ***p < 0.0005 versus WT HFD + Ad-
shScram unless otherwise noted. 
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Chapter III Figure 12: Validation of FGF21 knockdown and suppression of 
BAT inflammatory markers. A) qPCR for eGFP expression in livers of 4.5 mo 
WT and POLG mice fed HFD for 8 weeks injected with either an adenovirus 
expressing an eGFP-tagged scrambled shRNA (Ad-shScram) or an eGFP-
tagged FGF21-targeted shRNA (Ad-shFGF21), and non-infected (NI) WT mice. 
B) Circulating FGF21 levels in 4.5mo WT and POLG mice fed HFD for 8 
weeks injected with Ad-shScram or Ad-shFGF21 adenoviruses. C) Expression 
of inflammatory gene markers in BAT by qPCR. CD68: cluster of differentiation 
68, Tlr1: toll-like receptor 1: Ccr7: chemokine receptor 7, Mmp12: matrix 
metalloproteinase-12) Data are represented as mean + SEM. n = 5-10/group. 
*p < 0.05, **p < 0.005, ***p < 0.0005 versus WT controls unless otherwise 
noted. 
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Chapter III Figure 13: A) Mechanistic paradigm for the POLG adaptive 
response to HFD. Mitochondrial stress in the liver, in this instance brought on 
by an energy imbalance caused by mitochondrial dysfunction stemming from 
mutations in mtDNA, induces the endocrine hormone FGF21. FGF21, when 
coupled with high circulating dietary lipid levels, can signal to peripheral 
tissues to adaptively resist diet-induced obesity, and in the case of POLG mice, 
increases their systemic metabolic rate, induces thermogenesis, and 
stimulates mitochondrial biogenesis in brown adipose tissue.  
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Chapter III Figure 14: HFD does not rescue symptoms of progeria in POLG 
mice. A) Accelerated signs of aging displayed in 10 month-old POLG mice fed 
HFD for 8 months. B) Body weights of 10 month-old WT and POLG mice fed 
chow or HFD for 8 months. Data are represented as mean + SEM. n = 5/group. 
*p < 0.05, **p < 0.005, ***p < 0.0005 versus WT Chow. 
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Abstract 

 Mitochondria capitalize on an organelle-specific unfolded protein 

response (UPRmt) in order to maintain homeostasis when faced with 

energetic stress and mito-nuclear protein imbalance. Emerging evidence 

suggests that therapeutically targeting the UPRmt could be used to combat 

mitochondrial diseases, but this hypothesis has only recently begun to be 

investigated. In this chapter, I attempt to ameliorate mitochondrial and 

metabolic defects in progeroid polymerase gamma mutator (POLG) mice using 

two compounds that activate the UPRmt: the PARP inhibitor MRLB-45696 and 

the NAD+ precursor nicotinamide riboside. A 6-week treatment with these two 

compounds was sufficient to improve defective metabolic parameters in POLG 

mice, including reduced oxygen consumption rate, lactic acidosis, and 

deficient thermogenic gene expression in brown adipose tissue. Interestingly, 

induction of the UPRmt appears to exclusively benefit older, progeroid POLG 

mice, and only marginally impact young POLG mice. These experiments 

highlight the potential of using the UPRmt to improve metabolic symptoms of 

advanced mitochondrial disease.  

 

Introduction 

 Nicotinamide adenine dinucleotide (NAD+), and its reduced form NADH, 

are critical cofactors for several redox-based reactions in metabolism, 
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including the citric acid cycle and oxidative phosphorylation by the 

mitochondrial electron transport chain (Belenky et al., 2007). The intracellular 

ratio of NAD+/NADH is tightly linked to the energetic state of the cell, and can 

function as a signal to initiate adaptive changes in metabolic function (Lin and 

Guarente, 2003). In addition, NAD+ acts as a rate-limiting substrate for the 

sirtuin (SIRT) class of deacetylases, as well as for the DNA repair enzyme 

poly-ADP ribose polymerase (PARP) (Canto and Auwerx, 2012). 

Mechanistically, SIRT1 (which is highly induced by fasting) activates the 

peroxisome proliferator-activating receptor gamma cofactor 1 (PGC1) alpha 

through NAD-dependent deacetylation to induce a transcriptional gene 

network that promotes oxidative metabolism (Rodgers et al., 2005). 

Accordingly, artificially increasing the intracellular ratio of NAD+ to NADH 

could potentially be used therapeutically to combat metabolic disorders such 

as diabetes and obesity (Bogan and Brenner, 2008). In fact, several different 

strategies to raise NAD+ have been previously utilized to this end with mixed 

success. For example, dietary supplementation with the NAD+ precursor 

niacin can lower circulating cholesterol and triglyceride levels in human 

patients at risk for coronary artery disease (Grundy et al., 2002). However, 

regular niacin usage is associated with a negative “flushing” reaction resulting 

from an off-target interaction with the G-protein coupled receptor 109A, which 

complicates its therapeutic efficacy (Benyo et al., 2005). Moreover, 
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pharmacological inhibition of PARP1 can prevent its consumption of NAD+ 

during periods of elevated oxidative stress. PARP inhibitors currently utilized 

as chemotherapeutics could therefore also promote preferential activation of 

the oxidative SIRT1/PGC1 alpha program in patients with metabolic disorders, 

but at the potential expense of some DNA repair efficacy (Graziani and Szabo, 

2005).  

 By what mechanisms might cells and their mitochondria be able to 

sense the NAD+/NADH ratio and subsequently adapt to fluctuating energetic 

states? Pathways that involve activation of SIRT1, PGC1 alpha, and AMP-

activated protein kinase (AMPK) have been extensively studied to address this 

question. One recently emerging mechanism of mitochondrial stress-sensing 

is the mitochondrial unfolded protein response (UPRmt), which responds to 

mito-nuclear protein imbalance and causes adaptive changes in mitochondrial 

function (Jovaisaite et al., 2014). Importantly, mito-nuclear protein imbalance 

can be brought on by a variety of energetic stressors, including reactive 

oxygen species (ROS), ablation of specific components of the electron 

transport chain (ETC), and through inhibition of mitochondrial protein 

translation or gene expression (Houtkooper et al., 2013). Mechanistically, the 

UPRmt is similar to other UPRs (such as in the endoplasmic reticulum), and 

heavily relies on protein chaperones and proteases that work to transport, 

refold, or degrade misfolded proteins in order to maintain homeostasis in the 
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mitochondria specifically (Haynes et al., 2007). Recent studies have also 

demonstrated a connection between the UPRmt and other pathways that 

control mitochondrial maintenance and turnover, including mitophagy and the 

heat-shock response (Haynes and Ron, 2010; Tower, 2014). Artificially 

inducing mitochondrial protein imbalance and activating the UPRmt can also 

stimulate adaptive improvements in mitochondrial biogenesis and function, 

which in turn also promotes longevity (Houtkooper et al., 2013). Interestingly, a 

recent study has been able to demonstrate a similar effect by elevating ROS in 

a Sirt3-dependent fashion, directly linking the Sirtuins to the UPRmt (Papa and 

Germain, 2014). Moreover, increasing intracellular NAD+ concentrations 

through inhibition or knockdown of PARP1 analogously improves 

mitochondrial function and longevity through the UPRmt (Mouchiroud et al., 

2013).  

 Despite the established benefits of UPRmt activation for the 

mitochondria, the prospect of targeting this pathway to treat mitochondrial 

disease has only recently begun to be explored (Khan et al., 2014). In this 

chapter, I utilized the PARP1 inhibitor MRLB-45696 (PARiB) as well as the 

NAD+ precursor nicotinamide riboside (NR) in an attempt to rescue or reverse 

symptoms of mitochondrial disease and progeria in the polymerase gamma 

(POLG) mutator mouse. In old (but not young) POLG mice exhibiting progeria, 

6 weeks of PARiB treatment was sufficient to increase oxygen consumption, 



122 

 

improve testicular degeneration, reduce lactic acidosis, and increase FGF21 

expression. 6 weeks of NR treatment also lowered blood lactate and increased 

FGF21 levels in these mice. NR dramatically increased the oxygen 

consumption rate and lowered fasting blood glucose in a wild-type model of 

diet-induced obesity, but did not exacerbate the POLG response to a high-fat 

diet. However, NR treatment improved deficient thermogenic gene expression 

in brown adipose tissue from POLG mice. Taken together, the data in this 

chapter propose that compounds that activate the UPRmt might be useful for 

treating the metabolic defects that accompany severe mitochondrial diseases.  

 

Results 

PARiB treatment intensifies the POLG pseudo-starvation state and 

improves metabolic markers of mitochondrial disease. 

 To determine if symptoms of progeria and mitochondrial dysfunction in 

POLG mice can be rescued by compounds that raise the intracellular NAD+ 

pool and activate the UPRmt, I first placed cohorts of 8 month-old wild-type 

(WT) and POLG mice on a normal chow diet or a chow diet containing the 

PARP1 inhibitor MRLB-45696 (PARiB) for 6 weeks. The PARiB diet was 

prepared such that normal ad lib intake of food would result in the mice 

receiving 1.5mg/mouse/day of the drug. I first examined the effect of the 

PARiB on age-dependent weight loss in POLG mice. PARiB treatment was 
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insufficient to ameliorate weight loss in POLG mice, and also did not result in 

weight loss or weight gain in WT mice (Figure 1A). I next examined the effect 

of PARiB treatment on the oxygen consumption rates of WT and POLG mice. 

POLG mice exhibit an age-dependent decline in oxygen consumption rate (Dai 

et al., 2013), which was trending, but not statistically distinguishable from WT 

at 9.5 months (Figure 1B – 1D). However, 6 weeks of PARiB treatment 

increased the oxygen consumption rate in POLG mice by 1.3-fold (Figure 1C 

and 1D). In addition, PARiB reduced testicular degeneration in POLG mice by 

10% after 6 weeks, with no effect on WT (Figure 1E). I next examined the 

impact of PARiB on metabolic parameters indicative of a starvation-like 

response in WT and POLG mice. PARiB further lowered fasting glucose levels 

in POLG mice to 1.4-fold lower than that of WT fed chow (Figure 1F), with a 

marginal effect on WT itself. Surprisingly, PARiB treatment lowered levels of 

fasting lactate by 2.3-fold in POLG mice (Figure 1G) to levels proximal to 

normal WT mice. Finally, PARiB treatment appeared to additively induce 

circulating FGF21 levels in POLG mice (Figure 1H).  

In order to ascertain whether activation of the UPRmt by PARiB might 

contribute to the improvement in symptoms of progeria, I assayed expression 

of gene markers of UPRmt activation in the livers of 9.5 month-old POLG mice. 

Transcript levels of UPRmt gene markers appeared to be elevated in POLG, 

but not WT, mice treated with PARiB (Figure 2A). However, protein levels of 
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the UPRmt-stimulated autophagy markers Atg7 and Hsp60 were not elevated 

in either genotype by PARiB treatment (Figure 2B). Furthermore, PARiB 

induced the expression of key metabolic gene markers of the UPRmt in POLG 

but not WT mouse livers (Figure 2C). However, PARiB treatment had no 

observable impact on hepatic mitochondrial biogenesis, as demonstrated by 

protein levels of the ETC subunits (Figure 2D).  

To evaluate whether PARiB treatment could also prevent the 

development of metabolic defects in young POLG mice, I placed 2 month-old 

WT and POLG mice on the previously described chow or PARiB-

supplemented diets for 6 weeks. In these mice, PARiB treatment did not 

impact body weight (Figure 3A) or prevent testicular degeneration (Figure 3B). 

In contrast to what I observed in progeroid 9.5 month-old POLG mice, PARiB 

treatment in young WT and POLG mice elevated fasting blood glucose levels 

above chow diet controls by 1.2 and 1.6-fold, respectively (Figure 3C). In 

addition, PARiB treatment increased lactate levels by 1.5-fold in WT mice, with 

no apparent effect on POLG mice (Figure 3D). Comprehensively, these data 

suggest that 6 weeks of PARiB treatment can improve metabolic symptoms of 

mitochondrial defects (reduced VO2, testicular degeneration, and lactic 

acidosis) and also exacerbate signs of starvation (reduced glucose, increased 

FGF21) in progeroid, aging (but not young) POLG mice.  
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NR treatment synergizes with a HFD to increase oxygen consumption 

and ameliorate diet-induced obesity. 

 Nicotinamide riboside (NR), another compound that can activate the 

UPRmt, artificially elevates the intracellular NAD+ pool by functioning as a 

precursor to NAD (Khan et al., 2014). Like the PARiB, NR treatment has been 

used to improve symptoms in mouse models of mitochondrial disease, but has 

not yet been tested in POLG mice. To determine if NR treatment can alleviate 

symptoms of progeria and metabolic defects in these mice, I placed cohorts of 

7 month-old WT and POLG mice on a chow diet or chow diet supplemented 

with NR for 6 weeks at 12mg/mouse/day. NR treatment resulted in no 

observable difference in the weight of WT or POLG mice (Figure 4A). In WT 

mice, NR treatment lowered fasting glucose levels by 1.7-fold (Figure 4B). 

However, NR raised glucose levels by 1.4-fold in POLG mice, near to a typical 

concentration for WT mice fed normal chow (Figure 4B). In contrary to the 

PARiB, NR had no effect on blood lactate in WT mice, and decreased lactate 

levels by 1.4-fold in POLG mice (Figure 4C). NR treatment was also 

insufficient to elevate FGF21 in WT mice, and increased FGF21 levels slightly 

(but not significantly) in POLG mice (Figure 4D).  

 NR treatment has a marginal metabolic effect in 7 month-old POLG 

mice on a chow diet, but can NR and activation of the UPRmt reprogram any 

of the metabolic changes caused by feeding a high-fat diet (HFD) (described 
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in Chapter Three of this dissertation)? To answer this question, I utilized a 

similar experimental paradigm for the described PARiB and NR-supplemented 

chow diets, except adding NR to the HFD instead. 6 weeks of NR treatment 

conferred some resistance to diet-induced obesity in WT mice (Figure 5A), 

which has been previously demonstrated (Canto et al., 2012). On the other 

hand, NR did not promote weight gain or any additional weight loss in POLG 

mice fed a HFD (Figure 5A). Similarly, NR treatment induced oxygen 

consumption rate in WT mice fed a HFD by 1.7-fold (Figure 5B and 5D), but 

did not affect the already-elevated oxygen consumption rate in POLG mice fed 

HFD (Figure 5C and 5D). Surprisingly, NR lowered fasting blood glucose in 

HFD-fed WT mice by over 2-fold, yet only decreased the already low glucose 

levels in POLG mice by a much less striking 1.2 fold (Figure 5E). NR treatment 

did not increase lactate levels above controls in either WT or POLG mice 

(Figure 5F). Interestingly, NR treatment elevated FGF21 levels by 4.2-fold in 

WT mice on a HFD, but ablated the HFD-induced increase in FGF21 in POLG 

mice (Figure 5G).  

 Because NR treatment, in conjunction with a HFD, impacts oxygen 

consumption and FGF21 levels in WT and POLG mice, I next asked whether 

NR might also affect the HFD-dependent induction of thermogenic gene 

expression in brown adipose tissue (BAT) in POLG mice (previously described 

in Chapter Three of this dissertation). On chow, NR either did not change, or 
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suppressed the expression of thermogenic genes in BAT from WT mice and 

appeared to increase deficient expression of these genes in POLG mice 

(Figure 6A – 6F). On a HFD, NR treatment resulted in downregulation of most 

of these thermogenic genes in BAT from both WT and POLG mice (Figure 6A 

– 6F). Taken together, these data suggest that NR treatment synergizes with a 

HFD to promote oxidative metabolism in WT mice. In contrast, NR appears to 

prevent many of the HFD-induced metabolic adaptations in POLG mice.  

 

Discussion 

  The UPRmt presents as an attractive therapeutic pathway for treating 

mitochondrial dysfunction, but so far has only been loosely studied in a 

handful of mouse models of mitochondrial disease. In this chapter, I expand 

upon these previous findings by showing that a UPRmt-activating PARP 

inhibitor as well as the NAD+ precursor nicotinamide riboside improve 

metabolic defects in progeroid POLG mice. Strikingly, a 6-week regiment of 

PARiB in old but not young POLG mice rescues a depressed oxygen 

consumption rate, blunts testicular degeneration, and drastically reduces lactic 

acidosis – all three of which are characteristic symptoms of mitochondrial 

disease. PARiB treatment also appears to aggravate the preexisting pseudo-

starvation state in POLG mice, further lowering fasting glucose levels and 

raising FGF21 levels. Puzzlingly, PARiB treatment does not confer these 
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benefits to younger, pre-progeroid POLG mice. On the other hand, while NR 

also similarly decreases lactic acidosis, co-treatment with a HFD removes 

many of the metabolic benefits conferred to these mice by this dietary switch.   

 When determining the practicality of using UPRmt activators (such as 

the PARiB and NR) to treat mitochondrial diseases, it will be important to 

consider the disease state on a case by case basis – an idea highlighted by 

the divergent effects of PARiB treatment in young and old POLG mice. How 

can this apparent contradiction be rationalized given that the mitochondrial 

DNA mutation load in these mice is already substantial by 2 months of age? 

Previous studies have proposed that the symptoms of progeria in these mice 

are caused by accumulating damage from mtDNA mutation-induced 

respiratory chain deficiencies over time (Trifunovic et al., 2004). However, 

young POLG mice already exhibit several apparent metabolic defects (Chapter 

Three of this dissertation) which appear to increasingly contribute to their 

mitochondrial disease phenotype as they age. One potential explanation could 

be that defects in young mice are not severe enough to be sensitive to the 

UPRmt-specific adaptive response until the damage caused by the mutational 

load reaches a maximal limit, likely when the apparent signs of progeria begin 

to manifest. For example, lactate levels in young POLG mice reach at most 

3mmol/L, which is still ~1mmol/L less than the PARiB-lowered lactate levels in 

older POLG mice. This finding could therefore suggest that the threshold for 
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UPRmt-induced improvements in lactic acidosis require a blood level greater 

than 4mmol/L. Interestingly, chronic blood lactate levels of greater than 

5mmol/L are generally considered to be maladaptive and indicative of a 

mitochondrial disease (Dandurand et al., 1995). In addition, the conversion of 

pyruvate to lactate reduces NADH to NAD+ during anaerobic glycolysis, likely 

in an attempt to restore a depleted cellular pool of NAD+ (Feron, 2009). 

Artificially increasing NAD+ levels by PARP inhibition could also therefore curb 

the dependence on anaerobic glycolysis under hypoxic conditions created by 

respiratory chain deficiencies, which become severe enough to acquire 

sensitivity to the UPRmt as the other symptoms of progeria develop in older 

POLG mice.  

This idea also partially explains why elevating the level of NAD+ 

through NR has similar effects in POLG mice. In another similar mouse model 

of mitochondrial disease, which carries a defect in mitochondrial-specific DNA 

helicase Twinkle, NR treatment was able to improve mitochondrial function 

and biogenesis in brown adipose tissue, partially correcting a cold-intolerance 

phenotype (Khan et al., 2014). In POLG mice, NR similarly induces defective 

thermogenic gene expression in brown adipose tissue, suggesting that 

activating the UPRmt might have analogous effects in different models of 

mitochondrial disease. Moreover, NR appears to ablate some of the HFD-

induced effects on metabolism in POLG mice, decreasing levels of FGF21 as 
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well as the expression of thermogenic genes. There are a few potential 

explanations for the diet-specific differences on the effects of NR. Primarily, 

NR appears to induce a “POLG-like” response to the HFD in WT mice, 

conferring some resistance to diet-induced obesity, increasing oxygen 

consumption, lowering glucose, and inducing FGF21. In this sense, the 

adaptive UPRmt exhibited by normal mitochondria to NR in the presence of 

HFD could be overlapping with a similar, saturated HFD-induced response 

exhibited by POLG mitochondria. It is of particular interest that the induction of 

FGF21 is eliminated in HFD-fed POLG mice treated with NR, suggesting a 

repression of the POLG adaptive pseudo-starvation state. Further studies 

examining the synergy between the HFD and NR in young POLG mice would 

be required to elucidate the significance of this result.  

 

Experimental Procedures 

Animals 

2, 7, and 8 month-old male POLG mice and age-matched wild-type controls 

(>99% C57BL/6 genetic background) received either a standard chow diet (MI 

laboratory rodent diet 5001, Harlan Teklad, 3kcal/g) or high-fat (60%) diet 

(F3282, Bio-Serv, 5.5kcal/g) and water ad libitum up until usage for terminal 

after 2 months. Mice were housed at 22°C on a 12-hour light/dark cycle. 

Custom PARiB and NR diets were prepared by dissolving each compound in 
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an appropriate amount of vehicle (PARiB: MRLB-45696, in 1% DMSO at 

1.5mg/mouse/day, NR: beta-nicotinamide riboside triflate salt, in water at 12 

mg/mouse/day), then mixing thoroughly with the standard chow or high-fat 

diets described above. Custom diets containing the drugs were stored at 

−20°C. 

Gene Expression 

Total RNA was isolated from mouse tissue and cells with the TRIzol reagent, 

and cDNA was subsequently synthesized from 1 μg of RNA using iScript (Bio-

Rad). mRNA levels were quantified by qPCR with SYBR Green (Bio-Rad). 

These experiments were performed in technical triplicates, and relative 

expression levels were normalized against HPRT mRNA levels in the same 

RNAs. Reference Appendix 1 for qPCR primer sequences used in this chapter. 

Metabolic Studies 

Mice were housed in the Oxymax/CLAMS metabolic cage system from 

Columbus Instruments for 4 days with ad lib access to food and water. VO2, 

RER, and activity were measured by the Oxymax system.  

Serum Analyses 

Blood was collected during necropsy after a 12-hour fast by cardiac puncture. 

Blood glucose was measured using the NovaMAX glucometer system. Blood 

lactate was measured using the Lactate Scout system. Serum FGF21 

(Millipore) was measured by ELISA.  
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Western Blots 

Tissue lysates (~100mg) prepared in RIPA buffer (10 mM Tris-HCl, pH 8.0, 

1mM EDTA, 0.5mM EGTA, 140 mM NaCl, 1% Triton-X100, 0.1% sodium 

deoxycholate, 0.1% SDS, and protease/phosphatase inhibitor cocktails 

(Roche) were resolved by SDS–PAGE and probed using primary antibodies 

specific to Atg7, Actin, Hsp60  (Cell Signaling Technologies), and Mitoprofile, 

Porin (Abcam). 

Statistics 

All data is presented as means ± standard error. The two-tailed unpaired 

Student’s t-test or one-way ANOVA with Bonferroni’s multiple comparison was 

used to determine the significance of difference between data sets. These 

differences were considered statistically significant when p < 0.05. 
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Chapter IV Figure 1: PARiB treatment exacerbates the starvation-like state in 
progeroid POLG mice. A) Changes in whole body weight in 9.5 month-old WT 
and POLG mice fed either Chow or Chow supplemented with 
1.5mg/mouse/day PARiB for 6 weeks. B) CLAMS cabinet measurement of the 
oxygen consumption rate at 22°C (VO2) in WT and C) POLG mice after 6 
weeks of PARiB treatment, over the course of a 24-hour Zeitgeber day. D) 
Differences in VO2 were quantified by area under the curve (AUC).  E) 
Changes in testis weight normalized to whole body weight. F) Quantification of 
fasting blood glucose, G) Lactate, and H) FGF21 levels after 6 weeks of 
PARiB treatment (C: Chow, +P: Chow+PARiB). Data are represented as mean 
+ SEM. n = 4-5/group. *p < 0.05, **p < 0.005, ***p < 0.0005 versus WT Chow 
unless otherwise noted. 
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Chapter IV Figure 2: Hepatic expression of UPRmt gene markers in  
progeroid POLG mice. A) Quantification of UPRmt gene marker expression 
(Phb2: prohibitin 2, Hspa9: heat-shock 70kDa protein 9, Endog: endonuclease 
G, Hspd1: heat shock 60kDa protein 1, Ndufb2: NADH dehydrogenase beta 
subcomplex, 2, Htra2: HtrA serine peptidase 2) in 9.5 WT and POLG mice fed 
either Chow or Chow supplemented with 1.5mg/mouse/day PARiB for 6 weeks 
(WC: WT Chow, WP: WT Chow+PARiB, PC: POLG Chow, PP: POLG 
Chow+PARiB). B) Atg7 and Hsp60 western blot in liver protein lysates from 
chow and Chow+PARiB fed POLG mice (two mice per group). Actin is used as 
a loading control C) Hepatic metabolic/mitochondrial gene expression (mt-
Atp8: ATP synthase F0 subunit 8, FGF21: fibroblast growth factor 21, PGC1a: 
ppar gamma coactivator 1 alpha) measured by qPCR. D) Immunoblot of the 
five ETC complexes (CI-V) in protein lysates from liver (two mice per group). 
Porin is used as a loading control. Data are represented as mean + SEM. n = 
4-5/group. *p < 0.05, **p < 0.005, ***p < 0.0005 versus WT Chow unless 
otherwise noted. 
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Chapter IV Figure 3: PARiB treatment impacts metabolic parameters in 
young POLG mice. A) Changes in whole body weight in 3.5 month-old WT and 
POLG mice fed either Chow or Chow supplemented with 1.5mg/mouse/day 
PARiB for 6 weeks. B) Changes in testis weight normalized to whole body 
weight. C) Quantification of fasting blood glucose and D) Lactate levels after 6 
weeks of PARiB treatment (C: Chow, +P: Chow+PARiB). Data are 
represented as mean + SEM. n = 4-5/group. *p < 0.05, **p < 0.005, ***p < 
0.0005 versus WT Chow unless otherwise noted. 
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Chapter IV Figure 4: Metabolic parameters in progeroid 8.5 POLG mice 
treated with NR. A) Changes in whole body weight in 8.5 month-old WT and 
POLG mice fed either Chow or Chow supplemented with 12mg/mouse/day NR 
for 6 weeks. B) Quantification of fasting blood glucose, C) Lactate, and D) 
FGF21 levels after 6 weeks of NR treatment (C: Chow, +N: Chow+NR). Data 
are represented as mean + SEM. n = 4-5/group. *p < 0.05, **p < 0.005, ***p < 
0.0005 versus WT Chow unless otherwise noted. 
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Chapter IV Figure 5: NR induces an aerobic starvation-like response in WT, 
but not POLG mice fed a HFD. A) Changes in whole body weight in 8.5 month-
old WT and POLG mice fed either HFD or HFD supplemented with 
12mg/mouse/day NR for 6 weeks. B) CLAMS cabinet measurement of the 
oxygen consumption rate at 22°C (VO2) in WT and C) POLG mice after 6 
weeks of NR treatment, over the course of a 24-hour Zeitgeber day. D) 
Differences in VO2 were quantified by area under the curve (AUC). E) 
Quantification of fasting blood glucose, F) Lactate, and G) FGF21 levels after 
6 weeks of NR treatment (H: HFD, +N: HFD+NR). Data are represented as 
mean + SEM. n = 4-5/group. *p < 0.05, **p < 0.005, ***p < 0.0005 versus WT 
Chow unless otherwise noted. 
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Chapter IV Figure 6: NR rescues deficient thermogenic gene expression in 
BAT from POLG mice fed chow, but not HFD. A) Quantification of BAT 
thermogenic gene expression (Dio2: deiodinase 2, B) PGC1a: ppar gamma 
coactivator 1 alpha, C) UCP1: uncoupling protein 1, D: Elovl3: fatty acid 
elongase 3, E) Adrb3: adrenoreceptor beta 3, and F) Cox8b: cytochrome C 
oxidase, subunit 8B) in 8.5 WT and POLG mice fed either Chow/HFD or 
Chow/HFD supplemented with 12mg/mouse/day NR for 6 weeks (C: Chow, 
+N: Chow+NR, H: HFD, +N: HFD+NR). Data are represented as mean + SEM. 
n = 4-5/group. *p < 0.05, **p < 0.005, ***p < 0.0005 versus WT Chow unless 
otherwise noted. 
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CHAPTER FIVE: 

 

Hepatic FGF21 Relays Mitochondrial Stress to Signal for Adaptive 

Improvements in Oxidative Metabolism 
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Abstract 

 Many popular therapeutic avenues for metabolic disease make use of 

agents and interventions that mildly stress mitochondria, causing a 

compensatory increase in mitochondrial function known as hormesis. Exercise 

and other “mito-hormetic” drugs have long been known to improve 

mitochondrial function in this manner, but there exists an ill-defined line 

between the benefits of hormesis and dysfunction. In this chapter, I investigate 

and model a diverse range of mitochondrial stressors in cultured hepatocytes 

and obese mice. Treatment with FCCP, a mitochondrial uncoupler, specifically 

increased the oxidative capacity of hepatocytes in culture, and induced 

fibroblast growth factor 21 (FGF21) gene expression in vitro. Interestingly, 

FCCP appears to function in an AMPK-dependent but PPAR alpha-

independent manner. Furthermore, administration of the diabetes drugs 

phenformin and metformin induced FGF21, increased oxygen consumption, 

and amplified thermogenic gene expression in obese mice. These findings 

highlight FGF21 as a putative messenger of general hepatic mitochondrial 

stress, which promotes a systemic oxidative metabolic shift and mitohormesis.  

 

Introduction 

Small levels of sub-cytotoxic cellular stress can illicit adaptive favorable 

compensatory changes, a phenomenon known as hormesis (Rattan, 2008). In 
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the mitochondria, this response involves induction of repair pathways such as 

autophagy and is induced to stabilize fluctuations in energetic homeostasis 

(Ristow and Zarse, 2010). Mechanistically, this effect is believed to be 

attributable to elevated levels of reactive oxygen species (ROS) functioning as 

intracellular hormetic signaling molecules (Ristow, 2014). Mitochondrial 

cellular hormesis (also known as mitohormesis) is thought to at least partially 

account for the metabolic improvements caused by many popular anti-

diabetes drugs (De Haes et al., 2014). In fact, compounds with mitohormetic 

properties have previously seen some use as anti-obesity therapies and even 

as dieting aids, albeit with mixed efficacy. For example, 2,4-Dinitrophenol 

(DNP), an ionophore capable of uncoupling the protein gradient across the 

inner mitochondrial membrane that drives ATP synthesis, can consequently 

greatly elevate metabolic rate even in resting individuals (Harper et al., 2001). 

As a result, DNP was widely used to promote fat burning and weight loss in 

the 1930s, but was rapidly removed from the market due to serious and 

sometimes fatal side effects, including hyperthermia (Grundlingh et al., 2011). 

In addition, the biguanides phenformin and metformin, which are inhibitors of 

the mitochondrial electron transport chain, can have profound glucose-

lowering and weight loss effects – however, their use (especially phenformin) 

has been associated with incidents of lactic acidosis (De Haes et al., 2014; 

Gan et al., 1992). At low doses, other mitochondrial poisons (even known 
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pesticides) have been used in cell culture and animal models to stimulate 

mitohormesis in a similar manner (Yuyun et al., 2013).   

Despite the apparent benefits of mild levels of stress, accumulating 

insults to the mitochondria can overcome the protective effects of hormesis 

and lead to dysfunction, and the precise gradient of stress that separates 

these two has not completely been established (Lopez-Otin et al., 2013). To 

this end, a large body of research in the mitohormesis field is currently focused 

on the divergent effects of varying concentrations of ROS. Although low levels 

of ROS produced as a result of mitochondrial stress are believed to mediate 

mitohormetic signaling, an entirely ROS-centric mechanism cannot 

comprehensively account for all of the effects of this response (Ristow and 

Zarse, 2010). In general, high levels of ROS are considered to be deleterious, 

and their production is closely linked to oxidative damage within the cell 

(Halliwell, 1991). Furthermore, ROS (and the antioxidant machinery 

synthesized to quench them) are unable to non-autonomously signal from the 

site of initial insult to peripheral tissues, where metabolically-relevant 

processes (such as glucose uptake in muscle or lipid catabolism in the heart) 

occur (Radak et al., 2005). Considering that many orally active mitohormetic 

compounds such as metformin act primarily on the liver, a potentially ROS-

independent mechanism must exist to allow for communication of 

mitochondrial stress signals between tissues (Viollet et al., 2012).  



153 

 

In the previous chapters of this dissertation, I have described a 

mitohormesis-like adaptive response to dietary and mitochondrial stress in the 

polymerase gamma mtDNA mutator (POLG) mouse, a model of aging and 

mitochondrial disease. On a high-fat diet (HFD), these mice undergo weight 

loss, have lowered blood glucose, increased metabolic rate, and exhibit 

mitochondrial biogenesis and thermogenesis in their brown adipose tissue – 

all known hallmarks of mitohormesis (Chapter Three of this dissertation) (Yun 

and Finkel, 2014). Moreover, I have provided evidence that the POLG 

response to HFD is in part mediated by hepatic fibroblast growth factor 21 

(FGF21), an endocrine hormone known to communicate the beneficial effects 

of caloric restriction (Chapter Three of this dissertation) (Potthoff et al., 2009). 

In this chapter, I further investigate the role of FGF21 as a hepatic transmitter 

of mitochondrial stress signals to mediate adaptive systemic changes in 

metabolism and mitohormesis. Moreover, I utilize several compounds with a 

broad range of effects on mitochondrial function to elucidate site-specific 

targets for promoting mitohormesis in cultured hepatocytes and obese mice. 

These data highlight a potential novel mechanistic role for FGF21 in mediating 

the beneficial effects of the biguanides and other mitohormetic drugs on 

metabolism.  
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Results 

FCCP, a mitochondrial uncoupler, stimulates an adaptive hepatic 

oxidative program in vitro. 

 In order to determine how different types of energetic stress impact 

hepatic mitochondrial function and metabolism, I treated immortalized human 

hepatocyte (IHH) cells with a panel of drugs and inhibitors that target different 

aspects of the mitochondria and measured oxygen consumption and oxidative 

PPAR alpha target gene expression as a readout. I first examined the effects 

of three commonly used compounds that impact the electron transport chain 

(ETC) directly: carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP, 

an ionophore that uncouples that proton gradient across the ETC), a 

combination of rotenone and antimycin A (Rot/AntA, two pesticides that inhibit 

complex I and III, respectively), and oligomycin (Olig, an antibiotic that inhibits 

ATP synthesis by complex V). Using the Seahorse XF96 extracellular flux 

analyzer, I observed that FCCP increased the oxygen consumption rate of 

these cells by ~1.6-fold, which was decreased by at least 2-fold following 

Rot/AntA and Oligomycin treatment (Figure 1A). Similarly, after an overnight 

treatment with these compounds, FCCP exclusively caused AMPK activation 

by phosphorylation, whereas the other two treatments had no effect (Figure 

1B). Since PPAR alpha target genes are highly induced in the livers of POLG 

mice (Chapters Two and Three of this dissertation) I next examined 
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expression of select PPAR alpha target genes in IHH cells treated overnight 

with these compounds. FCCP treatment ubiquitously increased the expression 

of these genes – most notably, fibroblast growth factor 21 (FGF21) and 

insulin-like growth factor binding protein 1 (IGFBP1) were induced by 10-fold 

and 8-fold, respectively (Figure 1C). On the other hand, Rot/AntA treatment 

either suppressed or did not change the expression of most of these genes 

(Figure 1C). Oligomycin slightly induced FGF21, IGFBP1, and CD68 but had a 

marginal impact on the expression of the rest (Figure 1C). Subsequently, I 

examined the effect of several other mitochondrial inhibitors on the oxidative 

state of IHH cells, using FGF21 expression as a readout. Interestingly, many 

of these compounds had divergent effects. For example, azide, a complex IV 

inhibitor, nearly abolished FGF21 mRNA expression while arsenite (which 

inhibits generation of NADH by the Krebs Cycle, greatly decreasing electron 

flux through the ETC) treatment induced FGF21 expression by over 100-fold 

(Figure 1D). These data propose that mitochondrial stress caused by 

uncoupling the ETC (by using a compound such as FCCP) can cause an 

adaptive oxidative response in hepatocytes.  

 I next aimed to determine the molecular mechanisms through which 

FCCP can increase oxygen consumption and induce PPAR alpha target genes 

in IHH cells. Because FCCP treatment specifically activated AMPK in IHH 

cells, I began by evaluating the effects of FCCP treatment in cells transfected 
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with a siRNA targeted against AMPKA2, the catalytic subunit of AMPK. 

AMPKA2 knockdown efficiency by the siRNA after both DMSO (vehicle) and 

FCCP treatment was approximately 93% (Figure 2A). After AMPKA2 

knockdown, FCCP was only able to induce FGF21 and IGFBP1 expression by 

approximately half of what can be observed under control conditions (Figure 

2A). In support, co-treatment of FCCP with the AMPK inhibitor Complex C 

completely ablated the induction of FGF21 by FCCP (Figure 2B). Even though 

FGF21 and IGFBP1 are known transcriptional target genes of PPAR alpha, I 

subsequently examined whether the inductions of these genes by FCCP was 

PPAR alpha-dependent. Specifically, I utilized a similar system to knock down 

PPAR alpha in IHH cells via siRNA followed by DMSO and FCCP treatments. 

PPARA knockdown efficiency by the siRNA was approximately 91% (Figure 

2C). However, PPARA knockdown interestingly had no effect on the induction 

of FGF21 or IGFBP1 mRNA expression by FCCP (Figure 2C). To further 

confirm whether the effects of FCCP treatment in IHH cells are PPAR alpha-

independent, I treated these cells with several well-known agonists of PPAR 

alpha overnight and then quantified FGF21 expression. Neither WY14643, 

Fenofibrate, or GW7647 induced the expression of FGF21 in these cells 

(Figure 2D). These findings demonstrate that the oxidative effects of FCCP 

treatment in IHH cells are AMPK-dependent and PPAR alpha-independent.  
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The biguanide class of anti-diabetic drugs induces FGF21 and increases 

aerobic thermogenesis in mice. 

 The biguanides phenformin and metformin, two compounds believed to 

directly inhibit of Complex I of the ETC, are established anti-type II diabetes 

drugs due to their ability to lower blood glucose levels and prevent weight gain 

(Bailey, 1992). Despite metformin being one of the most widely prescribed 

drugs for diabetes on the market today, several conflicting hypothesis exist as 

to its precise mechanism of action (Luengo et al., 2014). If some of 

metformin’s anti-diabetic effects are attributable to its direct interaction with the 

ETC, I would reason that energetic stress resulting from its inhibition of 

mitochondrial function might be sufficient to induce hepatic FGF21, increase 

oxygen consumption, and induce thermogenesis in brown adipose tissue 

(BAT) – in a similar manner to what I observed in POLG mice fed a high-fat 

diet (Chapter Three of this dissertation). To evaluate this hypothesis, I placed 

cohorts of 2.5 month-old wild-type mice on a high-fat diet (HFD) supplemented 

with phenformin (2.25 mg/mouse/day), metformin (4.5mg/mouse/day), or 

vehicle (water) and assayed oxygen consumption and thermogenic gene 

expression in BAT. By week 10-12 on the diet, metformin and phenformin both 

prevented weight gain on a HFD by roughly 50% (Figure 3A). This resistance 

to diet-induced obesity was accompanied by ~30% lower fasting glucose 

levels in these mice (Figure 3B). Biguanide regiments have been associated 
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with maladaptive lactic acidosis in human diabetes patients (Gan et al., 1992), 

but neither phenformin or metformin increased fasting blood lactate levels in 

these mice after 14 weeks (Figure 3C). Dietary supplementation with both 

metformin and phenformin increased the oxygen consumption rate by 1.5-fold 

over vehicle control, a difference that became most apparent during the dark 

cycle (Figure 3D and 3E). In BAT, expression of the thermogenic genes Cidea, 

Cox8b, and Adrb3 were all induced by 1.5-fold or greater by metformin and 

phenformin treatment, although expression of Ucp1 and Pgc1a was not 

induced by either treatment (Figure 3F). These data propose that biguanide 

treatment can ameliorate diet-induced obesity in young, lean mice through 

promoting a “POLG-like” induction of aerobic thermogenesis.  

 Clinically, biguanides are predominantly used as interventions to treat 

the symptoms of diabetes in obese patients. To determine whether a 

biguanide intervention can stimulate aerobic thermogenesis in an obese 

mouse, I administered a similar regiment of HFD supplemented with vehicle or 

phenformin to 6 month-old obese, diabetic mice. After 4 weeks on the 

treatment, phenformin caused the mice to lose nearly 20 grams in body weight 

(Figure 4A). This weight loss was not attributable to a reduction in food 

consumption – in fact, mice on the phenformin diet consumed around 

3kcal/day more than the vehicle cohort (Figure 4B). Similar to what was 

observed in lean mice, phenformin also lowered fasting glucose levels in these 
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obese mice by ~20% (Figure 4C). Interestingly, phenformin treatment 

increased circulating FGF21 levels by approximately 2-fold in these mice 

(Figure 4D), accompanied by an 8-fold induction of Fgf21 mRNA expression in 

the liver (Figure 4E). Phenformin treatment also significantly reduced visible 

signs of hepatic steatosis (Figure 4F). In the liver, the phenformin diet resulted 

in an increase in AMPK phosphorylation, indicating that the drug is orally 

available and able to activate AMPK (Figure 4G). Furthermore, in BAT from 

these mice phenformin reduced the lipid content and increased the 

eosinophilic tissue content, in a similar fashion to how HFD affected BAT in 

POLG mice (Figure 4H and Chapter Three of this dissertation). Phenformin 

treatment was however insufficient to cause any increase in mitochondrial 

biogenesis in BAT (Figure 4I), but induced the expression of several 

thermogenic genes in this tissue (Figure 4J). Collectively, these data insinuate 

a role for FGF21-induced BAT thermogenesis in the glucose-lowering and 

weight loss properties of phenformin treatment. 

 

Discussion 

 Mitochondrial cellular hormesis, a phenomenon that can occur when 

low levels of mitochondrial stress stimulate adaptive improvements in 

mitochondrial function and subsequently systemic oxidative metabolism, is an 

attractive therapeutic avenue for treating metabolic disorders. Even though 
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many anti-diabetic drugs appear to exert their effects in at least a partially 

mitohormesis-dependent manner, our understanding of the mechanisms by 

which mitohormesis can be induced remains incomplete. In this chapter, I 

investigate the molecular mechanisms through which different kinds of 

mitochondrial stress (in the form of an array of drugs that target several parts 

of the mitochondria) are able to create hormetic effects. In cultured 

hepatocytes, the uncoupler FCCP increased oxygen consumption, activated 

AMPK, and induced oxidative PPAR alpha target gene expression, including 

FGF21. Intriguingly, the pro-oxidative effects of FCCP were dependent on 

AMPK but did not appear to be associated with PPAR alpha. Additionally, in a 

mouse model of diet-induced obesity, the anti-diabetes biguanide drugs 

phenformin and metformin appeared to induce hepatic FGF21 expression, 

increase oxygen consumption, and activate thermogenic programs in BAT – 

which bears considerable phenotypic similarity to POLG mice fed a HFD 

(Chapter Three of this dissertation). Collectively, these findings implicate 

FGF21 as a pro-oxidative messenger of hepatic mitochondrial stress that can 

consequently mediate metabolic adaptations throughout the rest of the body. 

Using mitochondrial poisons to induce mitohormesis is not necessarily 

a novel concept. In fact, even low-dose exposure to the extremely toxic 

arsenite was recently shown to be able to increase lifespan in C. elegans 

through a mitohormesis-dependent mechanism (Schmeisser et al., 2013). 
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However, several potential confounding factors prevent the widespread usage 

of these compounds to treat metabolic disorders. For one, it is difficult to 

control for proper dosing in human subjects who are essentially only provided 

with guidelines on how much drug to take. This issue became evident when 

DNP was on the market – although small amounts of the drug can stimulate 

metabolism, increasing the suggested dose even slightly (which patients 

attempting to lose weight would certainly be tempted to do) led to frequently 

fatal complications (Bartlett et al., 2010; Grundlingh et al., 2011). If a potent 

mitochondrial poison such as rotenone or arsenite were to be implemented 

therapeutically, strategies to avoid a similar issue to DNP overdosing would 

have to be considered. In addition, our mechanistic understanding of how 

mitochondria are able to sense stress and damage and subsequently induce 

mitohormesis is quite limited. While ROS, AMPK activity, and stress response 

pathways (such as the mitochondrial unfolded protein response) are all 

certainly involved,  the identity of a more concerted mechanism linking these 

directly would prove valuable for developing mitohormesis-based therapies 

(Yun and Finkel, 2014). Furthermore, identifying and targeting the specific 

mitochondrial proteins responsible for sensing damage from a drug such as 

rotenone or DNP would mitigate the numerous and severe off-target toxic 

effects of these compounds.  
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Further insight into the molecular mechanisms that regulate FGF21 

would be valuable for determining its precise role in relaying mitohormetic 

signals. Classically, FGF21 is thought to be transcriptionally induced by PPAR 

alpha, which becomes activated by fatty acids liberated during fasting that 

serve as ligands (Lundasen et al., 2007). However, PPAR alpha is not 

exclusively responsible for regulating transcription of FGF21 – the FGF21 

promoter also contains a glucose-sensitive carbohydrate response element 

binding protein (ChREBP) domain (Iizuka et al., 2009). Interestingly, FGF21 

has also been shown to activate AMPK in the liver through a SIRT1/PGC1 

alpha dependent mechanism (Chau et al., 2010). As AMPK appears to be 

essential for the induction of hepatic FGF21 expression, these findings provide 

evidence for a potential feed-forward regulation loop for FGF21 and AMPK in 

the liver. Emerging evidence has also begun to link the biguanides phenformin 

and metformin to FGF21, but the effect of these drugs on brown adipose 

tissue and thermogenesis has not yet been explored. More specifically, 

metformin has recently been shown to induce FGF21 in cultured hepatocytes 

as well as in the livers of mice given the drug, but the exact contributions that 

FGF21 has to the anti-type II diabetes effects of metformin remain unclear 

(Kim et al., 2013; Nygaard et al., 2012). Understandably, a companion study 

utilizing FGF21-knockout mice administered HFD with metformin or 

phenformin will be required to determine the precise role of FGF21 as a pro-
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mitohormetic messenger of mitochondrial stress. At the time of writing this 

chapter, I have generated liver-specific FGF21 knockout mice (FGF21 flox/flox 

x Albumin-Cre) and am in the process of utilizing these mice to conduct these 

experiments. These studies have the potential to provide a great amount of 

insight into the mechanisms by which biguanides such as metformin, the most 

common diabetes drug in use today, can cause systemic improvements in 

metabolism.  

 

Experimental Procedures 

Cell Culture 

Immortalized human hepatocyte cells were cultured in DMEM/F-12 containing 

GlutaMAX (Invitrogen), supplemented with 10% fetal bovine serum, 

0.02μmol/mL insulin, and 50nM dexamethasone. Cells were plated on 6-well 

dishes and allowed to reach confluency prior to drug treatments. Cell stocks 

were split using 0.25% trypsin with EDTA and preserved at -80°C in 

Bambanker freezing medium. Drugs were purchased in powdered form from 

either Sigma Aldrich or Cayman Chem and solubilized in 200x working DMSO 

stock solutions. All drug treatments (including vehicle) were conducted as to 

maintain a final media concentration of 1% DMSO, and at non-cytotoxic 

amounts of each drug.  
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Seahorse XF96 Assays 

Immortalized human hepatocytes were plated onto Seahorse XF96 96-well 

plates and allowed to grow to confluency. Before running the assay, cells were 

switched to running media (1X KHB buffer with 0.45g/L glucose) and 

equilibrated at 37°C without CO2 supplementation. The assay was then 

conducted per the manufacturer’s instructions. 

siRNA Transfections 

Immortalized human hepatocytes were grown to confluency in 6-well plates, 

then transfected using the X-tremeGENE 9 reagent (Roche) with 100nM of 

siRNAs specific to AMPKα2 (Signal Silence I, Cell Signaling Technologies) or 

PPARα (ON-TARGETplus SMARTpool #5465) or 100nM of the corresponding 

control siRNA with a scrambled sequence. Cells were allowed to transfect for 

48 hours before overnight drug treatments.   

Animals 

2.5 and 6 month-old male wild-type mice (>99% C57BL/6 genetic background) 

received a high-fat (60%) diet (F3282, Bio-Serv, 5.5kcal/g) and water ad 

libitum up until usage for terminal studies. DIO mice were maintained on high-

fat diet from 2 months of age to 6 months of age before given custom diets. 

Custom high-fat diets containing metformin and phenformin (Cayman Chem) 

were prepared by dissolving each compound in an appropriate amount of 

water as vehicle (Phenformin at 2.25 mg/mouse/day and Metformin at 4.5 
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mg/mouse/day), then mixing thoroughly with the high-fat diet described above. 

Custom diets containing the drugs were stored at −20°C. Mice were housed at 

22°C on a 12-hour light/dark cycle.  

Gene Expression 

Total RNA was isolated from mouse tissue and cells with the TRIzol reagent, 

and cDNA was subsequently synthesized from 1 μg of RNA using iScript (Bio-

Rad). mRNA levels were quantified by qPCR with SYBR Green (Bio-Rad). 

These experiments were  performed in technical triplicates, and relative 

expression levels were normalized against HPRT mRNA levels for mouse 

samples and U36B4 RNA levels for immortalized human hepatocyte cells, in 

the same RNAs. Reference Appendix 1 and Appendix 2 for qPCR primer 

sequences used in this chapter. 

Metabolic Studies 

Mice were housed in the Oxymax/CLAMS metabolic cage system from 

Columbus Instruments for 4 days with ad lib access to food and water. VO2 

was measured by the Oxymax system.  

Serum Analyses 

Blood was collected during necropsy after a 12-hour fast by cardiac puncture. 

Blood glucose was measured using the NovaMAX glucometer system. Blood 

lactate was measured using the Lactate Scout system. Serum FGF21 

(Millipore) was measured by ELISA.  
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Western Blots 

Tissue (~100mg) and cell (~1.2x106 cells) lysates prepared in RIPA buffer 

(10 mM Tris-HCl, pH 8.0, 1mM EDTA, 0.5mM EGTA, 140 mM NaCl, 1% Triton-

X100, 0.1% sodium deoxycholate, 0.1% SDS, and protease/phosphatase 

inhibitor cocktails (Roche) were resolved by SDS–PAGE and probed using 

primary antibodies specific to p-AMPK and total AMPK (Cell Signaling 

Technologies). 

Statistics 

All data is presented as means ± standard error. The two-tailed unpaired 

Student’s t-test or one-way ANOVA with Bonferroni’s multiple comparison was 

used to determine the significance of difference between data sets. These 

differences were considered statistically significant when p < 0.05. 
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Chapter V Figure 1: Effects of mitochondrial inhibitors on energetics and 
PPAR alpha gene expression in cultured hepatocytes. A) Oxygen 
consumption rates of cultured immortalized human hepatocyte (IHH) cells as 
measured with the Seahorse XF96 extracellular flux analyzer. Baseline: 
unstimulated rate of oxygen consumption, Post-Inject: oxygen consumption 
rate at 10 minutes after drug injection. DMSO: 1% dimethyl sulfoxide (vehicle 
control), FCCP: 10μM carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone 
(mitochondrial uncoupler), Rot/AntA: 1μM rotenone and 1μM antimycin A 
(complex I and III inhibitors), and Olig: 10μM oligomycin (complex V inhibitor). 
B) Immunoblot for phosphorylated (p-) and total AMPK levels in IHH cells 
treated overnight (12 hours) with D: 1% DMSO, F: 10μM FCCP, R/A: 1μM ea 
Rot/AntA, and O: 10μM oligomycin. C) Quantification of mRNA levels of 
transcriptional target genes of PPAR alpha (PPARA: peroxisome proliferator 
activating receptor alpha, FGF21: fibroblast growth factor 21, IGFBP1: insulin-
like growth factor binding protein 1, CD68: cluster of differentiation 68, VLDLR: 
very low-density lipoprotein receptor, and ABCB4: ATP-binding cassette 
subunit B4) in IHH cells treated with mitochondrial inhibitors as described in B). 
D) Quantification of FGF21 mRNA levels in IHH cells treated overnight with 
either DMSO: vehicle control at 1%, Azide: complex IV inhibitor at 250μM, 
Nigericin: ionophore at 50μM, Metformin: complex I inhibitor at 2 mM, NEM (n-
ethylmaleimide): vesicular transport inhibitor at 1mM, Phenformin: complex I 
inhibitor at 2mM, TTFA (Thenoyltrifluoroacetone): complex II inhibitor at 
100μM, or Arsenite: Krebs cycle inhibitor at 5μM. Data are represented as 
mean + SEM. n = 3-5/group. *p < 0.05, **p < 0.005, ***p < 0.0005 versus 
baseline or DMSO-treated. 
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Chapter V Figure 2: FCCP induces FGF21 expression in an AMPK-
dependent but PPAR alpha-independent manner. A) Quantification of mRNA 
levels of AMPKA2 (AMP-activated protein kinase, alpha 2 catalytic subunit), 
FGF21, and IGFBP1 in cultured IHH cells transfected with either a scrambled 
siRNA (Scram) or an AMPKA2-targeted siRNA (AMPKα), and treated 
overnight with 1% DMSO or 10μM FCCP. B) Quantification of FGF21 mRNA 
levels in IHH cells co-treated overnight with either 1% DMSO or 10μM FCCP, 
with (+) or without (-) the AMPK inhibitor compound C (Comp. C) at 20μM. C) 
Quantification of mRNA levels of PPARA, FGF21, and IGFBP1 in cultured IHH 
cells transfected with either a scrambled siRNA (Scram) or a PPAR alpha-
targeted siRNA (PPARα), and treated overnight with 1% DMSO or 10μM 
FCCP. D) Quantification of FGF21 mRNA levels in IHH cells treated overnight 
with 1% DMSO (D) or the PPAR alpha agonists WY14643 (WY, at 10μM), 
Fenofibrate (FF, at 25μM), and GW7647 (GW, at 100nM). Data are 
represented as mean + SEM. n = 3-5/group. *p < 0.05, **p < 0.005, ***p < 
0.0005 versus DMSO-treated unless otherwise noted.  
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Chapter V Figure 3: Biguanide treatment with a HFD increases oxygen 
consumption and thermogenic gene expression. A) Changes in whole body 
weight in 2.5 month-old wild-type mice fed a high-fat diet (HFD) supplemented 
with either Vehicle (water), 75mg/kg/day Phenformin, or 150mg/kg/day 
Metformin for 14 weeks. B) Quantification of fasting blood glucose and C) 
lactate levels after 14 weeks on each diet. D) and E) CLAMS cabinet 
measurement of the oxygen consumption rate at 22°C (VO2) by area under 
the curve (AUC) after 14 weeks on each diet, over the course of a 24-hour 
Zeitgeber day (Veh: Vehicle, Phen: Phenformin, Met: Metformin). F) 
Quantification of thermogenic gene expression (Cidea: cell death-inducing 
DFFA-like effector a, Cox8b: cytochrome c oxidase polypeptide 8b, Adrb3: 
adrenoceptor beta 3, Ucp1: uncoupling protein 1, and Pgc1a: PPAR gamma 
coactivator 1 alpha) in brown adipose tissue (BAT) via qPCR (V: Vehicle, P: 
Phenformin, M: Metformin). Data are represented as mean + SEM. n = 
5/group. *p < 0.05, **p < 0.005, ***p < 0.0005 versus Vehicle. 
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Chapter V Figure 4: Phenformin induces FGF21 and activates brown adipose 
tissue in a mouse model of diet-induced obesity. A) Changes in whole body 
weight in 6 month-old diet-induced obese (DIO) wild-type mice fed a high-fat 
diet (HFD) supplemented with either Vehicle (water) or 75mg/kg/day 
Phenformin for 4 weeks. B) Food consumption (kcal consumed per day) after 
4 weeks on each diet. C) Quantification of fasting blood glucose and D) FGF21 
levels after 4 weeks on each diet. E) Quantification of Fgf21 mRNA levels in 
liver by qPCR (Veh: Vehicle, Phen: Phenformin). F) H&E stained sections from 
livers and H) brown adipose tissue. Scale bar: 50μm. G) Immunoblot for 
phosphorylated (p-) and total AMPK levels in liver. I) Quantification of BAT 
mtDNA normalized to total genomic DNA by qPCR. J) Quantification of 
thermogenic gene expression (Cox8b: cytochrome c oxidase polypeptide 8b, 
Dio2: deiodinase type 2, Pgc1a: PPAR gamma coactivator 1 alpha, and 
Cidea: cell death-inducing DFFA-like effector a) in brown adipose tissue via 
qPCR (V: Vehicle, P: Phenformin). Data are represented as mean + SEM. n = 
5/group. *p < 0.05, **p < 0.005, ***p < 0.0005 versus Vehicle. 
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CHAPTER SIX: 

 

Dynamic Regulation of ERR Gamma and PGC1a by  

Histone Deacetylases in Muscle  
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Abstract 

 Post-translational modification of chromatin is tightly linked to the 

regulation of gene expression, and deacetylation of histones by HDACs 

coordinates chromatin condensation, resulting in transcriptional repression. 

This chapter explores the function of a diverse set of HDACs in regulating the 

activity of the nuclear receptor ERR gamma, which modulates metabolic 

processes in muscle. Global inhibition of histone deacetylation by sodium 

butyrate in cultured myotubes induced ERR gamma target gene expression 

and greatly increased the oxidative capacity of these cells. However, treatment 

with the Class I HDAC-specific inhibitor MS-275 induced a glycolytic metabolic 

shift and blunted muscle differentiation. Intraperitoneal injection of MS-275 into 

mice was highly detrimental to muscle, and induced pathways of genes that 

activate apoptosis and cell death. These findings suggest that the regulation of 

ERR gamma by histone acetylation in muscle is convoluted and likely largely 

divergent between the different classes of HDACs. 

 

Introduction 

 Histone deacetylases (HDACs) are integral regulators of gene 

expression at the level of chromatin structure. By removing acetyl groups from 

the histones that surround the regulatory promoters, enhancers, and other 

response elements on DNA, HDACs can facilitate the condensation of 
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chromatin, resulting generally in the repression of transcription (Pazin and 

Kadonaga, 1997). HDACs can be categorized into several functional classes, 

with varying intracellular localization, tissue expression patterns, and known 

protein substrates (Khan et al., 2008). For example, Class I and Class II 

HDACs are “classical” HDACs that are localized in the nucleus and 

predominantly interact with and deacetylate histones bound to chromatin 

directly (Barneda-Zahonero and Parra, 2012). Further, Class IIa HDACs can 

be classified by their myocyte enhancer factor 2 (MEF2) binding domain – a 

transcription factor important for development that is commonly mutated in 

some types of cancers – which targets this family of HDACs to their 

appropriate genomic loci (Jayathilaka et al., 2012). On the other hand, Class 

III HDACs, also known as sirtuins, require NAD+ as a cofactor and are 

capable of deacetylating a wide array of non-histone proteins, including the 

metabolic transcriptional coregulator PPAR gamma coactivator 1 (PGC1) 

alpha (Canto and Auwerx, 2009; Liu et al., 2009). HDACs have also been 

demonstrated to deacetylate the tumor suppressor p53, which implicates a 

role for HDACs and their inhibitors as potential therapies for cancer (Wagner 

et al., 2010). Importantly, the structural differences between the separate 

classes of HDACs allows their activity to be selectively modulated by specific 

HDAC inhibitors (Barneda-Zahonero and Parra, 2012). As such, HDAC 

inhibitors have been valuable research tools for discovering the mechanisms 
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that govern the class-specific functions of HDACs in the transcriptional 

regulation of gene expression (Johnstone and Licht, 2003).  

 The dynamic acetylation state of histones is critically intertwined with 

the regulation of metabolism as well. In a broad sense, the global acetylation 

state of chromatin can be closely linked to the availability of substrates and 

cofactors for HDACs – both NAD+ and Acetyl-CoA, two metabolites produced 

during normal catabolic processes – are essential for HDAC function in this 

manner (Katada et al., 2012). Moreover, deletion of hepatic HDAC3 

completely abolishes normal circadian rhythms and the proper cycling of 

metabolic gene expression under control of the nuclear receptors Rev-erb 

alpha and beta (Feng et al., 2011). Other nuclear receptors in several different 

tissue types are also sensitive to regulation by HDACs. For example, Class I 

HDACs (such as HDAC2) interact directly with a multi-subunit co-repressor 

complex, the nucleosome remodeling and histone deacetylation (NuRD) 

complex, which associates with nuclear receptors at their DNA binding sites to 

silence transcription (Hu and Lazar, 2000; Xue et al., 1998). While the 

regulation of nuclear receptors such as thyroid hormone receptor (TR) by 

NuRD has been previously established, our comprehensive understanding of 

the impact that NuRD, HDACs, and histone acetylation has on nuclear 

receptor-controlled gene expression remains fairly limited (Feng and Zhang, 

2003; Xue et al., 1998).  
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In this chapter, I explore the interplay between HDACs and the 

regulation of the nuclear receptor estrogen-related receptor (ERR) gamma. 

ERR gamma, in addition to being coregulated by PGC1 alpha, regulates the 

expression of genes important for mitochondrial function and oxidative 

metabolism in tissues with large energetic demands, such as the heart and 

muscle (Rangwala et al., 2010). Interestingly, ERR gamma has no known 

physiological ligands (and is therefore considered an orphan nuclear receptor), 

suggesting that its regulation is more intricately controlled by coregulator 

complexes, potentially such as the NuRD complex (Gronemeyer et al., 2004; 

Zhang and Teng, 2007). Here, I utilize the broad-spectrum inhibitor of histone 

acetylation sodium butyrate as well as the Class I HDAC-specific inhibitor MS-

275 to evaluate the impact that HDACs have on the regulation of ERR gamma 

and its underlying metabolic processes in cultured myotubes and mouse 

muscles. Butyrate treatment appeared to bolster the oxidative capacity of 

C2C12 myotubes, which was coupled with an increase in both ERR gamma 

target gene expression and histone acetylation. In contrast, MS-275 activated 

ERR gamma target gene expression but blunted the metabolic capacity of 

these cells as well as their ability to fully differentiate into functional myotubes. 

Strikingly, MS-275 induced the expression of gene networks that promote 

programmed cell death in muscle when injected into mice. These findings 
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underline a complex role for histone acetylation by multiple types of HDACs in 

the involvement of ERR gamma’s regulation of metabolic processes in muscle.  

 

Results 

Butyrate inhibits histone deacetylation and induces an oxidative ERR 

gamma-dependent gene expression program in cultured myotubes. 

 Can HDAC inhibition in muscle disrupt the genomic interaction of 

repressor complexes with ERR gamma, facilitating the activation of an 

oxidative gene expression program? To begin to explore this question, I 

treated differentiated C2C12 mouse myotubes in culture with the sodium salt 

of butyric acid, sodium butyrate, a compound known to broadly increase 

histone acetylation when used at millimolar concentrations in several types of 

cultured cells (Candido et al., 1978). I first examined how butyrate impacted 

the oxidative capacity of these cells using the Seahorse XF96 extracellular flux 

analyzer. 12 hours of butyrate treatment increased the basal rate of oxygen 

consumption in C2C12 myotubes by 1.3-fold (Figure 1A), with a maximum 

increase of 1.5-fold after the cells were uncoupled by addition of FCCP during 

the assay (Figure 1B). Next, to determine if this induction of oxygen 

consumption was due to an increase in mitochondrial biogenesis, I quantified 

mitochondrial DNA copy number and protein levels of the mitochondrial 

electron transport chain subunits in these cells following butyrate treatment. 
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Strikingly, butyrate increased the amount of mitochondria in C2C12s by 1.5-

fold, and also induced the expression of protein levels of complex I and II 

(Figure 1C and 1D). Butyrate treatment also increased the expression of 

several oxidative ERR gamma target genes in these cells by at least 1.5-fold, 

with levels of PGC1 alpha elevated to nearly 6-fold over vehicle treatment 

(Figure 1E). Importantly, a dramatic increase in histone acetylation was 

evident following butyrate treatment (using protein levels of acetyl-histone H3 

as a readout) (Figure 1F). Despite the observed effects on oxygen 

consumption, mitochondrial biogenesis, and oxidative gene expression, 

butyrate treatment did interestingly not appear to result in any activating 

phosphorylation of AMPK (Figure 1G).   

 Given the robust induction of oxidative metabolism and gene 

expression by butyrate treatment in C2C12 myotubes, I subsequently asked 

whether butyrate impacted the interaction of ERR gamma and Class I HDACs 

with their respective genomic binding sites. To answer this question, I used 

chromatin immunoprecipitation followed by quantification via qPCR (ChIP-

qPCR) to evaluate binding patterns of these proteins at the promoter regions 

of known ERR gamma target genes following butyrate treatment. Similar to 

what can be observed for total acetylated histone H3, butyrate substantially 

increased the amount of acetylated histone H3 at the promoters of several 

ERR gamma target genes (Figure 2A). However, Butyrate treatment did not 
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appear to impact the interaction of ERR gamma with the promoters of its target 

genes directly (Figure 2B), suggesting that the recruitment or liberation of 

corepressor and coactivator complexes might be more relevant to the 

regulation of ERR gamma. In support of this idea, I also observed that butyrate 

treatment reduced the amount of the co-repressive Class I histone 

deacetylase HDAC2 interacting with the promoters of ERR gamma target 

genes (Figure 2C).  

 Since butyrate promotes an oxidative transition in C2C12 myotubes 

(which seems to likely be attributable at least in part to hyperacetylation of 

histones proximal to the promoters of ERR gamma target genes), I next asked 

whether butyrate treatment could impact the functional morphology of these 

cells. Histologically, butyrate treatment appeared to blunt the formation of 

multi-nucleated large myotubes that normally appear in cultured C2C12s after 

differentiation day 3 (Figure 3A). To investigate what might be responsible for 

this difference, I examined how expression levels of the different fiber type-

determining isoforms of myosin heavy chain (MyHC) were affected by butyrate 

treatment. Interestingly, butyrate slightly induced the expression of the 

oxidative slow-twitch MyHC I, and conversely decreased the expression of the 

glycolytic fast-twitch MyHC IIs by approximately 2-fold (Figure 3B). I 

subsequently evaluated expression levels of genes that are markers of 

myoblast to myotube differentiation in these cells. Butyrate treatment actually 
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reduced the expression of the myogenesis-promoting genes Myf5 and Myog, 

yet appeared to slightly (but not statistically significantly) increase the 

expression of Myf6 (Figure 3C). Collectively, these findings demonstrate that 

sodium butyrate can inhibit histone deacetylation at ERR gamma target gene 

promoters in C2C12 myoblasts, which can drastically impact the oxidative as 

well as differentiation states of these cells. 

MS-275, a selective Class I HDAC inhibitor, causes a maladaptive 

glycolytic shift in C2C12 myotubes and mouse muscle. 

 Sodium butyrate is a highly non-specific inhibitor of histone 

deacetylation – at its working concentration in the millimolar range, it likely 

interacts with and inhibits a wide array of deacetylases (Candido et al., 1978). 

In order to determine the importance of Class I histone deacetylase inhibition 

specifically to the pro-oxidative effects induced by butyrate in muscle, I 

conducted a similar set of experiments utilizing overnight treatments of the 

Class I HDAC-specific inhibitor MS-275 in C2C12 myotubes (Simonini et al., 

2006). Structurally, MS-275 contains a benzamide backbone and has little 

similarity to sodium butyrate (Figure 4A). Overnight treatment with 5μM MS-

275 increased acetylation of histone H3 to levels observed with 5mM butyrate 

and also with Trichostatin A, another known HDAC inhibitor (Figure 4B). In 

contrast to the effects of butyrate treatment, MS-275 actually however 

decreased the basal as well as the maximum oxygen consumption rates of 
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cultured myotubes, as measured using the Seahorse XF96 assay (Figure 4C 

and 4D). MS-275 treatment induced the expression of some, but not all of the 

ERR gamma target genes induced by butyrate in these cells; most notably, 

MS-275 and butyrate both increased the expression of Glut4, Pdk4, and Pgc1 

alpha by more than 2-fold over vehicle (Figure 4E). MS-275 also appeared to 

blunt the formation of multinucleated myotubes after differentiation day 3 

(Figure 4F). In striking contrast to the effect of butyrate, MS-275 decreased the 

expression of the oxidative slow-twitch MyHC I but increased the expression of 

the glycolytic fast-twitch MyHC IIb by more than 2-fold (Figure 4G). Similarly, 

MS-275 appeared to strongly repress the expression of muscle markers of 

differentiation (myogenic factor 5/6) and myogenic regulatory factors (MyoD 

and MyoG) in C2C12 cells (Figure 4H).  

 In light of the considerable differences between butyrate and MS-275 

treatment in C2C12 myotubes, I was subsequently interested in evaluating the 

effects of MS-275 on mouse muscles in vivo. To accomplish this, I utilized 

mice that were injected daily with 1mg/kg MS-275 for 4 weeks by Elizabeth Yu 

and Wanda Waizenegger from my laboratory (Figure 5A). In these mice, MS-

275 appeared to be able to permeate and increase acetylation of histone H3 in 

four types of muscles: gastrocnemius, soleus, white quadriceps, and tibialis 

anterior in comparison to vehicle (Figure 5B). MS-275 also slightly increased 

the expression of the ERR gamma target genes Fabp3, Pgc1 alpha, and Pdk4 
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over levels in vehicle-injected animals in tibialis anterior (Figure 5C) and white 

quadriceps (Figure 5D). In order to obtain a global representation of the effects 

of MS-275 on muscle gene expression in these mice, I conducted a microarray 

on RNAs isolated from tibialis anterior and white quadriceps, and utilized gene 

ontology to identify biological processes that are upregulated by MS-275 in 

comparison to vehicle. Surprisingly, gene ontology analyses revealed that MS-

275 primarily activates the expression of gene families involved in 

programmed cell death and apoptosis in mouse muscles (Figure 5E and 5F). 

Taken together, these data highlight a strict contrast between the effects of 

sodium butyrate and MS-275 treatments, and underline the potential cytotoxic 

effects of Class I-specific HDAC inhibition by MS-275 both in vitro and in vivo. 

 

Discussion 

 Sodium butyrate appears to promote oxidative metabolism in muscle, 

while MS-275 conversely reduces the oxidative capacity of this tissue and 

activates programmed cell death. Considering that both of these HDAC 

inhibitors positively regulate ERR gamma target gene expression, how can 

their divergent effects potentially be explained? The difference likely lies in the 

specificities of these two compounds for different types of HDACs. At a 

concentration of 5mM, it can reasonably be assumed that butyrate might non-

specifically interact with a wide variety of deacetylases (Davie, 2003). In 
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addition, butyrate is a fatty acid that when catabolized produces acetyl-CoA, 

meaning that it might also be functioning as a metabolic substrate when 

administered at millimolar concentrations to cells (Prasad, 1980). Fatty acids 

themselves also can have profound effects on metabolic processes in muscle, 

such as inhibiting the downstream functions of insulin signaling, including 

glucose uptake and glycogen synthesis (Chavez and Summers, 2003). The 

pro-oxidative effects of butyrate have also recently begun to be explored in 

vivo. Oral administration of butyrate was sufficient to promote energy 

expenditure and induce mitochondrial biogenesis in mice, although the precise 

mechanism of action remains unclear (Gao et al., 2009). Considering the 

above, mechanistically coupling the effects of butyrate on metabolism to its 

known function as a HDAC inhibitor will be considerably difficult. In an attempt 

to address this issue, I also conducted a pilot study utilizing treatments with 

millimolar amounts of the non-fatty acid isomer of butyrate, isobutyrate, in 

C2C12 cells. Interestingly, isobutyrate increased ERR gamma target gene 

expression but had no effect on oxygen consumption rate (data not shown). 

However, isobutyrate treatment also did not result in an increase in histone 

acetylation in these cells (data not shown). Further studies similar to this one 

will be required to mechanistically explain the various effects of butyrate on 

muscle. 
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 While striking, the apparent cytotoxic effects of MS-275 in muscle 

described in this chapter are not necessarily surprising. MS-275 has actually 

seen some clinical use as a chemotherapeutic given its ability to induce 

apoptosis preferentially in highly proliferative cells (Lucas et al., 2004; Ryan et 

al., 2005). However, this paradigm for MS-275’s mode of action would 

seemingly restrict it from impacting terminally differentiated muscle. Since the 

muscle-specific effects of MS-275 have been mostly previously unexplored, 

the data described in this chapter would suggest that more careful 

consideration be given to the use of MS-275 as a chemotherapy. It is also 

interesting to note how MS-275 treatment increases the expression of ERR 

gamma target genes in muscle, yet seems to revert many of the functional 

oxidative changes conferred by these genes. One might reason that the 

apparent apoptotic cascade induced by MS-275 might override the metabolic 

functions of muscle despite increasing transcript levels of oxidative genes. 

Understandably, future research into the potentially detrimental tissue-specific 

effects of MS-275 will be required in order to maintain its efficacy as a 

chemotherapeutic.  
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Experimental Procedures 

Cell Culture 

C2C12 mouse myoblast cells were propagated in DMEM supplemented with 

20% fetal bovine serum, and induced to terminally differentiate into myotubes 

by serum withdrawal. Cells were plated on 6-well dishes and allowed to reach 

confluency prior to differentiation and drug treatments. Cell stocks were split 

using 0.25% trypsin with EDTA and preserved at -80°C in Bambanker freezing 

medium. Sodium butyrate was purchased in powdered form from Sigma 

Aldrich and solubilized in 200x working PBS stock solutions. MS-275 was 

solubilized in DMSO. MS-275 treatment conditions (including vehicle) were 

conducted as to maintain a final media concentration of 1% DMSO.  

Seahorse XF96 Assays 

C2C12 mouse myoblasts were plated onto Seahorse XF96 96-well plates and 

allowed to grow to confluency, then differentiated for 3 days as previously 

described. Before running the assay, cells were switched to running media (1X 

KHB buffer with 0.45g/L glucose) and equilibrated at 37°C without CO2 

supplementation. The assay was then conducted per the manufacturer’s 

instructions. A mid-assay injection of 10μM FCCP was performed to determine 

the maximum capable oxygen consumption rate.  

 

 



192 

 

Animals 

4 month-old male wild-type mice (>99% C57BL/6 genetic background) 

received a standard chow diet (MI laboratory rodent diet 5001, Harlan Teklad, 

3kcal/g) and water ad libitum up until usage for terminal studies. Mice were 

housed at 22°C on a 12-hour light/dark cycle. Administration of MS-275 was 

performed daily by intraperitoneal  injection over the duration of 4 weeks. For 

injections, MS-275 was solubilized in DMSO and then diluted to 1% in PBS at 

a concentration such that each mouse would receive 1mg/kg MS-275/injection. 

Vehicle injections consisted of 1% DMSO in PBS.  

Gene Expression 

Total RNA was isolated from mouse tissue and cells with the TRIzol reagent, 

and cDNA was subsequently synthesized from 1 μg of RNA using iScript (Bio-

Rad). mRNA levels were quantified by qPCR with SYBR Green (Bio-Rad). 

These experiments were performed in technical triplicates, and relative 

expression levels were normalized against HPRT mRNA levels, in the same 

RNAs. Mitochondrial DNA content was quantified by comparing expression of 

a mtDNA-specific primer set (mt-ND1) to a gDNA-specfic primer set (Hprt) on 

DNA isolated from tissues. Reference Appendix 1 for qPCR primer sequences 

used in this chapter. qPCR primer sequences specific for the myosin heavy 

chain isoforms (myhc) were adapted from: Myosin Heavy Chains IIa and IId 

Are Functionally Distinct in the Mouse (Sartorius et al., 1998). 
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Chromatin Immunoprecipitation  

C2C12 myoblasts were cross-linked using DSG and 10% formaldehyde, then 

collected in a NP-40/Triton X-based lysis buffer. Chromatin was sheared via 

bioruptor, using 5x 30-second on/off cycles on high. Sonicated chromatin was 

immunoprecipitated overnight with protein A agarose beads bound to 

antibodies specific for ERR gamma (Evans lab proprietary), acetylated histone 

H3 (Millipore), HDAC2 (Abcam), and the corresponding IgG control (Santa 

Cruz). Immunoprecipitated DNA was purified using the QIAGEN MinElute kit, 

and quantified via qPCR.  

Microarray 

Poly-A mRNA was purified from total RNA isolated from tibialis anterior (TA) 

muscle and white quadriceps from 5 month-old wild-type mice injected daily 

with Vehicle or 1mg/kg MS-275, with three animals in each group. The array 

was prepared and performed using the Illumina BeadArray system as per the 

manufacturer’s instructions. Sequences were referenced against the mouse 

mm9 reference genome and Gene Ontology was conducted using the HOMER 

software suite (http://biowhat.ucsd.edu/homer/). Reference Appendix 4 for the 

top differentially-expressed genes by MS-275 treatment identified by the array. 

Western Blots 

Tissue (~100mg) and cell (~1.2x106 cells) lysates prepared in RIPA buffer 

(10 mM Tris-HCl, pH 8.0, 1mM EDTA, 0.5mM EGTA, 140 mM NaCl, 1% Triton-
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X100, 0.1% sodium deoxycholate, 0.1% SDS, and protease/phosphatase 

inhibitor cocktails (Roche) were resolved by SDS–PAGE and probed using 

primary antibodies specific to mitoprofile and porin (Abcam), acetylated and 

total histone H3 (Millipore), p-AMPK and total AMPK (Cell Signaling 

Technologies). Actin was used as a loading control.  

Statistics 

All data is presented as means ± standard error. The two-tailed unpaired 

Student’s t-test or one-way ANOVA with Bonferroni’s multiple comparison was 

used to determine the significance of difference between data sets. These 

differences were considered statistically significant when p < 0.05. 
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Chapter VI Figure 1: Sodium butyrate activates an oxidative program in 
C2C12 myotubes. A) Seahorse XF96 measurement of basal and B) maximum 
oxygen consumption rate (pmoles O2/min.) in C2C12 myotubes differentiated 
for 3 days, then treated overnight with Vehicle (PBS) or 5mM sodium butyrate. 
C) Quantification mtDNA normalized to total genomic DNA by qPCR. D) 
Immunoblot of the five ETC complexes (CI-V). Porin is used as a loading 
control. E) Quantification of ERR gamma target gene (Erra: estrogen-related 
receptor alpha, Got1: glutamic-oxaloacetic transaminase 1, Timm8b: 
translocase of inner mitochondrial membrane 8 homolog B, Cpt1b: carnitine 
palmitoyltransferase 1B, Fabp3: fatty acid binding protein 3, Glut4: insulin-
responsive glucose transporter type 4, Pdk4: pyruvate dehydrogenase kinase 
4, and Pgc1a: PPAR gamma coactivator 1 alpha) expression. F) Immunoblot 
for acetylated (Ac) and total histone H3 in C2C12s treated with vehicle or 
butyrate. G) Immunoblot for phosphorylated AMPK and total AMPK in C2C12s 
treated with vehicle, 5mM butyrate, or 0.5mM AICAR (AIC). Data are 
represented as mean + SEM. n = 3-6/group. *p < 0.05, **p < 0.005, ***p < 
0.0005 versus Vehicle-treated. 
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Chapter VI Figure 2: Butyrate liberates Class I HDACs from ERR gamma 
genomic binding sites, increasing histone acetylation. A) Chromatin 
Immunoprecipitation and  qPCR (ChIP-qPCR) quantification of Acetylated 
Histone H3 (AcH3), B) ERR gamma (ERRγ), and C) HDAC2 genomic 
interactions or immunoglobulin G (IgG) negative control, with (+) or without (-) 
5mM butyrate (But) treatment in C2C12 myotubes. qPCR primers used were 
specific to genomic sites on the promoters of ERR gamma target genes 
(Ckmt2: creatine kinase, mitochondrial 2, Gabpa: GA binding protein 
transcription factor, alpha subunit, Glut4: insulin-responsive glucose 
transporter type 4, Got1: glutamic-oxaloacetic transaminase 1, Mcad: medium-
chain specific Acyl-CoA dehydrogenase, Timm8b: translocase of inner 
mitochondrial membrane 8 homolog B, Ccnd1: cyclin D1, Cdk1: cyclin-
dependent kinase 1, Mlycd: malonyl-CoA decarboxylase, Cpt1b: carnitine 
palmitoyltransferase 1B, and Erra: estrogen-related receptor alpha). 
Expression levels are graphed as the percent signal detectable by qPCR by 
each IP compared to the signal from input chromatin (% Input). Data are 
represented as mean + SEM. n = 5/group. *p < 0.05, **p < 0.005, ***p < 
0.0005.
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Chapter VI Figure 3: Butyrate treatment impacts differentiation and fiber type 
of C2C12 myotubes. A) Bright field imaging of C2C12 myotobes treated 
overnight with either vehicle (PBS) or 5mM butyrate at differentiation day 3. 
Scale bar = 100μm. B) qPCR for expression levels of Myosin heavy chain 
isoforms (i: Type I, slow-twitch and iia/b/d: Type II, fast-twitch) in C2C12 
myotubes treated with vehicle or butyrate. C) qPCR for expression levels of 
gene markers of muscle differentiation (Myf5: myogenic factor 5, Myf6: 
myogenic factor 6, Myod: myogenic differentiation 1, and Myog: myogenin). 
Data are represented as mean + SEM. n = 3-6/group. *p < 0.05, **p < 0.005, 
***p < 0.0005 versus Vehicle. 
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Chapter VI Figure 4: MS-275, a selective Class 1 HDAC inhibitor, decreases 
oxygen consumption and inhibits muscle differentiation. A) Organic structures 
of Sodium Butyrate and MS-275. B) Immunoblot for acetylated (Ac) and total 
histone H3 in C2C12s treated with vehicle (Veh), 5mM sodium butyrate (But), 
or 5μM MS-275 (MS). 10μM Trichostatin A (TSA) was used as a positive 
control for HDAC inhibition. C) Seahorse XF96 measurement of basal and D) 
maximum oxygen consumption rate (pmoles O2/min.) in C2C12 myotubes 
differentiated for 3 days, then treated overnight with Vehicle (1% DMSO) or 
5μM MS-275. E) Quantification of ERR gamma target gene (Erra: estrogen-
related receptor alpha, Got1: glutamic-oxaloacetic transaminase 1, Timm8b: 
translocase of inner mitochondrial membrane 8 homolog B, Cpt1b: carnitine 
palmitoyltransferase 1B, Fabp3: fatty acid binding protein 3, Glut4: insulin-
responsive glucose transporter type 4, Pdk4: pyruvate dehydrogenase kinase 
4, and Pgc1a: PPAR gamma coactivator 1 alpha) expression. F) Bright field 
imaging of C2C12 myotobes treated overnight with either vehicle (1% DMSO) 
or 5μM MS-275 at differentiation day 3. Scale bar = 100μm. G) qPCR for 
expression levels of Myosin heavy chain isoforms (i: Type I, slow-twitch and 
iia/b/d: Type II, fast-twitch) in C2C12 myotubes treated with vehicle or MS-275. 
H) qPCR for expression levels of gene markers of muscle differentiation (Myf5: 
myogenic factor 5, Myf6: myogenic factor 6, Myod: myogenic differentiation 1, 
and Myog: myogenin). Data are represented as mean + SEM. n = 3-6/group. 
*p < 0.05, **p < 0.005, ***p < 0.0005 versus Vehicle. 
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Chapter VI Figure 5: MS-275 activates gene markers of programmed cell 
death in mouse muscle. A) Experimental setup for intraperitoneal (IP) 
injections of MS-275 in mice. B) Immunoblot for acetylated (Ac) and total 
histone H3 in mouse muscles (Gas: gastrocnemius, Sol: soleus, WQ: white 
quadriceps, and TA: tibialis anterior) with (+) or without (-, PBS) injected daily 
with 1mg/kg MS-275 for 4 weeks. C) qPCR for ERR gamma target gene 
expression (Fabp3: fatty acid binding protein 3, Pgc1a: PPAR gamma 
coactivator 1 alpha, and Pdk4: pyruvate dehydrogenase kinase 4) in tibialis 
anterior (TA) and D) white quadriceps (WQ) from mice injected with vehicle or 
MS-275. E) The top 10 gene ontology biological processes identified by 
microarray in TA and F) WQ muscles upregulated by MS-275 injection in 
comparison to vehicle. Data are represented as mean + SEM. n = 3-6/group. 
*p < 0.05, **p < 0.005, ***p < 0.0005 versus Vehicle. 
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Appendix 1: Table of Mouse qPCR Primer Sequences 
 

Gene Name Forward Primer Sequence Reverse Primer Sequence 
Hprt CCCCAAAATGGTTAAGGTTGC AACAAAGTCTGGCCTGTATCC 

Ppara CATTTCCCTGTTTGTGGCTG ATCTGGATGGTTGCTCTGC 

Pgc1a AGCCGTGACCACTGACAACGAG GCTGCATGGTTCTGAGTGCTAAG 

Pgc1b TCCAGAAGTCAGCGGCCTTGTGTCA CTCTGGGACAGGGCAGCACCGA 

Mlycd CTCGGGACCTTCCTCATAAAG CTCCTTCCCCTGCACATTC 

Abcb4 AGCATCGCAGAGAACATCG TCCCCTTGTCTCCTACTCTTG 

Asl TCACTCTCAACAGCATGGATG GCACAAAGCTGAATTCCTTGG 

Acadl GGTGGAAAACGGAATGAAAGG GGCAATCGGACATCTTCAAAG 

Txnip CAGGTGAGAACGAGATGGTG AGAAAAGCCTTCACCCAGTAG 

Cpt1a AGACAAGAACCCCAACATCC CAAAGGTGTCAAATGGGAAGG 

Vldlr GGAGAAAATGAAGCAGTGTACG CTCCATATCGTCTTCACACCAG 

Adfp GGATAAGCTCTATGTCTCGTGG GTCTGGCATGTAGTCTGGAG 

Cd68 GTGTCTGATCTTGCTAGGACC TGTGCTTTCTGTGGCTGTAG 

Fgf21 GGGGATTCAACACAGGAGAA ATGGGTCAGGTTCAGACTGG 

Igfbp1 AACGCCATCAGCACCTATAG TCATCTCCTGCTTTCTGTTGG 

Lepr AACACTGAAGGGAAGACACTG GGGTTCTTAGGTAATGGCTCC 

Ldlr ACCCGCCAAGATCAAGAAAG GCTGGAGATAGAGTGGAGTTTG 

Fabp5 TGCTTTTGTGCTCTCCCTC TCCTAAGAGCCAGTCCTACTC 

Klb CAGGGATATCTACATCACAGCC GTAGCCTTTGATTTTGACCTTGTC 

Ucp1 GCATTCAGAGGCAAATCAGC GCCACACCTCCAGTCATTAAG 

Adrb3 TGATGGCTATGAAGGTGCG AAAATCCCCAGAAGTCCTGC 

Gyk TCTATGGCCTAATGAAAGCTGG AAGCACCCTGTTCCATACG 

Dio2 CCTCCTAGATGCCTACAAACAG TGATTCAGGATTGGAGACGTG 

Azgp1 TCCCTGCCTCTCCTTCTG GAAACCTCGGAAAACCTTTGC 

Cox7a1 TGTGGCAGAGAAGCAGAAG AGCCCAAGCAGTATAAGCAG 

Cox8b AGCCAAAACTCCCACTTCC TCTCAGGGATGTGCAACTTC 
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Gene Name Forward Primer Sequence Reverse Primer Sequence 

Mfsd2a CTCTTCAAGCTCTACCCCATTG GGCAAGTCCTAGAGAATACTGG 

Tlr1 ATGTGAGCTGAGGGACTTTG GGATAGTGGAGACATGTGGAAG 

Ccr7 GAGACAAGAACCAAAAGCACAG TGACCTCATCTTGGCAGAAG 

Tnfaip8l2 TGACTTCACTCAGCACCTTG AGAGCCCGATGTGTCATTTC 

Mmp12 CTTAACCCCAGCACATTTCG GTGACAGCATCAAAACTCAAGC 

mt-ND1 ACGCTTCCGTTACGATCAAC ACTCCCGCTGTAAAAATTGG 

mt-ND2 TTTCATAGGGGCATGAGGAG GTGAGGGATGGGTTGTAAGG 

mt-Co2 CCTCCACTCATGAGCAGTCC GAATAACCCTGGTCGGTTTG 

mt-Co3 TAACCCTTGGCCTACTCACC ATAGGAGTGTGGTGGCCTTG 

mt-Atp6 CAACCGTCTCCATTCTTTCC TCATGTTCGTCCTTTTGGTG 

mt-Atp8 GGCACCTTCACCAAAATCAC TTGTTGGGGTAATGAATGAGG 

Phb2 AAGATTGTGCAGGCTGAGG AGATTCGGTTCTGTGATGTGG 

Hspa9 CAAGCTGTCACCAATCCAAAC CAACCCAAGCATCACCATTG 

Endog GACACCTTCTACCTGAGCAAC CCGTGCAGACATAGACATTTTG 

Hspd1 ACTGTTCTGGCACGATCTATTG GGGTTGTCACAGGTTTAGACTG 

Ndufb2 CCAGGGTGAGTTCTTAAGCTC CTGTCCACTGTGAAGGATCTG 

Htra2 TCAGACCGATGCAGCTATTG GAAACTCCCTAAGGCGATCAG 

Cidea CATACATGCTCCGAGTACTGG CATCCCACAGCCTATAACAGAG 

Erra CAAGCTCTTCGGCTGGAG GGCCAGCTTCATACTCCAG 

Got1 CCGGATTCTGACCATGAGATC ACCAAATACTCGACCTGCTTG 

Timm8b ACGACATGACTCCGACAATG TTCTCCACACACTTATCCCAAC 

Cpt1b CCTCCGAAAAGCACCAAAAC GCTCCAGGGTTCAGAAAGTAC 

Fabp3 TGTCGGTACCTGGAAGCTAG GATGATGGTAGTAGGCTTGGTC 

Glut4 CATTCCCTGGTTCATTGTGG GAAGACGTAAGGACCCATAGC 

Pdk4 CGCCAGAATTAAACCTCACAC TTCTTGATGCTCGACCGTG 

Myhc i CCAAGGGCCTGAATGAGGAG GCAAAGGCTCCAGGTCTGAG 

Myhc iia AAGCGAAGAGTAAGGCTGTC GTGATTGCTTGCAAAGGAAC 
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Gene Name Forward Primer Sequence Reverse Primer Sequence 

Myhc iib ACAAGCTGCGGGTGAAGAGC CAGGACAGTGACAAAGAACG 

Myhc iid CCAAGTGCAGGAAAGTGACC AGGAAGAGACTGACGAGCTC 

Myf5 GCCATCCGCTACATTGAGAG ACAGGGCTGTTACATTCAGG 

Myf6 CCCTACAGCTACAAACCCAAG GCTGAGGCATCCACGTTTG 

Myod CGCTCCAACTGCTCTGATG ACACAGCCGCACTCTTC 

Myog CTGCCTAAAGTGGAGATCCTG TGGGAGTTGCATTCACTGG 
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Appendix 2: Table of Human qPCR Primer Sequences 
 

Gene Name Forward Primer Sequence Reverse Primer Sequence 
U36B4 GCAGTGATGTAAAATTTCTTGG AAAGCTCGGTTTTACTCTTCACA 

PPARA GCTATCATTACGGAGTCCACG TCGCACTTGTCATACACCAG 

FGF21 GAGTCAAGACATCCAGGTTCC GCTTCGGACTGGTAAACATTG 

IGFBP1 CACAGGAGACATCAGGAGAAG GATCCTCTTCCCATTCCAAGG 

CD68 CATCTCTGTACTGAACCCCAAC CCATGTAGCTCAGGTAGACAAC 

VLDLR GAGATCCTGACTGCGAAGATG TTTCACCATCACATCTCCAGG 

ABCB4 TGCCGAGAATATTGCCTATGG TCCCCTTATCTCCCACTCTTG 

AMPKA2 ATGGAATATGTGTCTGGAGGTG TGGTTTCAGGTCTCGATGAAC 
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Appendix 3: Transcriptomic Profiling of Tissues from POLG Mice Fed a HFD 
 

Top 35 upregulated genes in Chow-fed POLG liver, vs. Chow-fed WT. 
 

Gene Name Log2 Fold Change P Value 
Hddc3 3.49678 5.00E-05 
Ly6d 3.39509 5.00E-05 
Lepr 2.60723 5.00E-05 

Cntnap1 2.46402 5.00E-05 
Ifi44 2.38231 5.00E-05 

Apoa4 2.24852 5.00E-05 
Gm10680 2.20652 0.001 

Oas1g 2.20287 5.00E-05 
Oas1a 2.20092 5.00E-05 
Fgf21 2.15966 5.00E-05 
H2-Q1 2.07294 5.00E-05 

mt-Atp8 2.04253 5.00E-05 
Mtbp 1.96392 0.00335 

Cgref1 1.9579 5.00E-05 
mt-Atp6 1.92761 5.00E-05 
Hamp2 1.87148 5.00E-05 

Gm13341 1.84519 0.00055 
Atp6v0d2 1.82739 0.00015 

Igfbp1 1.7686 5.00E-05 
Ppp1r3g 1.69798 5.00E-05 
Ifi27l2b 1.68972 5.00E-05 
Saa2 1.68264 5.00E-05 
Mt2 1.67892 5.00E-05 
Lcn2 1.6608 5.00E-05 

Trem2 1.64951 0.0002 
Orm3 1.62222 5.00E-05 
Abhd2 1.60128 5.00E-05 
Marco 1.58882 5.00E-05 
Gbp3 1.58278 5.00E-05 
Usp18 1.53515 5.00E-05 
Lamb3 1.52442 5.00E-05 
mt-Co3 1.47623 5.00E-05 
Nupr1 1.43357 5.00E-05 
Cidec 1.42572 5.00E-05 

Spata24 1.39716 5.00E-05 
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Top 35 downregulated genes in Chow-fed POLG liver, vs. Chow-fed WT. 
 

Gene Name Log2 Fold Change P Value 
Prss2 -9.70784 0.00265 
Ctrb1 -8.8535 5.00E-05 

Serpina4-ps1 -3.81281 5.00E-05 
Cela1 -3.66836 5.00E-05 

Hsd3b5 -3.37211 5.00E-05 
Cd207 -3.15947 5.00E-05 

AC160982.1 -2.71945 5.00E-05 
Mup17 -2.67916 5.00E-05 
Mup15 -2.17608 5.00E-05 

Serpina1e -1.96098 5.00E-05 
Clec2h -1.90224 5.00E-05 

Igj -1.79792 5.00E-05 
Meig1 -1.78209 0.00395 
Xlr3a -1.74428 5.00E-05 
Cish -1.67394 5.00E-05 

Lrrc16a -1.64749 5.00E-05 
Dpy19l3 -1.62026 5.00E-05 
Nr0b2 -1.5367 5.00E-05 
Dio1 -1.52407 5.00E-05 

Mup11 -1.42243 5.00E-05 
RP24-245K18.1 -1.39998 5.00E-05 

Car3 -1.3831 5.00E-05 
Mup9 -1.37274 5.00E-05 

Onecut1 -1.31264 5.00E-05 
Raet1e -1.30612 0.00035 
Lyve1 -1.29929 5.00E-05 
Keg1 -1.28718 5.00E-05 

Mup16 -1.2656 5.00E-05 
Pfkfb3 -1.24589 5.00E-05 

Selenbp2 -1.23903 5.00E-05 
mt-Nd3 -1.23443 5.00E-05 
Mup8 -1.21778 0.0003 

Mup12 -1.15829 5.00E-05 
C4a -1.15088 5.00E-05 
Car1 -1.12088 5.00E-05 
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Top 15 upregulated gene ontology biological processes in Chow-fed 
POLG liver, vs. Chow-fed WT. 

 
Term Genes P Value 
GO:0055114~oxidation reduction 22 4.07E-04 
GO:0006953~acute-phase response 5 7.34E-04 
GO:0006955~immune response 17 8.52E-04 
GO:0015980~energy derivation by oxidation of organic com 7 0.002378761 
GO:0042127~regulation of cell proliferation 17 0.003298462 
GO:0016053~organic acid biosynthetic process 8 0.003458541 
GO:0046394~carboxylic acid biosynthetic process 8 0.003458541 
GO:0006732~coenzyme metabolic process 8 0.003738254 
GO:0051186~cofactor metabolic process 9 0.003865125 
GO:0008285~negative regulation of cell proliferation 10 0.003995676 
GO:0009615~response to virus 6 0.004017191 
GO:0006631~fatty acid metabolic process 9 0.004104942 
GO:0002526~acute inflammatory response 6 0.005271787 
GO:0009636~response to toxin 4 0.007310166 
GO:0034637~cellular carbohydrate biosynthetic process 5 0.007444421 

 
Top 15 downregulated gene ontology biological processes in Chow-fed 

POLG liver, vs. Chow-fed WT. 
 
Term Genes P Value 
GO:0055114~oxidation reduction 17 2.03E-04 
GO:0007586~digestion 4 0.001400025 
GO:0006952~defense response 12 0.001660763 
GO:0016064~immunoglobulin mediated immune response 5 0.002103093 
GO:0019724~B cell mediated immunity 5 0.002359128 
GO:0006694~steroid biosynthetic process 5 0.003254617 
GO:0002449~lymphocyte mediated immunity 5 0.00415864 
GO:0002250~adaptive immune response 5 0.005934644 
GO:0002460~adaptive immune response based on somatic  5 0.005934644 
GO:0002443~leukocyte mediated immunity 5 0.007267976 
GO:0002495~antigen processing and presentation of peptid 3 0.008152408 
GO:0019886~antigen processing and presentation of exoge 3 0.008152408 
GO:0006959~humoral immune response 4 0.011219365 
GO:0002504~antigen processing and presentation of peptid 3 0.011423549 
GO:0008202~steroid metabolic process 6 0.012705447 
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Top upregulated KEGG pathways in Chow-fed POLG liver, 
 vs. Chow-fed WT. 

 
Pathway Genes P Value 
mmu03320:PPAR signaling pathway 8 1.28E-04 
mmu00982:Drug metabolism 7 6.93E-04 
mmu00480:Glutathione metabolism 6 8.55E-04 
mmu00980:Metabolism of xenobiotics by cytochrome P450 6 0.002511681 
mmu04920:Adipocytokine signaling pathway 6 0.002683854 
mmu00591:Linoleic acid metabolism 4 0.028356675 
mmu01040:Biosynthesis of unsaturated fatty acids 3 0.057463638 
mmu00830:Retinol metabolism 4 0.074857973 
mmu04115:p53 signaling pathway 4 0.077475595 
mmu04142:Lysosome 5 0.092922987 

 
Top downregulated KEGG pathways in Chow-fed POLG liver,  

vs. Chow-fed WT. 
 
Pathway Genes P Value 
mmu00983:Drug metabolism 6 1.88E-04 
mmu00140:Steroid hormone biosynthesis 5 0.001577267 
mmu00150:Androgen and estrogen metabolism 4 0.005940594 
mmu00980:Metabolism of xenobiotics by cytochrome P450 5 0.006389845 
mmu05322:Systemic lupus erythematosus 5 0.028753218 
mmu00830:Retinol metabolism 4 0.041280331 
mmu04610:Complement and coagulation cascades 4 0.052631308 
mmu00982:Drug metabolism 4 0.052631308 
mmu05310:Asthma 3 0.05327777 
mmu00380:Tryptophan metabolism 3 0.074867274 
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Top 35 upregulated genes in HFD-fed POLG liver, vs. Chow-fed POLG. 
 

Gene Name Log2 Fold Change P Value 
Cyp2b9 6.20823 5.00E-05 
Cyp2a4 4.4606 5.00E-05 

Serpina4-ps1 2.52319 5.00E-05 
Pcp4l1 2.45921 5.00E-05 
Enho 2.22775 5.00E-05 

Cyp2a22 2.21908 5.00E-05 
Ifi44 2.19511 5.00E-05 

9030619P08Rik 2.09657 5.00E-05 
Saa4 1.93841 5.00E-05 
Casc4 1.91053 5.00E-05 

Gm15401 1.90904 5.00E-05 
Sema5b 1.89796 0.0001 
Mup15 1.85955 5.00E-05 
Adrb3 1.85236 5.00E-05 
Chac1 1.7075 5.00E-05 

RP24-245K18.1 1.70568 5.00E-05 
Gm13021 1.69735 0.0017 

Aatk 1.64626 5.00E-05 
Mup17 1.62847 5.00E-05 
Hsd3b5 1.49319 5.00E-05 

Gm16348 1.44365 5.00E-05 
Gck 1.44312 5.00E-05 

I830012O16Rik 1.42123 5.00E-05 
Extl1 1.41456 5.00E-05 

Mup11 1.38413 5.00E-05 
Slc22a26 1.36269 5.00E-05 

Oas1a 1.34855 5.00E-05 
Lin7a 1.34778 5.00E-05 
Celsr1 1.33619 5.00E-05 
Cish 1.33268 5.00E-05 

Foxq1 1.3262 5.00E-05 
Acnat2 1.31504 5.00E-05 
Apbb2 1.30268 0.0011 
Rgs10 1.29403 0.0001 
Slc3a1 1.27782 5.00E-05 
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Top 35 downregulated genes in HFD-fed POLG liver, vs. Chow-fed POLG. 
 

Gene Name Log2 Fold Change P Value 
Ppp1r3g -4.32615 5.00E-05 

Meg3 -3.97814 5.00E-05 
Cyp26a1 -3.9629 5.00E-05 

Cib3 -3.72392 5.00E-05 
Asns -3.44696 5.00E-05 
Gsta1 -3.38735 5.00E-05 
Scd1 -3.28012 5.00E-05 

Cyp4a12b -3.04271 5.00E-05 
Cyp3a11 -2.76491 5.00E-05 

Mt2 -2.49262 5.00E-05 
Snhg11 -2.49091 5.00E-05 
Cidec -2.30108 5.00E-05 

Cyp3a59 -2.26973 5.00E-05 
Gm20419 -2.25545 5.00E-05 
Cyp2c40 -2.20412 5.00E-05 
Gstm3 -2.18854 5.00E-05 
Lad1 -2.05963 5.00E-05 
Rhbg -2.05124 5.00E-05 

Lamb3 -2.01125 5.00E-05 
Orm3 -1.88162 5.00E-05 
Mgp -1.86758 5.00E-05 

Dact2 -1.86669 5.00E-05 
Fbf1 -1.82133 5.00E-05 
Slpi -1.79542 0.0002 

Gm15611 -1.769 5.00E-05 
Apoa4 -1.70882 5.00E-05 
Gnai1 -1.70348 5.00E-05 

Slc39a4 -1.6932 5.00E-05 
Gsta2 -1.68595 5.00E-05 
Acacb -1.67599 5.00E-05 
Nupr1 -1.66539 5.00E-05 

Cyp4a12a -1.65649 5.00E-05 
Myl9 -1.65335 5.00E-05 
Pdk4 -1.63737 5.00E-05 
Mt1 -1.60594 5.00E-05 
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Top 15 upregulated gene ontology biological processes in HFD-fed 
POLG liver, vs. Chow-fed POLG. 

 
Term Genes P Value 
GO:0055114~oxidation reduction 32 2.78E-08 
GO:0008202~steroid metabolic process 15 1.55E-07 
GO:0006955~immune response 22 9.77E-06 
GO:0006694~steroid biosynthetic process 9 1.14E-05 
GO:0010817~regulation of hormone levels 10 1.43E-04 
GO:0042445~hormone metabolic process 8 4.29E-04 
GO:0009615~response to virus 7 0.001021674 
GO:0008206~bile acid metabolic process 4 0.001365791 
GO:0006699~bile acid biosynthetic process 3 0.004568439 
GO:0034754~cellular hormone metabolic process 5 0.0078722 
GO:0008610~lipid biosynthetic process 11 0.011718327 
GO:0042089~cytokine biosynthetic process 3 0.015983358 
GO:0042107~cytokine metabolic process 3 0.018463098 
GO:0019748~secondary metabolic process 5 0.020624011 
GO:0006766~vitamin metabolic process 5 0.020624011 

 
Top 15 downregulated gene ontology biological processes in HFD-fed 

POLG liver, vs. Chow-fed POLG. 
 
Term Genes P Value 
GO:0006631~fatty acid metabolic process 17 3.20E-07 
GO:0055114~oxidation reduction 30 1.98E-05 
GO:0046394~carboxylic acid biosynthetic process 12 6.31E-05 
GO:0016053~organic acid biosynthetic process 12 6.31E-05 
GO:0008610~lipid biosynthetic process 16 2.84E-04 
GO:0009309~amine biosynthetic process 8 3.99E-04 
GO:0008652~cellular amino acid biosynthetic process 6 0.001268725 
GO:0006953~acute-phase response 5 0.002166096 
GO:0032729~positive regulation of interferon-gamma produ 4 0.003535713 
GO:0046395~carboxylic acid catabolic process 7 0.003900122 
GO:0016054~organic acid catabolic process 7 0.003900122 
GO:0051384~response to glucocorticoid stimulus 4 0.004902586 
GO:0006882~cellular zinc ion homeostasis 3 0.006765379 
GO:0002053~positive regulation of mesenchymal cell prolife 4 0.007479352 
GO:0009066~aspartate family amino acid metabolic process 4 0.007479352 
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Top upregulated KEGG pathways in HFD-fed POLG liver, 
 vs. Chow-fed POLG. 

 
Pathway Genes P Value 
mmu00910:Nitrogen metabolism 5 7.70E-04 
mmu00120:Primary bile acid biosynthesis 4 0.002436586 
mmu00140:Steroid hormone biosynthesis 5 0.00946935 
mmu04623:Cytosolic DNA-sensing pathway 5 0.018819006 
mmu04620:Toll-like receptor signaling pathway 6 0.036886221 
Limmu04115:p53 signaling pathway 5 0.039195543 
mmu04910:Insulin signaling pathway 7 0.043385878 
mmu04950:Maturity onset diabetes of the young 3 0.083808883 

 
Top downregulated KEGG pathways in HFD-fed POLG liver,  

vs. Chow-fed POLG. 
 
Pathway Genes P Value 
mmu00980:Metabolism of xenobiotics by cytochrome P450 16 6.98E-11 
mmu00982:Drug metabolism 16 4.86E-10 
mmu00830:Retinol metabolism 14 1.33E-08 
mmu03320:PPAR signaling pathway 13 6.91E-07 
mmu00591:Linoleic acid metabolism 8 1.58E-04 
mmu00480:Glutathione metabolism 8 3.47E-04 
mmu01040:Biosynthesis of unsaturated fatty acids 6 5.62E-04 
mmu00071:Fatty acid metabolism 7 9.78E-04 
mmu00590:Arachidonic acid metabolism 8 0.005518398 
mmu04920:Adipocytokine signaling pathway 7 0.007515261 
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Top 35 upregulated genes in Chow-fed POLG brown adipose tissue, 
 vs. Chow-fed WT. 

 
Gene Name Log2 Fold Change P Value 

Fosb 3.82557 5.00E-05 
Mmp12 3.71607 5.00E-05 

Egr1 2.86684 5.00E-05 
Nrxn2 2.38719 5.00E-05 
Hddc3 2.28012 5.00E-05 

8430408G22Rik 2.26373 5.00E-05 
Fam40b 2.07473 5.00E-05 

Nek6 2.06328 0.00625 
Oasl1 1.99085 0.00085 

Gm14964 1.9663 5.00E-05 
Cyr61 1.92319 5.00E-05 

Gadd45b 1.83518 5.00E-05 
Atf3 1.82088 5.00E-05 
Fos 1.80985 0.00015 

Gm17116 1.74387 5.00E-05 
Cpne9 1.7304 0.0011 
Rassf4 1.70776 5.00E-05 
Trpc3 1.65193 0.00025 
Spag5 1.64205 0.0005 

Aif1 1.56915 5.00E-05 
Usp18 1.55757 5.00E-05 

mt-Atp6 1.54798 5.00E-05 
Nceh1 1.53729 5.00E-05 
Gp49a 1.50586 0.00015 
Thbs1 1.47693 0.0007 
Adm 1.47595 5.00E-05 
Maff 1.47525 5.00E-05 
Apod 1.46576 5.00E-05 
Lep 1.45502 5.00E-05 
Ifit3 1.44461 5.00E-05 

Adrb2 1.44255 5.00E-05 
Fosl2 1.44086 5.00E-05 
Lgals3 1.40423 5.00E-05 
Rassf7 1.39507 0.0004 

Ankrd23 1.39008 5.00E-05 
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Top 35 downregulated genes in Chow-fed POLG brown adipose tissue, 
 vs. Chow-fed WT. 

 
Gene Name Log2 Fold Change P Value 
AC160982.1 -4.50153 5.00E-05 

Elovl3 -2.51112 5.00E-05 
Dio2 -2.23005 5.00E-05 

Gm20621 -2.09514 5.00E-05 
Gpr81 -1.97808 5.00E-05 

Dnajc22 -1.69943 5.00E-05 
Nnmt -1.63811 5.00E-05 
S1pr5 -1.60439 5.00E-05 
Mfge8 -1.53256 5.00E-05 
Rbp4 -1.50216 5.00E-05 

Slc15a2 -1.47822 5.00E-05 
Man2a2 -1.40364 5.00E-05 
Rasl2-9 -1.39086 5.00E-05 
mt-Nd3 -1.34616 5.00E-05 

Igkc -1.34102 5.00E-05 
Gm14399 -1.3273 0.0007 

Cmbl -1.32643 5.00E-05 
Zfp93 -1.32365 5.00E-05 
C1rl -1.31989 5.00E-05 
Srl -1.3133 0.0005 

O3far1 -1.3072 5.00E-05 
Krt79 -1.29336 5.00E-05 
Hdhd3 -1.24568 5.00E-05 
Gys2 -1.24242 0.00355 

Agpat2 -1.20331 5.00E-05 
Rabl2 -1.18597 0.00015 
Gldn -1.18545 5.00E-05 
Fsd2 -1.17529 5.00E-05 

Niacr1 -1.16596 5.00E-05 
Ccrn4l -1.1544 5.00E-05 

Ppp1r1a -1.13655 5.00E-05 
Lrp3 -1.10811 5.00E-05 
Gyk -1.10438 5.00E-05 

Acaa1b -1.09437 5.00E-05 
Odf3l1 -1.07816 0.0002 
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Top 15 upregulated gene ontology biological processes in Chow-fed 
POLG brown adipose tissue, vs. Chow-fed WT. 

 
Term Genes P Value 
GO:0042325~regulation of phosphorylation 30 4.66E-09 
GO:0051174~regulation of phosphorus metabolic process 30 1.09E-08 
GO:0019220~regulation of phosphate metabolic process 30 1.09E-08 
GO:0045859~regulation of protein kinase activity 23 1.74E-08 
GO:0043549~regulation of kinase activity 23 3.13E-08 
GO:0051338~regulation of transferase activity 23 5.98E-08 
GO:0001568~blood vessel development 25 1.41E-07 
GO:0033673~negative regulation of kinase activity 12 1.56E-07 
GO:0006469~negative regulation of protein kinase activity 12 1.56E-07 
GO:0001944~vasculature development 25 2.21E-07 
GO:0051348~negative regulation of transferase activity 12 2.38E-07 
GO:0048514~blood vessel morphogenesis 22 2.44E-07 
GO:0044092~negative regulation of molecular function 17 1.14E-06 
GO:0042127~regulation of cell proliferation 36 5.12E-06 
GO:0043086~negative regulation of catalytic activity 14 5.92E-06 

 
Top 15 downregulated gene ontology biological processes in Chow-fed 

POLG brown adipose tissue, vs. Chow-fed WT. 
 
Term Genes P Value 
GO:0019318~hexose metabolic process 9 5.47E-04 
GO:0006631~fatty acid metabolic process 9 9.54E-04 
GO:0005996~monosaccharide metabolic process 9 0.001212679 
GO:0016051~carbohydrate biosynthetic process 6 0.002166354 
GO:0034637~cellular carbohydrate biosynthetic process 5 0.003277633 
GO:0006006~glucose metabolic process 7 0.00442719 
GO:0055085~transmembrane transport 13 0.004728834 
GO:0046460~neutral lipid biosynthetic process 3 0.007334897 
GO:0046463~acylglycerol biosynthetic process 3 0.007334897 
GO:0006112~energy reserve metabolic process 4 0.007643531 
GO:0046504~glycerol ether biosynthetic process 3 0.008606524 
GO:0015833~peptide transport 4 0.014734236 
GO:0051186~cofactor metabolic process 7 0.015117626 
GO:0016042~lipid catabolic process 6 0.016007632 
GO:0006732~coenzyme metabolic process 6 0.020602697 
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Top upregulated KEGG pathways in Chow-fed POLG brown adipose 
tissue, vs. Chow-fed WT. 

 
Pathway Genes P Value 
mmu04630:Jak-STAT signaling pathway 21 3.56E-08 
mmu04514:Cell adhesion molecules (CAMs) 17 2.04E-05 
mmu04060:Cytokine-cytokine receptor interaction 19 5.44E-04 
mmu04640:Hematopoietic cell lineage 10 0.00112256 
mmu04115:p53 signaling pathway 9 0.001261176 
mmu04010:MAPK signaling pathway 19 0.001424422 
mmu05220:Chronic myeloid leukemia 9 0.002363232 
mmu05200:Pathways in cancer 21 0.002386626 
mmu04670:Leukocyte transendothelial migration 11 0.003810566 
mmu05210:Colorectal cancer 9 0.005107995 

 
Top downregulated KEGG pathways in Chow-fed POLG brown adipose 

tissue, vs. Chow-fed WT. 
 
Pathway Genes P Value 
mmu01040:Biosynthesis of unsaturated fatty acids 5 4.37E-04 
mmu03320:PPAR signaling pathway 7 6.57E-04 
mmu00561:Glycerolipid metabolism 5 0.003619361 
mmu00030:Pentose phosphate pathway 3 0.048041599 
mmu00565:Ether lipid metabolism 3 0.081389021 
mmu00130:Ubiquinone and other terpenoid-quinone biosynt 2 0.091407201 
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Top 35 upregulated genes in HFD-fed POLG brown adipose tissue, 
 vs. Chow-fed POLG. 

 
Gene Name Log2 Fold Change P Value 

Fam131c 4.53578 5.00E-05 
Hcn2 4.2623 5.00E-05 
Elovl3 3.96329 5.00E-05 
Itih4 3.62254 5.00E-05 

Scn4b 3.48067 5.00E-05 
Wscd2 3.27383 5.00E-05 
Azgp1 2.88286 5.00E-05 
Mcpt4 2.75801 5.00E-05 
Cpa3 2.69122 5.00E-05 

Atp6v0d2 2.61368 5.00E-05 
Aldh3b2 2.58568 5.00E-05 

Nnmt 2.53973 5.00E-05 
Dusp15 2.43276 5.00E-05 
Cma1 2.38324 5.00E-05 

Gm16183 2.34799 0.00445 
Slc15a2 2.2137 5.00E-05 
Slco4a1 2.13792 5.00E-05 
Mfsd2a 2.07536 5.00E-05 
Nup210 2.02877 0.00015 
S1pr5 2.00904 5.00E-05 
Tesc 1.98005 5.00E-05 

Slc25a34 1.97346 5.00E-05 
Hspb8 1.9533 5.00E-05 
Lgals3 1.93876 5.00E-05 
Tpsb2 1.89904 5.00E-05 
Gldn 1.88919 5.00E-05 
Lst1 1.88091 0.0009 

Dnajc22 1.86875 5.00E-05 
Sgk2 1.84073 5.00E-05 
Gdf15 1.83649 5.00E-05 
Gys2 1.83265 0.00025 
Epdr1 1.81081 5.00E-05 
Lrfn3 1.72327 5.00E-05 
Upp1 1.71008 5.00E-05 
Ctsz 1.69951 5.00E-05 
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Top 35 downregulated genes in HFD-fed POLG brown adipose tissue, 
 vs. Chow-fed POLG. 

 
Gene Name Log2 Fold Change P Value 

Snhg11 -4.51433 5.00E-05 
Fosb -3.29352 5.00E-05 
Scd1 -3.07867 5.00E-05 

Apcdd1 -2.54121 5.00E-05 
Fam40b -2.46958 5.00E-05 

Lctl -2.46074 5.00E-05 
Aldoc -2.31 5.00E-05 

4831426I19Rik -2.27087 5.00E-05 
Tusc3 -2.16328 5.00E-05 
Irs2 -2.14258 5.00E-05 

2610015P09Rik -2.12747 5.00E-05 
Spag5 -2.12403 5.00E-05 
Nr4a3 -2.09336 5.00E-05 
Cdsn -2.04856 5.00E-05 

Sorcs2 -1.99282 5.00E-05 
Glt1d1 -1.91327 5.00E-05 
Cpne9 -1.88691 0.0006 
Mpz -1.8728 5.00E-05 
Rgs2 -1.86386 5.00E-05 
Gsta3 -1.77176 5.00E-05 
Nr4a1 -1.75897 5.00E-05 
Egr1 -1.75515 5.00E-05 

Gm11902 -1.71996 0.0006 
Kirrel -1.70784 5.00E-05 
Pcsk5 -1.69045 5.00E-05 
Bcl6b -1.68436 5.00E-05 
Cryab -1.67145 5.00E-05 

Ccdc80 -1.6556 5.00E-05 
Rragb -1.65146 5.00E-05 
Peli3 -1.62424 5.00E-05 
Fhl3 -1.61599 5.00E-05 

Cldn1 -1.59728 5.00E-05 
Col27a1 -1.59073 5.00E-05 

Got2 -1.58992 5.00E-05 
Ccdc88c -1.57443 5.00E-05 
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Top 15 upregulated gene ontology biological processes in HFD-fed 
POLG brown adipose tissue, vs. Chow-fed POLG. 

 
Term Genes P Value 
GO:0055114~oxidation reduction 69 2.30E-15 
GO:0006091~generation of precursor metabolites and energ 35 4.31E-11 
GO:0051186~cofactor metabolic process 28 2.41E-10 
GO:0022900~electron transport chain 19 7.03E-08 
GO:0015980~energy derivation by oxidation of organic com 16 1.65E-06 
GO:0006732~coenzyme metabolic process 19 2.88E-06 
GO:0006412~translation 29 9.01E-06 
GO:0006839~mitochondrial transport 10 1.25E-05 
GO:0007005~mitochondrion organization 14 3.52E-05 
GO:0051188~cofactor biosynthetic process 13 8.22E-05 
GO:0006626~protein targeting to mitochondrion 7 8.67E-05 
GO:0070585~protein localization in mitochondrion 7 8.67E-05 
GO:0055085~transmembrane transport 34 9.16E-05 
GO:0002478~antigen processing and presentation of exoge 7 1.14E-04 
GO:0006119~oxidative phosphorylation 10 1.37E-04 

 
Top 15 downregulated gene ontology biological processes in HFD-fed 

POLG brown adipose tissue, vs. Chow-fed POLG. 
 
Term Genes P Value 
GO:0006350~transcription 132 5.66E-09 
GO:0045449~regulation of transcription 155 1.80E-08 
GO:0048514~blood vessel morphogenesis 24 3.43E-05 
GO:0006793~phosphorus metabolic process 66 4.24E-05 
GO:0006796~phosphate metabolic process 66 4.24E-05 
GO:0001568~blood vessel development 27 4.85E-05 
GO:0007167~enzyme linked receptor protein signaling path 29 4.96E-05 
GO:0001944~vasculature development 27 7.29E-05 
GO:0030163~protein catabolic process 46 1.24E-04 
GO:0019941~modification-dependent protein catabolic proc 43 1.30E-04 
GO:0043632~modification-dependent macromolecule catab 43 1.30E-04 
GO:0044265~cellular macromolecule catabolic process 49 1.39E-04 
GO:0007169~transmembrane receptor protein tyrosine kina 22 1.76E-04 
GO:0016568~chromatin modification 25 1.93E-04 
GO:0051603~proteolysis involved in cellular protein cataboli 44 1.96E-04 
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Top upregulated KEGG pathways in HFD-fed POLG brown adipose 
tissue, vs. Chow-fed POLG. 

 
Pathway Genes P Value 
mmu00190:Oxidative phosphorylation 27 6.93E-12 
mmu05016:Huntington's disease 25 2.90E-07 
mmu05012:Parkinson's disease 20 1.45E-06 
mmu00280:Valine, leucine and isoleucine degradation 12 1.55E-06 
mmu05010:Alzheimer's disease 21 4.35E-05 
mmu05322:Systemic lupus erythematosus 14 2.52E-04 
mmu03320:PPAR signaling pathway 11 0.001271619 
mmu00561:Glycerolipid metabolism 8 0.002672849 
mmu01040:Biosynthesis of unsaturated fatty acids 6 0.004178289 
mmu00860:Porphyrin and chlorophyll metabolism 6 0.006677894 

 
Top downregulated KEGG pathways in HFD-fed POLG brown adipose 

tissue, vs. Chow-fed POLG. 
 
Pathway Genes P Value 
mmu05200:Pathways in cancer 27 2.12E-04 
mmu04910:Insulin signaling pathway 15 7.24E-04 
mmu04810:Regulation of actin cytoskeleton 19 0.001469142 
mmu05210:Colorectal cancer 11 0.001488013 
mmu04510:Focal adhesion 17 0.003522389 
mmu04350:TGF-beta signaling pathway 10 0.005624042 
mmu04722:Neurotrophin signaling pathway 11 0.026218705 
mmu04310:Wnt signaling pathway 12 0.026517101 
mmu03320:PPAR signaling pathway 8 0.030337405 
mmu04270:Vascular smooth muscle contraction 10 0.039128436 
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Top 35 upregulated genes in Chow-fed POLG white adipose tissue, 
 vs. Chow-fed WT. 

 
Gene Name Log2 Fold Change P Value 

Oas3 4.69122 5.00E-05 
Sh2d6 4.44508 5.00E-05 
Gdf15 3.88356 5.00E-05 
Cldn11 3.75114 5.00E-05 
Oasl1 3.71297 5.00E-05 
Slfn1 3.59533 5.00E-05 
Ifit1 3.45581 5.00E-05 

mt-Atp8 3.4 0.00015 
Mx1 3.3662 5.00E-05 

2010106E10Rik 3.30602 5.00E-05 
Igkv15-103 3.30027 0.00245 

Ccl12 3.29185 5.00E-05 
Pydc4 3.25917 5.00E-05 
Mx2 3.20193 5.00E-05 
Ifit3 3.18875 5.00E-05 

Gm12250 3.18692 5.00E-05 
Ccl8 3.02831 5.00E-05 

Gm4951 2.90559 5.00E-05 
AC156953.1 2.82284 0.005 

I830012O16Rik 2.75403 5.00E-05 
Usp18 2.73483 5.00E-05 
Acot3 2.72728 0.0089 
Ifi44 2.65243 5.00E-05 

Isg15 2.50638 5.00E-05 
Gm10222 2.46449 0.00355 

Rtp4 2.41894 5.00E-05 
Rsad2 2.38167 5.00E-05 
Hddc3 2.32296 5.00E-05 

Cyp1a1 2.21245 5.00E-05 
Pydc3 2.19425 5.00E-05 
Zbp1 2.18831 5.00E-05 

AC159715.1 2.17387 0.0096 
Gm13341 2.16524 0.0069 

Fndc5 2.09131 5.00E-05 
Fcgr4 2.08671 5.00E-05 
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Top 35 downregulated genes in Chow-fed POLG white adipose tissue, 
 vs. Chow-fed WT. 

 
Gene Name Log2 Fold Change P Value 

Ighg3 -3.82278 5.00E-05 
Zfp618 -3.79468 5.00E-05 
Chst4 -3.44348 5.00E-05 

AC140374.1 -3.18005 5.00E-05 
Muc16 -3.11086 5.00E-05 

AC122260.1 -2.8957 0.00485 
Dmkn -2.77426 5.00E-05 
Sfrp4 -2.57031 5.00E-05 
Msln -2.51221 5.00E-05 

AC160982.1 -2.41652 5.00E-05 
Lgals7 -2.37502 0.00095 

AC074329.1 -2.37429 5.00E-05 
Gm2619 -2.33486 0.00185 

Slpi -2.30268 5.00E-05 
Xlr4a -2.12041 0.00065 

Tmem151a -2.11486 0.001 
Tnfrsf11b -2.07397 5.00E-05 

Ptgfr -1.96353 0.0021 
Upk3b -1.93097 5.00E-05 
Krt18 -1.92577 5.00E-05 

AC152063.2 -1.9172 5.00E-05 
Hist1h1e -1.87281 0.0001 

Krt8 -1.82516 5.00E-05 
Bnc1 -1.82217 5.00E-05 
Meg3 -1.82198 5.00E-05 

Prkag3 -1.817 5.00E-05 
Cldn10 -1.80655 0.0004 

Fgf1 -1.79531 0.0003 
Hmcn2 -1.76632 5.00E-05 
Saa3 -1.75945 0.00045 

Rspo1 -1.74572 5.00E-05 
Wnt2b -1.72564 5.00E-05 
Krt19 -1.68665 5.00E-05 
Fmod -1.67347 5.00E-05 
Sfrp5 -1.65197 5.00E-05 
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Top 15 upregulated gene ontology biological processes in Chow-fed 
POLG white adipose tissue, vs. Chow-fed WT. 

 
Term Genes P Value 
GO:0006955~immune response 37 2.28E-15 
GO:0009615~response to virus 11 2.93E-07 
GO:0006952~defense response 24 6.37E-07 
GO:0045087~innate immune response 10 4.75E-05 
GO:0006954~inflammatory response 12 8.85E-04 
GO:0030278~regulation of ossification 6 0.001435654 
GO:0001676~long-chain fatty acid metabolic process 4 0.001523889 
GO:0006732~coenzyme metabolic process 9 0.001918043 
GO:0051186~cofactor metabolic process 10 0.002379352 
GO:0009611~response to wounding 14 0.003404207 
GO:0006637~acyl-CoA metabolic process 4 0.003603038 
GO:0044092~negative regulation of molecular function 8 0.00488441 
GO:0045778~positive regulation of ossification 3 0.008263175 
GO:0006631~fatty acid metabolic process 9 0.008742425 
GO:0050873~brown fat cell differentiation 4 0.010410212 

 
Top 15 downregulated gene ontology biological processes in Chow-fed 

POLG white adipose tissue, vs. Chow-fed WT. 
 
Term Genes P Value 
GO:0007155~cell adhesion 32 2.98E-07 
GO:0022610~biological adhesion 32 3.10E-07 
GO:0001944~vasculature development 19 2.88E-06 
GO:0030198~extracellular matrix organization 12 5.45E-06 
GO:0001568~blood vessel development 18 8.46E-06 
GO:0048514~blood vessel morphogenesis 15 4.53E-05 
GO:0001503~ossification 11 5.15E-05 
GO:0016055~Wnt receptor signaling pathway 12 5.98E-05 
GO:0060348~bone development 11 1.28E-04 
GO:0031589~cell-substrate adhesion 8 1.34E-04 
GO:0043062~extracellular structure organization 12 2.03E-04 
GO:0001501~skeletal system development 17 2.05E-04 
GO:0009611~response to wounding 18 6.34E-04 
GO:0042127~regulation of cell proliferation 23 0.00122204 
GO:0007167~enzyme linked receptor protein signaling path 15 0.001225775 
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Top upregulated KEGG pathways in Chow-fed POLG white adipose 
tissue, vs. Chow-fed WT. 

 
Pathway Genes P Value 
mmu04630:Jak-STAT signaling pathway 9 0.004781496 
mmu04622:RIG-I-like receptor signaling pathway 6 0.006364673 
mmu01040:Biosynthesis of unsaturated fatty acids 4 0.011091914 
mmu05219:Bladder cancer 4 0.036110899 
mmu04062:Chemokine signaling pathway 8 0.038817959 
mmu04514:Cell adhesion molecules (CAMs) 7 0.05136251 
mmu04060:Cytokine-cytokine receptor interaction 9 0.061685685 
mmu00760:Nicotinate and nicotinamide metabolism 3 0.069595312 
mmu04623:Cytosolic DNA-sensing pathway 4 0.070317172 
mmu04621:NOD-like receptor signaling pathway 4 0.093069727 

 
Top downregulated KEGG pathways in Chow-fed POLG white adipose 

tissue, vs. Chow-fed WT. 
 
Pathway Genes P Value 
mmu04512:ECM-receptor interaction 12 8.07E-07 
mmu04510:Focal adhesion 13 7.01E-04 
mmu04340:Hedgehog signaling pathway 5 0.024403731 
mmu05217:Basal cell carcinoma 5 0.025911716 
mmu04810:Regulation of actin cytoskeleton 10 0.033941933 
mmu05218:Melanoma 5 0.057649348 
mmu05200:Pathways in cancer 12 0.067218236 
mmu04610:Complement and coagulation cascades 5 0.067824055 
mmu04514:Cell adhesion molecules (CAMs) 7 0.096726936 
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Top 35 upregulated genes in HFD-fed POLG white adipose tissue, 
 vs. Chow-fed POLG. 

 
Gene Name Log2 Fold Change P Value 

Cldn2 8.50377 0.00355 
Pax8 6.68564 0.00075 

Calml3 5.82131 5.00E-05 
4930426D05Rik 5.25236 0.00055 

Wdr52 5.2061 0.0033 
Cldn7 5.09644 0.00135 
Rdh16 4.76566 5.00E-05 

Mapk15 4.71205 5.00E-05 
4930451C15Rik 4.6523 0.0002 

Wfdc2 4.46885 0.00085 
Pdzk1ip1 4.32628 0.00065 

Ggt1 4.2279 5.00E-05 
Rnf128 3.59293 5.00E-05 
Wwc1 3.58423 5.00E-05 
Fndc7 3.47065 5.00E-05 

Dynlrb2 3.42163 0.00865 
Kcnk1 3.41516 5.00E-05 
Ptgds 3.41469 5.00E-05 
Aadac 3.37208 0.0023 
Gipc2 3.32708 5.00E-05 

Ppp1r1b 3.27745 5.00E-05 
Cacna1e 3.25293 5.00E-05 

Spp1 3.10654 5.00E-05 
AC122260.1 3.05419 0.00195 

Krt8 3.01838 5.00E-05 
Acsbg1 3.00606 5.00E-05 
Krt18 2.8034 5.00E-05 
Fbp1 2.70299 0.00105 
Gm53 2.6543 0.00145 
Fmo3 2.61909 5.00E-05 
Ccl28 2.50858 5.00E-05 
Thbs2 2.48886 5.00E-05 

Ccdc30 2.35647 5.00E-05 
Prom1 2.34786 5.00E-05 
Dock8 2.33454 5.00E-05 
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Top 35 downregulated genes in HFD-fed POLG white adipose tissue, 
 vs. Chow-fed POLG. 

 
Gene Name Log2 Fold Change P Value 

Serpina3j -4.92729 5.00E-05 
2010106E10Rik -4.48965 5.00E-05 

Cyp1a1 -4.43739 5.00E-05 
Cyp2f2 -3.75839 5.00E-05 

Igkv15-103 -3.75744 0.00465 
Mylpf -3.32537 0.00025 

Serpina3b -3.3244 5.00E-05 
Gys2 -3.11137 5.00E-05 
Fasn -2.73525 5.00E-05 

Serpina3m -2.59829 5.00E-05 
Apoa2 -2.57182 0.0022 

Igkv19-93 -2.28713 0.00335 
Crlf1 -2.21219 0.0025 

Rab15 -2.14499 5.00E-05 
Trp63 -2.10894 5.00E-05 

2010003K11Rik -2.05895 5.00E-05 
Mx1 -1.97074 5.00E-05 

Gm12250 -1.96614 5.00E-05 
Cldn22 -1.90557 5.00E-05 
Pnpla3 -1.90229 5.00E-05 
Sh2d6 -1.89852 5.00E-05 

Tkt -1.83883 5.00E-05 
Slc2a12 -1.83712 5.00E-05 
Rwdd3 -1.82312 5.00E-05 

BC023105 -1.819 5.00E-05 
Ifit3 -1.80719 5.00E-05 

I830012O16Rik -1.76821 5.00E-05 
Aldh1a7 -1.76586 5.00E-05 
Kcne1l -1.74722 5.00E-05 

Mx2 -1.74282 5.00E-05 
H2-Q10 -1.65158 5.00E-05 

Ifit1 -1.63864 5.00E-05 
Slc25a1 -1.60374 5.00E-05 

Slfn1 -1.60239 5.00E-05 
Gbp11 -1.5826 5.00E-05 
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Top 15 upregulated gene ontology biological processes in HFD-fed 
POLG white adipose tissue, vs. Chow-fed POLG. 

 
Term Genes P Value 
GO:0007155~cell adhesion 60 1.43E-12 
GO:0022610~biological adhesion 60 1.55E-12 
GO:0009611~response to wounding 33 4.22E-06 
GO:0030155~regulation of cell adhesion 15 1.32E-05 
GO:0006935~chemotaxis 16 1.74E-05 
GO:0042330~taxis 16 1.74E-05 
GO:0016477~cell migration 25 1.80E-05 
GO:0007229~integrin-mediated signaling pathway 13 3.00E-05 
GO:0030198~extracellular matrix organization 15 3.04E-05 
GO:0045321~leukocyte activation 23 3.73E-05 
GO:0001558~regulation of cell growth 14 4.74E-05 
GO:0042325~regulation of phosphorylation 27 5.42E-05 
GO:0043062~extracellular structure organization 18 5.83E-05 
GO:0001775~cell activation 24 7.67E-05 
GO:0051094~positive regulation of developmental process 22 7.83E-05 

 
Top 15 downregulated gene ontology biological processes in HFD-fed 

POLG white adipose tissue, vs. Chow-fed POLG. 
 
Term Genes P Value 
GO:0006091~generation of precursor metabolites and energ 78 4.74E-52 
GO:0022900~electron transport chain 46 2.45E-37 
GO:0055114~oxidation reduction 97 1.56E-35 
GO:0015980~energy derivation by oxidation of organic com 30 4.44E-20 
GO:0045333~cellular respiration 24 2.92E-19 
GO:0006732~coenzyme metabolic process 32 4.24E-17 
GO:0051186~cofactor metabolic process 34 1.31E-15 
GO:0009109~coenzyme catabolic process 14 2.27E-12 
GO:0046356~acetyl-CoA catabolic process 13 3.15E-12 
GO:0006006~glucose metabolic process 26 5.53E-12 
GO:0006084~acetyl-CoA metabolic process 14 6.50E-12 
GO:0051187~cofactor catabolic process 14 1.06E-11 
GO:0009060~aerobic respiration 13 1.85E-11 
GO:0006099~tricarboxylic acid cycle 12 4.84E-11 
GO:0019318~hexose metabolic process 27 6.82E-11 
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Top upregulated KEGG pathways in HFD-fed POLG white adipose tissue, 
vs. Chow-fed POLG. 

 
Pathway Genes P Value 
mmu04510:Focal adhesion 24 9.64E-06 
mmu04662:B cell receptor signaling pathway 13 1.27E-04 
mmu04650:Natural killer cell mediated cytotoxicity 15 6.37E-04 
mmu04670:Leukocyte transendothelial migration 14 0.001567053 
mmu04360:Axon guidance 14 0.003699282 
mmu04512:ECM-receptor interaction 10 0.008471961 
mmu04142:Lysosome 12 0.012291908 
mmu04514:Cell adhesion molecules (CAMs) 14 0.013987492 
mmu04070:Phosphatidylinositol signaling system 9 0.014030218 
mmu04610:Complement and coagulation cascades 9 0.014030218 

 
Top downregulated KEGG pathways in HFD-fed POLG white adipose 

tissue, vs. Chow-fed POLG. 
 
Pathway Genes P Value 
mmu00190:Oxidative phosphorylation 55 1.11E-40 
mmu05012:Parkinson's disease 55 4.82E-40 
mmu05016:Huntington's disease 54 1.32E-30 
mmu05010:Alzheimer's disease 53 1.06E-29 
mmu00020:Citrate cycle (TCA cycle) 16 4.37E-13 
mmu04260:Cardiac muscle contraction 20 5.07E-10 
mmu00280:Valine, leucine and isoleucine degradation 14 4.41E-08 
mmu00620:Pyruvate metabolism 11 7.24E-06 
mmu00640:Propanoate metabolism 9 3.03E-05 
mmu00010:Glycolysis / Gluconeogenesis 13 3.09E-05 
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Top 35 upregulated genes in Chow-fed POLG white quadriceps, 
 vs. Chow-fed WT. 

 
Gene Name Log2 Fold Change P Value 

Alb 3.95944 5.00E-05 
Hddc3 2.82675 5.00E-05 
Apoa2 2.79328 0.00055 
Rabl2 2.75853 5.00E-05 

8430408G22Rik 2.52251 5.00E-05 
Mmp11 1.95836 5.00E-05 

Mt2 1.78317 5.00E-05 
Rassf4 1.64662 0.00115 
Clec10a 1.60355 5.00E-05 

AC154507.1 1.54216 5.00E-05 
Slc15a5 1.47627 0.00015 
Tyrobp 1.36117 0.0001 
Ddit4 1.34866 5.00E-05 
Ctss 1.34564 5.00E-05 
Aen 1.27276 5.00E-05 

Cd68 1.2342 0.0007 
Pfkfb3 1.17416 0.0006 

Slc43a1 1.15104 5.00E-05 
Klf10 1.12304 5.00E-05 
Arc 1.11774 5.00E-05 

mt-Atp6 1.09973 5.00E-05 
1190002H23Rik 1.09744 5.00E-05 

Bst2 1.09683 5.00E-05 
Mt1 1.06132 5.00E-05 

Tgif1 1.05866 5.00E-05 
Wasf2 1.05057 5.00E-05 
C1qb 1.03484 5.00E-05 
Zfpm1 1.03332 0.0005 
Ighm 1.02866 5.00E-05 

Cebpd 0.998022 5.00E-05 
Tap1 0.984561 0.00145 
C1qa 0.984014 5.00E-05 
Csrp3 0.980923 5.00E-05 
Hspb7 0.975892 5.00E-05 
Actg1 0.960289 5.00E-05 
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Top 35 downregulated genes in Chow-fed POLG white quadriceps, 
 vs. Chow-fed WT. 

 
Gene Name Log2 Fold Change P Value 

n-R5-8s1 -9.20381 5.00E-05 
7SK -8.66819 5.00E-05 

RNaseP_nuc -8.2895 0.00045 
AC242409.1 -6.46546 0.00015 

Gm10800 -5.10845 5.00E-05 
AY036118 -4.98196 5.00E-05 
Gm10801 -4.94078 5.00E-05 

Lars2 -4.9198 5.00E-05 
mt-Rnr2 -4.22459 5.00E-05 

B230312C02Rik -2.06102 5.00E-05 
Fgfbp1 -1.58582 5.00E-05 
Zfp503 -1.30902 5.00E-05 

Pfkl -1.2625 0.00155 
Gcat -1.17603 5.00E-05 

mt-Nd3 -1.10941 5.00E-05 
Ampd2 -1.06827 0.0002 
Dkk3 -1.04145 5.00E-05 

Cpxm1 -0.970891 0.00065 
Slc25a29 -0.939132 5.00E-05 
Epb4.1l5 -0.901931 5.00E-05 

D0H4S114 -0.871606 5.00E-05 
Nrarp -0.85896 5.00E-05 
Bcat2 -0.824104 5.00E-05 
Myod1 -0.814519 5.00E-05 
Oxct1 -0.797139 0.00125 
Pfdn4 -0.789585 0.00155 
Dbp -0.774127 5.00E-05 
Mb -0.762736 5.00E-05 

2310030G06Rik -0.758793 0.0016 
Ppp1r10 -0.755203 0.0002 
Ppm1k -0.71844 5.00E-05 
Klhdc4 -0.691691 0.0022 
Otub2 -0.68751 5.00E-05 
Larp7 -0.670182 0.00035 
Cilp -0.661292 5.00E-05 
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Top 15 upregulated gene ontology biological processes in Chow-fed 
POLG white quadriceps, vs. Chow-fed WT. 

 
Term Genes P Value 
GO:0048002~antigen processing and presentation of peptid 7 2.86E-06 
GO:0002478~antigen processing and presentation of exoge 6 5.85E-06 
GO:0019882~antigen processing and presentation 9 7.87E-06 
GO:0019884~antigen processing and presentation of exoge 6 1.63E-05 
GO:0008630~DNA damage response, signal transduction re 5 1.34E-04 
GO:0001568~blood vessel development 12 1.40E-04 
GO:0001944~vasculature development 12 1.73E-04 
GO:0050778~positive regulation of immune response 9 1.95E-04 
GO:0051094~positive regulation of developmental process 11 2.11E-04 
GO:0045597~positive regulation of cell differentiation 10 2.16E-04 
GO:0048584~positive regulation of response to stimulus 10 3.39E-04 
GO:0006955~immune response 16 4.20E-04 
GO:0030879~mammary gland development 7 5.08E-04 
GO:0042771~DNA damage response, signal transduction b 4 5.21E-04 
GO:0048514~blood vessel morphogenesis 10 5.36E-04 

 
Top downregulated gene ontology biological processes in Chow-fed 

POLG white quadriceps, vs. Chow-fed WT. 
 
Term Genes P Value 
GO:0030099~myeloid cell differentiation 3 0.040177444 
GO:0006470~protein amino acid dephosphorylation 3 0.054679942 
GO:0046394~carboxylic acid biosynthetic process 3 0.079269381 
GO:0016311~dephosphorylation 3 0.079269381 
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Top upregulated KEGG pathways in Chow-fed POLG white quadriceps, 
vs. Chow-fed WT. 

 
Pathway Genes P Value 
mmu04612:Antigen processing and presentation 10 3.52E-06 
mmu04610:Complement and coagulation cascades 6 0.003542994 
mmu05330:Allograft rejection 5 0.008044183 
mmu05332:Graft-versus-host disease 5 0.008044183 
mmu05416:Viral myocarditis 6 0.009204742 
mmu05310:Asthma 4 0.010184291 
mmu04940:Type I diabetes mellitus 5 0.010725738 
mmu05322:Systemic lupus erythematosus 6 0.013343266 
mmu05320:Autoimmune thyroid disease 5 0.016885525 
mmu04910:Insulin signaling pathway 6 0.040848727 

 
Top downregulated KEGG pathways in Chow-fed POLG white 

quadriceps, vs. Chow-fed WT. 
 
Pathway Genes P Value 
mmu00280:Valine, leucine and isoleucine degradation 4 2.51E-04 
mmu00290:Valine, leucine and isoleucine biosynthesis 2 0.030274646 
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Top 35 upregulated genes in HFD-fed POLG white quadriceps, 
 vs. Chow-fed POLG. 

 
Gene Name Log2 Fold Change P Value 

Nnat 4.09051 5.00E-05 
Apoa1 1.69062 5.00E-05 
Zfp503 1.67315 5.00E-05 
Myod1 1.55249 5.00E-05 

Slc15a2 1.5254 5.00E-05 
Gm9747 1.51939 5.00E-05 
Ampd2 1.50524 5.00E-05 
H2-Q5 1.47062 5.00E-05 
Mup3 1.23997 0.0002 
Vgll4 1.19241 5.00E-05 

Apoa2 1.19218 0.00035 
Cish 1.16782 0.00175 
Pfkl 1.15043 0.00015 

BC048679 1.12292 0.00015 
Fgfbp1 1.10604 5.00E-05 
Sec14l5 1.08664 5.00E-05 

Stc2 1.04163 0.00025 
Hp 1.03122 5.00E-05 

Nfatc2 1.0057 5.00E-05 
n-R5-8s1 0.996362 0.00075 
Gm4841 0.993828 5.00E-05 

Rara 0.989538 5.00E-05 
Frat2 0.964252 5.00E-05 
Pik3r1 0.961079 5.00E-05 
Parp16 0.954804 5.00E-05 
B4galt5 0.951112 0.00225 
Samd1 0.938126 5.00E-05 
Ddx26b 0.927147 0.0002 

Alb 0.920218 5.00E-05 
Twf1 0.909622 0.002 

Ahdc1 0.905562 0.0008 
Actc1 0.898547 5.00E-05 

Ccdc69 0.890888 0.0002 
6430571L13Rik 0.887335 5.00E-05 

Ky 0.882947 5.00E-05 
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Top 35 downregulated genes in HFD-fed POLG white quadriceps, 
 vs. Chow-fed POLG. 

 
Gene Name Log2 Fold Change P Value 

8430408G22Rik -2.52968 5.00E-05 
2610015P09Rik -2.16528 5.00E-05 

Pold3 -1.7787 5.00E-05 
Tmem140 -1.59995 5.00E-05 

Arc -1.53298 5.00E-05 
Gm9766 -1.52744 5.00E-05 

Rabl2 -1.52729 5.00E-05 
Gm10801 -1.51428 5.00E-05 
Gm10800 -1.44923 5.00E-05 

Pfkfb3 -1.39878 0.0001 
Gm12199 -1.31775 0.0003 

Glb1l2 -1.31194 5.00E-05 
Egln3 -1.28586 5.00E-05 
Lmod2 -1.14497 5.00E-05 

Arhgap26 -1.10563 0.0009 
Slc43a1 -1.10442 5.00E-05 
Zfpm1 -1.10275 0.0014 

Tmem37 -1.09297 5.00E-05 
Ift122 -1.02336 5.00E-05 
Il6ra -0.995719 5.00E-05 

Hspb7 -0.994964 5.00E-05 
Tnfrsf12a -0.977342 5.00E-05 

Chac1 -0.967792 5.00E-05 
Odc1 -0.957506 5.00E-05 

Trim63 -0.951247 0.0002 
Csrp3 -0.946091 5.00E-05 
Pim1 -0.942479 5.00E-05 

Spag5 -0.920256 0.002 
Fam83d -0.906149 5.00E-05 
Thbs4 -0.880494 0.001 

Adamts1 -0.859107 5.00E-05 
Tgif1 -0.843882 5.00E-05 
F3 -0.835685 0.0001 

Actg1 -0.834161 5.00E-05 
Ptpn4 -0.822896 0.00075 
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Top 15 upregulated gene ontology biological processes in HFD-fed 
POLG white quadriceps, vs. Chow-fed POLG. 

 
Term Genes P Value 
GO:0048002~antigen processing and presentation of peptid 6 1.99E-06 
GO:0002478~antigen processing and presentation of exoge 5 1.00E-05 
GO:0019882~antigen processing and presentation 7 1.37E-05 
GO:0019884~antigen processing and presentation of exoge 5 2.26E-05 
GO:0002495~antigen processing and presentation of peptid 4 1.12E-04 
GO:0019886~antigen processing and presentation of exoge 4 1.12E-04 
GO:0002504~antigen processing and presentation of peptid 4 1.91E-04 
GO:0010557~positive regulation of macromolecule biosynth 12 3.26E-04 
GO:0031328~positive regulation of cellular biosynthetic proc 12 4.60E-04 
GO:0009891~positive regulation of biosynthetic process 12 4.97E-04 
GO:0016064~immunoglobulin mediated immune response 5 5.60E-04 
GO:0019724~B cell mediated immunity 5 6.31E-04 
GO:0002252~immune effector process 6 9.77E-04 
GO:0002449~lymphocyte mediated immunity 5 0.001136407 
GO:0010604~positive regulation of macromolecule metaboli 12 0.001417219 

 
Top 15 downregulated gene ontology biological processes in HFD-fed 

POLG white quadriceps, vs. Chow-fed POLG. 
 
Term Genes P Value 
GO:0006357~regulation of transcription from RNA polymera 15 1.60E-04 
GO:0045892~negative regulation of transcription, DNA-depe 10 4.39E-04 
GO:0051253~negative regulation of RNA metabolic process 10 4.60E-04 
GO:0010558~negative regulation of macromolecule biosynth 11 1.00E-03 
GO:0031327~negative regulation of cellular biosynthetic pro 11 0.001237889 
GO:0009890~negative regulation of biosynthetic process 11 0.001326799 
GO:0000122~negative regulation of transcription from RNA  8 0.001571505 
GO:0016481~negative regulation of transcription 10 0.001665325 
GO:0006355~regulation of transcription, DNA-dependent 22 0.001997671 
GO:0051252~regulation of RNA metabolic process 22 0.002417886 
GO:0045934~negative regulation of nucleobase, nucleoside 10 0.002588065 
GO:0051172~negative regulation of nitrogen compound met 10 0.002767533 
GO:0010629~negative regulation of gene expression 10 0.003207547 
GO:0045893~positive regulation of transcription, DNA-depe 10 0.003530404 
GO:0051254~positive regulation of RNA metabolic process 10 0.003701167 
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Top upregulated KEGG pathways in HFD-fed POLG white quadriceps, vs. 
Chow-fed POLG. 

 
Pathway Genes P Value 
mmu04612:Antigen processing and presentation 6 3.38E-04 
mmu05322:Systemic lupus erythematosus 5 0.004972459 
mmu04672:Intestinal immune network for IgA production 4 0.005668628 
mmu05330:Allograft rejection 4 0.006921174 
mmu05332:Graft-versus-host disease 4 0.006921174 
mmu04940:Type I diabetes mellitus 4 0.008701924 
mmu05214:Glioma 4 0.009087398 
mmu05320:Autoimmune thyroid disease 4 0.012532126 
mmu05310:Asthma 3 0.02081515 
mmu05416:Viral myocarditis 4 0.025430407 

 
Top downregulated KEGG pathways in HFD-fed POLG white quadriceps, 

vs. Chow-fed POLG. 
 
Pathway Genes P Value 
mmu05221:Acute myeloid leukemia 3 0.046799726 
mmu05211:Renal cell carcinoma 3 0.067440704 
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Appendix 4: Transcriptomic Profiling of Muscles from Mice 
 Injected with MS-275 

 
Top 30 upregulated genes in MS-275-injected mouse tibialis anterior 

muscle, vs. Vehicle-injected. 
 

Gene Name Log2 Fold Change P Value 
S100a8 3.493134922 8.27E-127 
S100a9 2.674460652 2.84E-106 

8430408G22Rik 2.580869063 2.75E-105 
Mt1 2.3068455 4.31E-96 

Trim63 2.160274831 1.40E-90 
Cdkn1a 2.025028794 6.13E-85 

Ddit4 1.82130204 3.39E-84 
Junb 1.807767062 9.83E-81 

Fbxo2 1.715454127 2.88E-76 
Sesn1 1.704871964 2.28E-75 
Camp 1.645701659 3.88E-69 
Rcan1 1.592158002 4.53E-70 
Sdc4 1.56315813 7.76E-70 

Spsb1 1.546462358 1.76E-63 
Arhgap26 1.516015147 3.04E-65 

Car14 1.501821265 7.08E-64 
Cish 1.49978212 4.98E-63 
Mpo 1.484911487 5.26E-60 

Slc25a33 1.484911487 6.52E-61 
Errfi1 1.466757616 1.05E-60 
Doc2b 1.45048546 3.67E-55 

LOC100047619 1.426533138 4.89E-60 
Fez1 1.413594082 3.89E-59 

LOC100047261 1.41196851 4.65E-56 
Agt 1.367930141 6.96E-57 

Fbxo32 1.348232419 3.25E-56 
Gadd45g 1.341416524 2.47E-56 
Slc41a3 1.33571191 3.61E-53 

Plin5 1.317882883 4.61E-53 
Ltf 1.295723025 1.05E-52 
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Top 30 downregulated genes in MS-275-injected mouse tibialis anterior 
muscle, vs. Vehicle-injected. 

 
Gene Name Log2 Fold Change P Value 

Itgb6 -1.899695094 1.33E-118 
Zfp46 -1.821126042 9.96E-113 
Dbp -1.795859283 4.10E-111 
Itgb6 -1.666576266 1.41E-99 
Ctf1 -1.603840511 3.19E-93 
Ky -1.582079992 1.70E-93 

Fosb -1.465938398 1.58E-78 
Tmem42 -1.20756107 8.09E-62 

Bcl6 -1.177881725 7.17E-60 
Msrb2 -1.158429363 3.54E-57 

Ccdc90b -1.145605322 8.58E-57 
Ptx3 -1.13289427 1.85E-51 
Krt10 -1.098505545 1.60E-52 

Mif4gd -1.077041036 2.85E-51 
Cutc -1.064917477 1.52E-50 

Sugp2 -1.049904906 2.02E-49 
Slc25a25 -1.038006323 1.87E-48 
Dnase1l1 -1.03209363 4.25E-47 

6430571L13Rik -1.002888279 1.29E-45 
Phka1 -0.994240731 5.94E-45 

1700021C14Rik -0.991369695 7.52E-44 
Itgb6 -0.985644707 1.93E-41 
Xlr4a -0.979942348 2.43E-43 
Mef2c -0.962969269 9.80E-43 
Stac3 -0.962969269 1.40E-42 
Mef2c -0.951763814 8.39E-42 
Msrb2 -0.951763814 2.27E-41 
Gatsl2 -0.946193556 6.19E-41 
Dcakd -0.929610672 7.63E-40 
Egr1 -0.926865295 5.19E-40 
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Top 30 upregulated genes in MS-275-injected mouse white quadriceps 
muscle, vs. Vehicle-injected. 

 
Gene Name Log2 Fold Change P Value 

8430408G22Rik 2.983130425 6.33E-131 
Junb 2.812703577 9.46E-126 

Doc2b 2.369326884 2.27E-109 
Mt1 2.362610154 1.01E-109 

Slc25a33 2.336569042 1.26E-108 
Arhgap26 2.300123725 8.16E-107 

Ddit4 2.248534836 6.12E-105 
Fbxo2 2.23388806 1.51E-102 
Trim63 2.220639513 9.88E-104 
Cxcl13 2.214435698 2.65E-102 
Cdkn1a 2.134878054 6.90E-100 
Hspa2 2.091530593 8.20E-98 
Spsb1 2.074505436 5.87E-97 
Errfi1 2.071076162 6.14E-97 
Mup2 2.001802243 2.86E-93 

Gadd45a 1.988412026 5.77E-93 
Sdc4 1.977096712 2.32E-92 

Rassf4 1.969012308 1.28E-91 
Acss1 1.942608336 1.03E-90 
Rassf4 1.942608336 2.61E-90 
Sesn1 1.925239905 2.07E-89 
Fbxo32 1.919149363 1.49E-89 

Serpina3n 1.894138688 4.97E-88 
LOC100047619 1.857582955 5.15E-86 

Csrnp1 1.836328134 4.56E-85 
Doc2b 1.832282436 5.57E-83 

6430548M08Rik 1.830255324 6.64E-85 
H19 1.824564212 1.11E-84 

Sesn1 1.807354922 8.49E-84 
Arrdc3 1.801986364 1.63E-83 
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Top 30 downregulated genes in MS-275-injected mouse white 
quadriceps muscle, vs. Vehicle-injected. 

 
Gene Name Log2 Fold Change P Value 

Itgb6 -1.831357964 4.86E-97 
Gamt -1.63039393 2.07E-83 
Dbp -1.510457064 2.75E-76 
Lep -1.465938398 2.39E-71 

Itgb6 -1.329159664 4.38E-63 
Ctf1 -1.304006187 6.88E-61 

Tmem42 -1.286304185 4.27E-60 
Stac3 -1.19759996 2.14E-54 

Abhd11 -1.164884385 5.21E-52 
Itgb6 -1.161653263 8.75E-50 
Xlr4a -1.158429363 2.62E-51 

Ccdc65 -1.13606155 3.04E-50 
Aven -1.074000581 3.26E-45 

1700021C14Rik -1.064917477 1.83E-44 
Dynll1 -1.058893689 9.64E-45 
Gm889 -1.058893689 7.03E-45 

Itgb1bp2 -1.040971781 8.94E-44 
Btbd6 -1.035046947 5.40E-43 

Ky -1.029146346 4.89E-43 
Lgals1 -1.01449957 6.69E-42 
Fosb -1.008682243 1.49E-38 

Opn1mw -1.008682243 3.63E-41 
Zfp46 -1.008682243 1.18E-41 
Odf3l2 -0.988504361 2.79E-40 
Aimp2 -0.985644707 5.72E-40 
Ptx3 -0.985644707 1.61E-38 

Ankrd1 -0.98279071 8.45E-40 
Mif4gd -0.962969269 1.81E-38 
Msrb2 -0.957355663 2.11E-37 
Msrb2 -0.951763814 1.78E-37 

 




