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Abstract 

 The transcriptional co-activator PGC-1a is widely accepted as the “master regulator” of 

mitochondrial biogenesis – an increase in mitochondrial content – and much research has been devoted to 

understanding PGC-1a’s role in mitochondrial remodeling. However, several studies have demonstrated 

the dispensability of PGC-1a for exercise-induced increases in mitochondrial content, highlighting 

redundancies in the molecular control of mitochondrial biogenesis. This dissertation attempts to advance 

our understanding of the molecular regulation of mitochondrial biogenesis in human muscle by 

examining the impact of exercise and fasting on regulatory protein with emerging roles in mitochondrial 

biogenesis. We first review the literature to critically evaluate the ability of PGC-1a to coordinate 

mitochondrial biogenesis in human muscle and highlight a number of regulatory protein that also appear 

important in the regulation of mitochondrial gene expression. Subsequent chapters examine how the 

expression of these protein is altered in skeletal muscle under various physiological conditions (e.g. rest, 

exercise, fasting). We demonstrate that the activation of Nrf2 – a transcription factor with an emerging 

role in mitochondrial biogenesis – coincides with the induction of genes involved in mitochondrial 

biogenesis after a single exercise bout and that changes in Nrf2 protein associate with changes in 

mitochondrial content after training. We also find that the expression of LRP130 – another emerging 

regulatory protein – is highest in human muscle fibers with a high mitochondrial content, localized to the 

mitochondria within individual fibers, and correlated with mitochondrial content at the whole-muscle 

level. Finally, although fasting does not robustly activate mitochondrial biogenic pathways in human 

muscle, Nrf2 protein expression is increased and changes in LRP130 and PGC-1a are coordinated in 

fasted muscle. Collectively, this dissertation highlights Nrf2 and LRP130 as important emerging 

regulators of mitochondrial biogenesis in human muscle, thereby warranting the further study of these 

protein in future work. 
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Chapter 1 

General Introduction 

1.1 Molecular regulation of exercise-induced mitochondrial biogenesis 

Mitochondrial biogenesis refers to the expansion of the mitochondrial reticulum through 

increased mitochondrial protein content 1,2 and is among the most well-characterized adaptations of 

skeletal muscle to exercise training 3,4. Since the first in vivo demonstration of mitochondrial biogenesis in 

the 1960’s 5, advances in molecular biology have provided valuable insight into the cellular and molecular 

underpinnings of mitochondrial biogenesis 6. Based on the current paradigm, exercise-induced 

mitochondrial biogenesis begins when contraction-induced signals activate intracellular signaling 

cascades that converge on downstream transcription factors and co-activators 7. Changes in the activity 

and/or subcellular localization of these transcriptional regulators promotes DNA-binding and initiates the 

transcription of genes encoding mitochondrial proteins 7. Contraction-induced changes in gene 

transcription are presumably reflected in the transient “bursts” of mRNA that follow each single exercise 

bout and precede changes in protein content and enzyme activity that occur following successive exercise 

bouts 8. Replication of this temporal/correlational relationship between exercise-induced changes in 

mRNA expression and training-induced skeletal muscle adaptation 9,10 has resulted in widespread 

acceptance that exercise-induced mitochondrial biogenesis is initiated at the transcriptional level 7. Thus, 

while the current work focuses largely on the transcriptional mechanisms controlling mitochondrial 

biogenesis, the importance of regulatory steps distal to gene transcription (e.g. mRNA stability, 

translation, protein import, assembly) should not be overlooked 4.  

 

1.2 PGC-1α: the “master regulator” of mitochondrial biogenesis 

The transcriptional coactivator peroxisome proliferator-activated receptor (PPAR) gamma 

coactivator-1 alpha (PGC-1a) is the frequently designated “master regulator” of mitochondrial biogenesis 

11,12. PGC-1a co-activates the nuclear respiratory factors 1 and 2 (NRF-1/2) 13,14, which control the 



 2 

 

expression of many nuclear-encoded respiratory genes  15,16 and the mitochondrial transcription factors A 

(TFAM), B1 (TFB1M), and B2 (TFB2M) 13,17, allowing for the coordinated upregulation of nuclear- and 

mitochondrial-encoded gene transcription 14,18. In addition to NRF-1/2, PGC-1a also coactivates other 

transcription factors that control various aspects of oxidative metabolism, including ying yang 1 (YY1), 

myocyte enhancer factor (MEF) 2A (MEF2A), and the PPAR and estrogen related receptor (ERR) 

families of nuclear hormone receptors 11,12. Of note, PGC-1a autoregulates its own expression via co-

activation of MEF2D on the PGC-1a promoter, providing a mechanism by which sufficient levels of 

PGC-1a are maintained in tissues of high metabolic demand and/or in response to environmental stress 19. 

Importantly for exercise induced mitochondrial biogenesis, PGC-1a’s expression and activity can be 

modified by a number of signaling cascades that are activated by contractile activity 20–22.  

Although numerous loss- and gain-of-function studies support the importance of PGC-1a in the 

maintenance of basal mitochondrial content and function 23–33, PGC-1a appears to be dispensable for the 

training-induced augmentation of mitochondrial content and exercise performance in rodents 23,34–37. 

Relatedly, there is little empirical support for the ability of PGC-1a to coordinate nuclear- and 

mitochondrial-encoded gene expression in exercised human skeletal muscle 38. Given the complex nature 

of mitochondrial biogenesis, the dispensability of PGC-1a for mitochondrial remodelling and/or PGC-

1a’s apparent inability to coordinate gene expression is perhaps unsurprising. Intuitively, it is unlikely 

that a single regulatory protein can synchronise a multi-step adaptive process that involves the 

coordination of two genomes, and the subsequent synthesis, import, and assembly of newly formed 

proteins into existing mitochondrial fractions 21,22. Therefore, the notion that a number of overlapping and 

redundant pathways mediate mitochondrial biogenesis seems much more logical than the concept of a 

single “master regulator”, particularly when considering the inherent redundancies in adaptive pathways 

that defend homeostasis.  
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1.3 Emerging regulators of mitochondrial biogenesis 

Recent evidence from rodent/cellular experimental models points to the existence of a number of 

parallel and redundant pathways leading to mitochondrial biogenesis 39. Two regulatory protein explored 

in this dissertation are nuclear factor erythroid 2-related factor 2 (Nrf2/NFE2L2) and leucine-rich 

pentatricopeptide repeat motif-containing protein (LRP130/LRPPRC). Nrf2 is a redox sensitive 

transcription factor with an emerging role in exercise-induced mitochondrial biogenesis 39. Like PGC-1a, 

Nrf2 is responsive to multiple exercise-induced signaling pathways 39 and can coordinate nuclear- and 

mitochondrial-encoded gene expression via NRF-1 40. Genetic ablation of Nrf2 blunts 41 or abolishes 42 

training-induced mitochondrial biogenesis in rodent muscle, further highlighting Nrf2’s as an important 

emerging regulator of mitochondrial biogenesis. Presently, the relationship between Nrf2 

activity/expression and markers of mitochondrial biogenesis in exercised human muscle is unknown.  

LRP130 is implicated in the control of mitochondrial-encoded gene expression both as a 

transcriptional co-activator and RNA-binding protein controlling mRNA stability 39. LRP130 interacts 

with the mitochondrial RNA polymerase (POLRMT) in the liver 43,44 and with PGC-1a in hepatocytes 45. 

Morevoer, LRP130’s RNA-binding activity is apparent in both nuclear and mitochondrial fractions 46, 

thereby implicating LRP130 in the coordination of mitochondrial biogenesis. Genetic LRP130 deletion 

47,48 and LRP130 gene mutations underlying mitochondrial disease 49,50 are associated with oxidative 

phosphorylation (OXPHOS) complex assembly/activity defects arising from the destabilization of 

mitochondrial mRNAs. Presently, LRP130’s function in healthy human skeletal muscle is largely 

unknown and no previous study has examined LRP130’s fiber-specific distribution pattern, subcellular 

localization and/or relationship with mitochondrial content and PGC-1a. Further, the impact of exercise 

on LRP130 expression has only been examined in human one existing study 51 and the impact of fasting 

on LRP130 expression in human muscle remains unknown. 
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1.4 Objectives and thesis layout 

To date, the vast majority of research examining the regulation of mitochondrial biogenesis has 

focused on PGC-1a, with little attention devoted to alternative regulatory pathways controlling 

mitochondrial phenotype, particularly in human skeletal muscle. As such, the overarching aim of my PhD 

dissertation is to advance our understanding of the molecular regulation of mitochondrial biogenesis in 

human skeletal muscle by examining emerging regulatory protein. Within this overarching aim, the 

specific objectives of my dissertation Chapters are as follows: 

1) To critically evaluate the ability of PGC-1a to coordinate mitochondrial biogenesis in exercised 

human skeletal muscle (Chapter 2.1) and highlight emerging regulatory protein involved in 

exercise-induced mitochondrial biogenesis (Chapter 2.2) 

2) To examine the repeatability of exercise-induced changes in mRNA expression (a frequently 

utilized primary outcome measure in my subsequent studies) and technical considerations for 

qPCR analysis (a staple laboratory technique used throughout my PhD) in human skeletal muscle 

(Chapter 3). 

3) To examine the relationship between changes in Nrf2 expression and markers of mitochondrial 

biogenesis in acutely and chronically exercised human skeletal muscle (Chapter 4).  

4) To examine the expression pattern of LRP130 in rested muscle and changes in LRP130 

expression following an acute bout of exercise and fasting (Chapter 5). 

5) To examine the impact of whole-body energetic stress during an acute fasting period on the 

expression of established (PGC-1a) and emerging (Nrf2, LRP130) regulators of mitochondrial 

biogenesis in human skeletal muscle.  
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Chapter 2 

Literature Review 

2.1 Coordination of mitochondrial biogenesis by PGC-1a in human skeletal muscle: a re-

evaluation 

2.1.1 Abstract 

The transcriptional co-activator peroxisome proliferator-activated receptor gamma co-activator-1 

alpha (PGC-1α) is proposed to coordinate skeletal muscle mitochondrial biogenesis through the integrated 

induction of nuclear- and mitochondrial-encoded gene transcription.  This paradigm is based largely on 

experiments demonstrating PGC-1α’s ability to co-activate various nuclear transcription factors that 

increase the expression of mitochondrial genes, as well PGC-1α’s direct interaction with mitochondrial 

transcription factor A within mitochondria to increase the transcription of mitochondrial DNA.  While 

this paradigm is supported by evidence from cellular and transgenic animal models, as well as acute 

exercise studies involving animals, the up-regulation of nuclear- and mitochondrial-encoded genes in 

response to exercise does not appear to occur in a coordinated fashion in human skeletal muscle.  This 

review re-evaluates our current understanding of this phenomenon by highlighting evidence from recent 

studies examining the exercise-induced expression of nuclear- and mitochondrial-encoded genes targeted 

by PGC-1α.  We also highlight several possible theories that may explain the apparent inability of 

PGC-1α to coordinately up-regulate the expression of genes required for mitochondrial biogenesis in 

human skeletal muscle, and provide directions for future work exploring mitochondrial biogenic gene 

expression following exercise.  

2.1.2 Introduction 

Skeletal muscle is a highly malleable tissue that undergoes robust phenotypical modifications in 

response to a plethora of environmental stimuli.  For instance, exercise-induced perturbations in 

myocellular energy status activate multiple signaling cascades that converge on key regulatory proteins 
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controlling DNA transcription and/or translation 52.  Gradually, superimposition of repeated transient 

mRNA bursts that follow each exercise bout can contribute to increases in protein content and/or 

enzymatic activities, thereby modifying skeletal muscle functional capacity 53.  Among the hallmark 

adaptations observed in response to exercise training is an increase in mitochondrial content (i.e. 

mitochondrial biogenesis), which improves the maximal capacity of skeletal muscle to produce ATP 

through oxidative phosphorylation 54. The transcriptional co-activator peroxisome proliferator-activated 

receptor gamma co-activator-1 alpha (PGC-1α) is proposed to coordinate skeletal muscle mitochondrial 

biogenesis through the integrated induction of nuclear- and mitochondrial-encoded gene transcription 

following each training bout 55–57.  While this paradigm is supported by evidence from cellular and animal 

models, there is little evidence for a PGC-1α-mediated coordinated up-regulation of nuclear- and 

mitochondrial-encoded genes following exercise in human skeletal muscle.  As such, we provide a critical 

review of the literature supporting and refuting the coordinated induction of mitochondrial biogenesis by 

PGC-1α, with an emphasis on recent findings from studies examining this concept in exercised humans.  

Further, we highlight several possible theories that may explain the apparent inability of PGC-1α to 

coordinate mitochondrial biogenesis in human skeletal muscle and provide important avenues for future 

research examining mitochondrial biogenic gene expression following exercise. 

2.1.3 Establishment of the current paradigm 

The current paradigm implicating PGC-1α as a central regulator of mitochondrial biogenesis 

originates predominantly from a series of overexpression studies from Spiegelman’s group starting in the 

late 90’s 58–60.  Puigserver and colleagues 59 initially identified PGC-1α as a cold-inducible transcriptional 

co-activator that regulates the expression of both nuclear- and mitochondrial-encoded respiratory genes 

via interactions with various transcription factors in vitro.  Several subsequent loss- and gain-of-function 

experiments (i.e. overexpression/knockout) demonstrated coordinated changes in both nuclear- and 

mitochondrial-encoded gene expression in response to changes in PGC-1α expression in cultured muscle 

cells and murine skeletal muscle 60–66.  Although the mechanism linking PGC-1α to mitochondrial-
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encoded gene transcription was not initially established by Spiegelman’s group, they discovered that 

PGC-1α interacts with thyroid hormone receptors 59, transcription factors implicated in exercise-mediated 

adaptations to proteins involved in oxidative phosphorylation 67.  The ability of thyroid hormone receptors 

to directly (by binding to mtDNA) and indirectly (via other transcription factors [discussed in the next 

paragraph]) influence mitochondrial gene transcription also provided a potential link between PGC-1α 

and mitochondrial-encoded gene transcription 68,69.  

In a subsequent study, Spiegelman’s group identified the nuclear respiratory factors (NRF-1, 

NRF-2) as additional nuclear-encoded transcription factors targeted by PGC-1α, providing another 

potential mechanism for PGC-1α-mediated nuclear-mitochondrial crosstalk 58.  Based on in vitro 

experiments, NRF-1/2 are proposed to up-regulate the transcription of several nuclear-encoded respiratory 

genes 70–72 and also induce the expression of the mitochondrial transcription factor A (TFAM) 71.  In 

cellular and animal models, TFAM initiates the transcription and replication of mtDNA 56,73,74.  The 

existence of the PGC-1α–NFR1/2–TFAM pathway was indeed established in muscle cell experiments 

elegantly demonstrating PGC-1α’s ability to bind and co-activate the transcriptional function of NRF-1 on 

the TFAM promoter, thereby increasing the expression of TFAM 58.  PGC-1α’s ability to activate 

mitochondrial biogenesis via NRF-1/2 was later supported in mouse skeletal muscle, where an exercise-

induced increase in nuclear PGC-1α coincided with an increase in NRF-1/2 binding to the promoters of 

their target genes 75.  In addition to TFAM, the PGC-1α–NRF-1/2 pathway also up-regulates the 

mitochondrial transcription factors B1 (TFB1M) and B2 (TFB2M), essential components of the mtDNA 

transcriptional machinery 76,77.  Collectively, these results support the involvement of the PGC-1α–NRF-

1/2 pathway in the coordinated induction of nuclear- and mitochondrial-encoded gene transcription. 

In addition to coordinating the integrated expression of respiratory genes via the PGC-1α–NRF-

1/2 pathway, there is evidence supporting a direct role for PGC-1α in the activation of mitochondrial gene 

transcription.  Specifically, the presence of PGC-1α within mitochondria has been demonstrated in human 

carcinoma cells, where it interacts directly with TFAM to regulate mtDNA expression 78.  PGC-1α and 

TFAM also co-localize with α-tubulin in the cytosol of rat skeletal muscle 79.  Similar to increases in 
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nuclear PGC-1α abundance following an acute bout of swimming in rats 75, acute treadmill exercise 

promotes an exercise-dependent translocation of PGC-1α to mitochondria of mouse 80 and rat 79 skeletal 

muscle, where it complexes with TFAM at the mtDNA D-loop 80.  Furthermore, increases in nuclear 

75,80,81 and mitochondrial 79,80 PGC-1α protein content are associated with increases in nuclear- and 

mitochondrial-encoded genes in the initial hours following exercise in rodents 75,80,81.  As such, both cell 

culture and animal experiments appear to support the ability of PGC-1α to directly activate 

mitochondrial-encoded gene transcription through its interaction with TFAM.   

Together, these studies provide evidence supporting the ability of PGC-1α to coordinate 

mitochondrial biogenesis via activation of transcription factors that increase the expression of nuclear- 

and mitochondrial-encoded genes, and the expression of TFAM, TFB1M, and TFB2M.  Additionally, the 

presence of PGC-1α within mitochondria and its interaction with TFAM provides a mechanism by which 

PGC-1α may directly activate the transcription and replication of mtDNA. A summary of these proposed 

regulatory pathways is presented in Figure 2-1. 

 

Figure 2-1. Proposed regulatory pathways underlying the coordinated up-regulation of nuclear- and 
mitochondrial-encoded gene expression via PGC-1α. 1) Activation of transcription factors that increase 
the expression of nuclear-encoded mitochondrial genes, 2) up-regulation of TFAM, TFB1M, and TFB2M 
via NRF-1/2, and 3) activation of mitochondrial DNA transcription and replication via TFAM.  TFAM: 
mitochondrial transcription factor A; TFB1M: mitochondrial transcription factor B1; TFB2M: 
mitochondrial transcription factor B2; NRFs: nuclear respiratory factors; PGC-1α: peroxisome 
proliferator-activated receptor-1 gamma co-activator-1 alpha. 

 

with increases in nuclear- andmitochondrial-encoded genes in
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ability of PGC-1! to coordinate mitochondrial biogenesis via
activation of transcription factors that increase the expres-
sion of nuclear- and mitochondrial-encoded genes, and the
expression of TFAM, TFB1M, and TFB2M. Additionally, the
presence of PGC-1! within mitochondria and its interaction
with TFAM provides a mechanism by which PGC-1! may
directly activate the transcription and replication of mtDNA.
A summary of these proposed regulatory pathways is
presented in Fig. 1.

3. Does Evidence from Exercised Humans
Support the Current Paradigm?

Numerous studies have reported increases in PGC-1! mRNA
and/or protein content in human skeletal muscle in response
to both acute and chronic exercise regimes [3,4,31]. Due to
evidence from cell culture experiments demonstrating PGC-
1!'s ability to co-activate its own promoter via myocyte
enhancer factor 2 (MEF2) [32] and coincident increases in
PGC-1! co-activator activity and mRNA expression observed
following electrical stimulation [33], this exercise-induced
increase in PGC-1! expression has been widely interpreted as
an increase in PGC-1! activation [3]. However, although
existing studies examining the coordination of mitochondrial

biogenesis in human skeletal muscle have largely focused on
mRNA responses, limitations associated with the use of
mRNA expression as a surrogate measure of PGC-1! activity
(discussed in Section 4.1) must be considered when
interpreting the available evidence.

Consistent with evidence from animal models [24,29],
exercise-induced increases in PGC-1! gene expression (and
potentially its co-activator activity [30,31]) coincide with
changes in its subcellular localization in human skeletal
muscle. Specifically, both submaximal continuous and
supramaximal interval exercise promote the redistribution
of PGC-1! from the cytosol to the nucleus [28,34–36]. While
submaximal exercise can also promote an increase in
mitochondrial PGC-1! [28], a change in PGC-1!'s subcellular
location (nuclear or mitochondrial) is not always observed
with this type of exercise [37–39]. Based on PGC-1!'s
purported role as a central regulator of mitochondrial
biogenesis (Section 2, Fig. 1), the redistribution of PGC-1! to
the nucleus and/or mitochondria should promote an up-
regulation of mitochondrial transcription factors and/or an
increase in mitochondrial gene expression. These possibili-
ties are explored in the following sections by presenting data
from studies examiningmitochondrial biogenic gene expres-
sion in human skeletal muscle.

3.1. Evidence for an Up-Regulation of Mitochondrial
Transcription Factors Targeted by PGC-1!

According to evidence from cellular and animal models
supporting the existence of the PGC-1!–NRF-1/2 pathway, an
increase in PGC-1! mRNA (and presumably its co-activator
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gamma co-activator-1 alpha.
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2.1.4 Does evidence from exercised humans support the current paradigm? 

Numerous studies have reported increases in PGC-1α mRNA and/or protein content in human 

skeletal muscle in response to both acute and chronic exercise regimes 54,55,82.  Due to evidence from cell 

culture experiments demonstrating PGC-1α’s ability to co-activate its own promoter via myocyte 

enhancer factor 2 (MEF2) 83 and coincident increases in PGC-1α co-activator activity and mRNA 

expression observed following electrical stimulation 84, this exercise-induced increase in PGC-1α 

expression has been widely interpreted as an increase in PGC-1α activation 54.  However, although 

existing studies examining the coordination of mitochondrial biogenesis in human skeletal muscle have 

largely focused on mRNA responses, limitations associated with the use of mRNA expression as a 

surrogate measure of PGC-1α activity (discussed in 2.1.5.1) must be considered when interpreting the 

available evidence.  

Consistent with evidence from animal models 75,80, exercise-induced increases in PGC-1α gene 

expression (and potentially its co-activator activity 83,84 coincide with changes in its subcellular 

localization in human skeletal muscle.  Specifically, both submaximal continuous and supramaximal 

interval exercise promote the redistribution of PGC-1α from the cytosol to the nucleus 79,85–87.  While 

submaximal exercise can also promote an increase in mitochondrial PGC-1α 79, a change in PGC-1α’s 

subcellular location (nuclear or mitochondrial) is not always observed with this type of exercise 88–90.  

Based on PGC-1α’s purported role as a central regulator of mitochondrial biogenesis (Figure 2-1), the 

redistribution of PGC-1α to the nucleus and/or mitochondria should promote an up-regulation of 

mitochondrial transcription factors and/or an increase in mitochondrial gene expression.  These 

possibilities are explored in the following sections by presenting data from studies examining 

mitochondrial biogenic gene expression in human skeletal muscle.     

2.1.4.1 Evidence for an up-regulation of mitochondrial transcription factors targeted by PGC-1a 

According to evidence from cellular and animal models supporting the existence of the PGC-1α–

NRF-1/2 pathway, an increase in PGC-1α mRNA (and presumably its co-activator activity 83,84 following 
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exercise should coincide with increases in the expression of TFAM, TFB1M and/or TFB2M (via PGC-1α 

mediated co-activation of NRF-1/2 58,71,76,77.  In agreement with this hypothesis, the up-regulation of 

TFAM, TFB1M and/or TFB2M does occur in concert with an increase in PGC-1α expression in a number 

of human studies 91–99.  However, several others studies have failed to observe changes in the expression 

of these mitochondrial transcription factors at similar time-points despite an increase in PGC-1α mRNA 

following exercise 100–105.  The observation that increases in TFAM expression can precede an increase in 

PGC-1α mRNA raises the possibility that the activation of NRF-1/2 via by PGC-1α might not be required 

for the up-regulation of TFAM 106.  Further, although PGC-1α can translocate to mitochondria following 

exercise in human muscle 79, there is currently no experimental evidence demonstrating that the direct 

PGC-1α–TFAM interaction observed in animal/cellular models 78–80 occurs in the mitochondria of human 

skeletal muscle.  Thus, evidence supporting the ability of PGC-1α to induce the expression of 

mitochondrial transcriptional machinery via NRF-1/2 (Figure 2-1) in human skeletal muscle is 

inconclusive (see Table 2-1 for a summary of studies used to draw this conclusion), and there is currently 

no evidence supporting the direct interaction between PGC-1α and TFAM (Figure 2-1) within human 

skeletal muscle mitochondria.  
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Table 2-1. Studies examining the exercise-induced expression (mRNA levels) of mitochondrial transcription factors targeted by PGC-1α in 

human skeletal muscle. 

Reference Participants Exercise protocol 
Timing of post-
exercise muscle 

biopsy (h) 
PGC-1α Transcription 

factors 
Coordinated 

response? 

90 10 habitually 
active males 

10 x 60 s cycling at 90% HRmax, 60 s 
recovery 3  « TFAM No 

91 9 healthy males 
and females 

90 min cycling at 60% VO2max (A) 
90 min cycling with 12 s at 120% 

VO2max followed by 18 s at 20% VO-
2peak (B) 

3  (A, B) 
 TFAM (A) 
 TFB1M (A) 
 TFB1M (A) 

Yes 

92 9 habitually 
active males 

10 x 4 min cycling bouts at 90% 
VO2peak with 2 min rest periods 4, 24  (4 h)  TFAM (4, 24 h) Yes 

93 10 elite male 
cyclists 

7 x 30 s all out cycling, 4 min rest (A) 
3 x 20 min cycling (87% VO2peak), 4 

min rest (B) 
3  (A, B)  TFAM (A) Yes 

94 
10 habitually 
active males 
and females 

Three sets of 5 x 4 s all out running, 20 
s of recovery between sprints, 4.5 min 

rest between sets 
0, 1, 4  (4 h)  TFAM (4 h) Yes 

95 12 trained 
males 

50 min cycling at LT (A) 
10 x 2 min at 125% LT, 3 min at 81% 

LT (B) 
1, 3, 5  (3, 5 h; 

A, B) 

 TFAM (3, 5 h; B) 
 TFB2M (5 h; A, 

B) 
Yes 

96 15 elite 
triathletes 4 h cycling at 73% HRmax 0, 4, 24  (0, 4 h)  TFAM (0, 4 h) Yes 

97 7 habitually 
active males 

3 h two-legged knee extensions at 50% 
of one-legged maximal load that could 

be sustained for 2 min 
0, 2, 6, 12  (2, 6 h)  TFAM (6 h) Yes 

98 
20 habitually 
active males 
and females 

60 min cycling at 70% VO2peak 0, 0.5, 2, 6, 24  (0.5, 2, 
6, 24 h) 

 TFAM (0.5, 6 h) 
« TFB1M Yes 

99 
25 habitually 
active males 
and females 

90 min isoenergetic cycling or 
weighted walking at 55% VO2peak 

0, 3  (3 h)  TFAM (3 h) Yes 
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100 9 healthy males 
45 min dynamic constant-load (26% of 
one-legged max) knee-extensions at 60 

rpm 
0, 0.5, 2, 6  (2, 6 h) 

« TFAM 
« TFB1M 
« TFB1M 

No 

101 9 untrained 
healthy males 60 min cycling at 72% VO2peak 0, 3  (3 h) « TFAM No 

102 8 habitually 
active males 

6 x 3 min cycling at 90% VO2max, 3 
min recovery at 50% VO2max 

0, 3  (3 h) « TFAM No 

103 9 endurance 
athletes 

30 (A), 60 (B), or 90 (C) min cycling at 
60% VO2max 1, 3, 5  (3, 5 h; 

B, C) 
« TFAM 
« TFB2M No 

104 10 habitually 
active males 

11 x 1 min cycling at 73% VO2peak, 1 
min recovery (A) 

8 x 1 min cycling at 100% VO2peak, 1 
min recovery (B) 

3  (A, B) « TFAM No 

105 
20 sedentary 

males and 
females 

3 x 20 s all out cycling, 2 min recovery 0, 3  (3 h) «  TFAM No 

106 8 sedentary 
males 

Cycling at 40% (A) or 80% (B) VO2peak 
until 1674 kJ expended 

 
0, 3 

 
 (3 h, 
B>A) 

 
 TFAM (0 h, B) 

 
Yes 

107 8 sedentary 
males 60 min cycling at 80% VO2peak 16 «  TFAM No 

108 18 healthy 
males 

4 sets x 10 reps of leg press and knee 
extension at 75% 1-RM, 2 min rest 3, 24, 48  (3 h)  TFAM (24 h) Yes 

Note: Arrows indicate a significant (p<0.05) change in gene expression relative to baseline or control.  1-RM: one-repetition maximum; 
HRmax: maximum heart rate; LT: lactate threshold; TFAM: mitochondrial transcription factor A; TFB1M: mitochondrial transcription factor 
B1; TFB2M: mitochondrial transcription factor B2; PGC-1α; peroxisome proliferator-activated receptor-1 gamma co-activator-1 alpha; 
VO2max: maximum oxygen uptake; VO2peak: peak oxygen uptake. 
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2.1.4.2 Evidence for coordinated up-regulation of mitochondrial genes targeted by PGC-1α 

Although coincident increases in the expression of PGC-1α and at least one of its nuclear-

encoded target genes have been observed 87,94,101,103,104,109–114, a “true” coordinated response (i.e. a 

systematic up-regulation of many or all PGC-1α target genes) is not supported by evidence in human 

skeletal muscle as it is in mice 80,81.  Numerous studies show a disconnect between PGC-1α expression 

and the expression of other putative nuclear and mitochondrial targets of PGC-1α in human skeletal 

muscle following exercise 92,96,97,101,102,104–107,115–117.  Perhaps most importantly, to our knowledge, only one 

study has observed a simultaneous increase in the expression of both nuclear- and mitochondrial-encoded 

respiratory genes following an acute exercise bout 85; however, this study only examined 4 genes and only 

one that was mitochondrial-encoded.  As such, despite its widespread acceptance in the human literature, 

the current paradigm implicating PGC-1α as a central regulator of mitochondrial biogenesis via the 

coordinated induction of nuclear- and mitochondrial-encoded respiratory genes is not supported by the 

available data gleaned from studies on human skeletal muscle (Table 2-2). 

2.1.5 Possible explanations for the lack of a coordinated response in human skeletal muscle  

 Based on the evidence presented, the coordinated up-regulation of nuclear- and mitochondrial-

encoded gene transcription observed in animal/cellular models appears not to exist in exercised human 

skeletal muscle, thereby refuting the current paradigm that PGC-1α coordinates mitochondrial biogenesis.  

The following section will explore possible theories that may explain the lack of evidence supporting the 

ability of PGC-1α to coordinate mitochondrial biogenesis in human skeletal muscle, including: 1) a lack 

of comprehensive studies examining this phenomenon in humans; 2) divergent temporal patterns of 

expression for nuclear- and mitochondrial-encoded genes following exercise; 3) an alternative and/or 

more complex level of mitochondrial gene regulation than explained by the current paradigm; and/or 4) 

potential structural differences in PGC-1α and its targets between species.  
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Table 2-2. Studies examining the exercise-induced expression (mRNA levels) of both nuclear- and mitochondrial-encoded genes targeted by 

PGC-1α in human skeletal muscle. 

Reference Participants Exercise protocol 
Timing of post-
exercise muscle 

biopsy (h) 
PGC-1α Nuclear-encoded 

genes 
Mitochondrial-
encoded genes 

Coordinated 
response? 

85 8 habitually 
active males 

4 x 30 s all out 
cycling, 4 min rest 0, 3, 24  (3 h)  COXIV (3 h) 

 CS (3 h)  COXII (3 h) Yes 

103 9 endurance 
athletes 

30 (A), 60 (B), or 90 
(C) min cycling at 

60% VO2max 
1, 3, 5  (3, 5 h; B, C)  CS (5 h; B, C) 

« PDK4 « COXII No 

104 10 habitually 
active males 

11 x 1 min cycling at 
73% VO2peak, 1 min 

recovery (A) 
8 x 1 min cycling at 
100% VO2peak, 1 min 

recovery (B) 

3  
 CS (B) 
« COXIV 

 PDK4 (A, B) 

« COXI 
« COXII 
« ND1 
« ND4 

 

No 

108 18 healthy 
males 

4 x 10 repetitions of 
leg press and knee 

extension at 75% 1-
RM, 2 min rest 

3, 24, 48  (3 h) « CS ¯ ND1 (48 h) 
¯ ND4 (48 h) No 

Note: Arrows indicate a significant (p<0.05) change in gene expression relative to baseline or control.  1-RM: one-repetition maximum; COXI: 
cytochrome c oxidase subunit 1; COXII: cytochrome c oxidase subunit 2; COXIV: cytochrome c oxidase subunit 4; CS: citrate synthase; ND1: 
NADH dehydrogenase subunit 1; ND4: NADH dehydrogenase subunit 4; PGC-1α; peroxisome proliferator-activated receptor-1 gamma co-
activator-1 alpha; PDK4: pyruvate dehydrogenase kinase 4; VO2max: maximum oxygen uptake; VO2peak: peak oxygen uptake. 
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2.1.5.1 Lack of comprehensive human studies   

 Perhaps the simplest explanation for the lack of evidence supporting a PGC-1α mediated 

coordination of mitochondrial biogenesis in human skeletal muscle is the lack of comprehensive studies 

examining this phenomenon in humans.  Surprisingly, to our knowledge, only four studies have examined 

changes in both nuclear- and mitochondrial-encoded gene expression following acute exercise in human 

skeletal muscle 85,103,104,108, an important limitation given that mitochondrial biogenesis requires the 

expression of genes encoded in both genomes 118.  Further, these studies have collectively examined only 

four of the thirteen respiratory chain subunits encoded in mtDNA (COX I, COX II, ND1, ND4), leaving 

the relationship between PGC-1α and nine other mitochondrial-encoded respiratory genes unexplored.  

The limited number of time-points examined in these studies also raises the possibility that, if present, a 

coordinated genetic response may have been missed due to divergent temporal patterns of gene 

expression (discussed in more detail in 2.1.5.2).   

Another important limitation of the human skeletal muscle literature is the lack of evidence 

demonstrating direct protein interactions (e.g. co-immunoprecipitation) between PGC-1α and downstream 

nuclear- and mitochondrial-transcription factors.  The lack of this evidence has led to the acceptance by 

many in the field that PGC-1α mRNA expression can be used as an indirect measure of its activity.  This 

assumption is based on cell culture experiments linking PGC-1α’s co-activator activity to its mRNA 

expression 83,84, but does not account for potential changes in mRNA dynamics including changes in 

mRNA half-life, stability and/or degradation following exercise 119.  Alternatively, rapid activation of 

existing PGC-1α protein via post-translational modifications may be responsible for downstream changes 

in PGC-1α target genes, while PGC-1α mRNA expression itself may also be dependent on alternative 

mechanism(s) 57.  The tenuous relationship between PGC-1α mRNA expression and its activity is further 

highlighted by the up-regulation of a number of mitochondrial genes prior to an increase in PGC-1α 

mRNA in exercised mice 120 and rats 75.  Nevertheless, although the issues outlined above highlight gaps 

in our understanding of the regulation of PGC-1α transcriptional activity in human skeletal muscle, these 
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gaps do not explain why the coordinated induction of nuclear and mitochondrial PGC-1α targets appears 

to be absent in human skeletal muscle.  

Taken together, these limitations highlight a striking need for future studies designed to 

comprehensively assess the potential of a true coordinated response in human skeletal muscle.  

Specifically, future studies in human skeletal muscle should: 1) examine larger sets of mitochondrial 

genes encoded in both nuclear and mitochondrial genomes at multiple post-exercise time-points, 2) utilize 

more accurate markers of PGC-1α activity (i.e. post-translational modifications), and 3) examine direct 

interactions between PGC-1α downstream transcription factors, and between these transcription factors 

and their target genes (i.e. chromatin immunoprecipitation assays).  

2.1.5.2 Divergent temporal pattern of nuclear- and mitochondrial-encoded gene transcription 

According to the current paradigm, the up-regulation of nuclear-encoded mitochondrial 

transcription factors and genes should occur in concert or shortly after an increase in the expression of 

PGC-1α itself (Figure 2-1).  Although an increase in PGC-1α mRNA in the immediate (0-4 h) post-

exercise period is a consistent observation 85,91–94,101,102,104,105,117,121–124, the up-regulation of mitochondrial 

transcription factors does not appear to follow a similar pattern (see Table 2-1).  While some studies have 

reported a rapid induction of mitochondrial transcription factors shortly (0-6 h) after exercise 91,93,94,96–99, 

others have observed an increase late (12-24 h) into the recovery period 92,107–109.  Similarly, nuclear-

encoded mitochondrial genes are up-regulated in concert with PGC-1α in some studies 

85,87,94,101,103,104,111,112,123–125, but only late (³8 h) into recovery in others 92,107,109,110,113,126.  Although 

information on the temporal expression of mitochondrial-encoded genes in human skeletal muscle is 

limited, only COX II appears to be up-regulated early in the recovery period (3 h post exercise), and in 

concert with PGC-1α and nuclear-encoded respiratory genes 85, while other mitochondrial-encoded genes 

(COX1, ND1, ND4) are unchanged early in the post exercise period 104,108.  Thus, if present in human 

skeletal muscle, a coordinated response may be temporally dissociated such that the up-regulation of 

PGC-1α and nuclear-encoded mitochondrial genes occur at distinct time-points in the post-exercise 
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recovery period.  To assess this possibility, a more thorough examination of the time-course for 

mitochondrial biogenic gene responses is warranted in future human studies. 

2.1.5.3 Alternative and/or more complex level of mitochondrial gene regulation 

Given the vast number of genes required for mitochondrial biogenesis 127 and the wide range of 

metabolic perturbations evoked by exercise 53, it appears unlikely that the transcriptional paradigm linking 

exercise to the coordinated induction of mitochondrial gene expression can be explained by the presence 

of a single master regulator 56.  Additionally, the regulation of PGC-1α itself, which is subject to a host of 

post-translational modifications (i.e. acetylation, phosphorylation, methylation) and protein-protein 

interactions with other co-activators and co-repressors, suggests a level of complexity beyond the 

simplistic notion of activating a single master regulator 57,128,129.  Indeed, the observation that the skeletal 

muscle mitochondrial biogenic response to exercise is present in inducible, muscle-specific PGC-1 

knockout mice highlights the involvement of PGC-1α-independent mechanisms 130. As such, other 

transcriptional co-activators and transcription factors either act independently and/or in concert with 

PGC-1α to coordinate the up-regulation of nuclear and mitochondrial genes in response to exercise, and 

should be explored in future work.  Potential candidates include the nuclear receptor PPAR-β 131, the 

tumor suppressor protein p53 81,87 and the transcriptional co-activator leucine-rich pentatricopeptide 

repeat containing (LRPPRC or LRP130) 132–136 among many others.  Elucidation of other mechanisms 

may also be required to establish whether the up-regulation of mitochondrial genes occurs in a 

coordinated fashion in human skeletal muscle. 

2.1.5.4 Potential structural differences in PGC-1α and its targets between species 

 In terms of the PGC-1α protein itself, the four main functional regions (activation domain, NRF-1 

binding domain, MEF2 binding domain, RNA binding domain) are generally well conserved among 

vertebrates 137.  Further, the amino acid residues within these regions that are modified via 

phosphorylation, acetylation, and methylation are also conserved in humans (UniProt protein database 

www.uniprot.org; entry Q9UBK2) and rodents (Uniprot entry O70343), suggesting that the post-
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translational control of the PGC-1α protein may be similar in rodents and humans 137.  Additionally, the 

binding sites for MEF2 and the cAMP response element–binding protein (CREB) on the PGC-1α 

promoter are also conserved in humans and mice 83.  As such, the transcriptional activation of the PGC-1α 

gene is likely similar between these two species, as both MEF2 and CREB are targeted by classical 

signaling cascades activated by exercise 57.  Similarly, key regulatory regions (i.e. NRF-1/2 recognition 

sites) on the TFAM and TFB1/2M genes are also conserved between human and mice 77,138,139.  

Conversely, while the exercise-induced translocation of PGC-1α to the nucleus and/or the mitochondria is 

observed in both humans 79,87,88,140,141, mice 80, and rats 75,79, an increase in mitochondrial TFAM following 

exercise is observed only in rat skeletal muscle 79, suggesting possible species-differences at the level of 

post-translational control of TFAM.  Recently, species-dependent patterns of muscle fiber-type specific 

PGC-1α content have also been highlighted, where both the content of PGC-1α in different fiber-types 

and its relationship with fiber-type specific mitochondrial content dissociates between human and mouse 

skeletal muscle 142.  While these discrepancies between rodents and humans are noteworthy when 

extrapolating findings from rodent models to humans, the theories discussed in the preceding sections 

(2.1.5.1 – 2.1.5.3) must be further investigated prior to attributing the lack of a coordinated mitochondrial 

biogenic response in humans to potential inter-species differences.    

2.1.6 Conclusion and future directions 

 Contrary to evidence from animal and cellular models, evidence supporting the ability of PGC-1α 

to coordinate mitochondrial biogenesis through the integrated induction of nuclear- and mitochondrial-

encoded gene transcription in human skeletal muscle is lacking.  Based on the evidence presented, the 

lack of a coordinated genetic response downstream of PGC-1α is likely attributable to a lack of 

comprehensive studies examining this phenomenon in humans, a temporal dissociation between nuclear- 

and mitochondrial-encoded gene expression following exercise, and/or a more complex level of 

mitochondrial gene regulation in human skeletal muscle than currently understood.  To thoroughly 

investigate the possibility of a coordinated mitochondrial biogenic response in human skeletal muscle 
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following exercise, future studies should include more accurate markers of PGC-1α activity and examine 

the time-course of mitochondrial gene expression (both nuclear- and mitochondrial-encoded).  

Additionally, investigation of direct interactions between PGC-1α and its downstream targets or other 

molecular candidates involved in mitochondrial gene regulation provides a critical avenue for future 

research.  Importantly, if the apparent inability of PGC-1α to coordinate mitochondrial biogenesis in 

human skeletal muscle cannot be explained by the aforementioned factors, its purported role as the 

“master regulator” of mitochondrial biogenesis should be questioned, and a paradigm shift may be 

warranted. 
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2.2 Looking beyond PGC-1a: Emerging regulators of exercise-induced skeletal muscle 

mitochondrial biogenesis and their activation by dietary compounds 

2.2.1 Abstract 

Despite its widespread acceptance as the “master regulator” of mitochondrial biogenesis (i.e. the 

expansion of the mitochondrial reticulum), peroxisome proliferator-activated receptor (PPAR) gamma 

coactivator-1 alpha (PGC-1a) appears to be dispensable for the training-induced augmentation of skeletal 

muscle mitochondrial content and respiratory function. In fact, a number of regulatory protein have 

emerged as important players in skeletal muscle mitochondrial biogenesis and many of these protein share 

key attributes with PGC-1a. In an effort to move past the simplistic notion of a “master regulator” of 

mitochondrial biogenesis, we highlight the regulatory mechanisms by which nuclear factor erythroid 2-

related factor 2 (Nrf2), estrogen-related receptor gamma (ERRγ), PPARβ and leucine-rich 

pentatricopeptide repeat-containing protein (LRP130) may contribute to the control of skeletal muscle 

mitochondrial biogenesis. We also present evidence supporting/refuting the ability of sulforaphane, 

quercetin, and epicatechin to promote skeletal muscle mitochondrial biogenesis and their potential to 

augment mitochondrial training adaptations. Targeted activation of specific pathways by these 

compounds may allow for greater mechanistic insight into the molecular pathways controlling 

mitochondrial biogenesis in human skeletal muscle. Dietary activation of mitochondrial biogenesis may 

also be useful in clinical populations with basal reductions in mitochondrial protein content, enzyme 

activities, and/or respiratory function as well as individuals who exhibit a blunted skeletal muscle 

responsiveness to contractile activity. 

2.2.2 Introduction 

Peroxisome proliferator-activated receptor (PPAR) gamma coactivator-1 alpha (PGC-1a) has 

gained widespread acceptance as the “master regulator” of skeletal muscle mitochondrial biogenesis 

11,20,143. Although several knockout and overexpression studies have revealed the importance of PGC-1a 

for the maintenance of basal mitochondrial content, enzyme activities, and/or respiratory function 11,143,144, 
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PGC-1a appears to be dispensable for training-induced mitochondrial adaptations in rodent skeletal 

muscle 22. PGC-1a’s non-obligatory role in training-induced mitochondrial remodelling is perhaps 

unsurprising given the complex nature of mitochondrial biogenesis, which involves the upregulated 

expression of two genomes, and the subsequent synthesis, import, and assembly of newly formed proteins 

into the mitochondrial reticulum 22. Therefore, the notion that a number of overlapping and redundant 

pathways exist seems much more logical than the concept of a single “master regulator” 38, particularly 

when considering the inherent redundancies in adaptive pathways that defend homeostasis.  

In an effort to move past the simplistic notion of a “master regulator” of mitochondrial biogenesis 

and to provide avenues for future research, this review highlights several alternative regulators of 

exercise-induced mitochondrial biogenesis. We also discuss a number of dietary compounds that are 

believed to target some of these regulators and have the potential to augment mitochondrial adaptations to 

exercise training. The latter discussion may be useful for studies involving human skeletal muscle where 

targeted activation of a specific pathway could provide greater mechanistic insight into the molecular 

regulation of mitochondrial biogenesis. Dietary compounds that augment mitochondrial adaptations to 

training may also be of interest in clinical populations with basal mitochondrial defects (i.e. impairments 

in basal mitochondrial protein content, morphology, enzyme activities, and/or respiratory function) and/or 

individuals who exhibit blunted adaptive responses to exercise.  

In the absence of a universally accepted definition, we have adopted the definition of 

mitochondrial biogenesis proposed by Granata and coworkers 1 (i.e. “the making of new components of 

the mitochondrial reticulum”) for the purpose of this paper. Thus, transcriptional and post-transcriptional 

mechanisms that contribute to the expansion of the mitochondrial reticulum (as reflected by an increase in 

mitochondrial protein content, volume density, enzymatic activities, and/or mtDNA copy number) are 

presented to support/refute the ability of a regulatory protein or dietary compound to promote 

mitochondrial biogenesis.  

2.2.3 Emerging regulators of exercise-induced skeletal muscle mitochondrial biogenesis 
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2.2.3.1 Previously explored regulatory protein 

 Although we will highlight several emerging regulators of mitochondrial biogenesis in the review 

below, the list of protein examined here is not comprehensive and many other regulatory proteins are 

undoubtedly involved. For example, it is becoming increasingly clear that the tumour suppressor protein 

p53 plays a key role in skeletal muscle remodelling in both rodents and humans and several excellent 

reviews have been published on p53’s role in exercise-induced mitochondrial biogenesis 1,22,145. Similarly, 

numerous in vitro and ex vivo experiments have implicated sirtuin 1 (SIRT1) as a key mediator of 

mitochondrial biogenesis due to its ability to deacetylate and activate nuclear PGC-1a 146, though in vivo 

support for this paradigm is limited and largely contradictory to work conducted in cell models 147,148.  

Unlike PGC-1a, p53 and SIRT1, there is relatively limited information regarding the regulatory 

mechanisms by which nuclear factor erythroid 2-related factor 2 (NFE2L2 or Nrf2), estrogen-related 

receptor gamma (ERRγ), PPARβ and leucine-rich pentatricopeptide repeat-containing protein (LRPPRC 

or LRP130) contribute to the control of mitochondrial biogenesis. As such, it is the goal of this review is 

to discuss these relatively underexplored regulatory protein in an attempt to continue and expand recent 

discussion of the intricacies of the mitochondrial biogenic response to exercise. We chose to focus on 

these specific protein based on compelling support for their involvement in the control of mitochondrial 

content and/or respiratory function in animal and cell models, but a limited amount of evidence regarding 

their role in exercised human skeletal muscle. Further, as several of the protein discussed in this article 

share key attributes with PGC-1a (e.g. responsiveness to exercise and ability to coordinate the expression 

of nuclear- and mitochondrial-encoded genes), they represent appropriate candidates for alternative and/or 

redundant pathways by which exercise promotes mitochondrial biogenesis in skeletal muscle. We hope 

the following review will promote future study of the protein discussed below thereby pushing our 

understanding of exercise-induced skeletal muscle mitochondrial biogenesis forward. 

2.2.3.2 Nuclear factor erythroid 2-related factor 2 (Nrf2) 

2.2.3.2.1 Regulation 
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The transcription factor Nrf2 is a known regulator of cellular redox homeostasis and its role in a 

variety of cellular processes has been investigated in various rodent models and cell lines (see 149 for an 

extensive review on this topic). Mechanisms of Nrf2 activation by upstream signals as well as its 

downstream actions are summarized in Figure 2-2. Basally, Nrf2’s physical interaction with the cytosolic 

Kelch-like ECH-associated protein (Keap1) continuously targets Nrf2 for proteasomal degradation 149. 

During periods of cellular stress, modifications of cysteine residues on Keap1 by reactive oxygen species 

(ROS) and nitric oxide (NO) disrupt Keap1’s inhibitory interaction with Nrf2 resulting in the nuclear 

accumulation of Nrf2 149. Once in the nucleus, Nrf2 heterodimerizes with small musculoaponeurotic 

fibrosarcoma (Maf) proteins on the antioxidant response elements (ARE) of target genes 150 to upregulate 

antioxidant and detoxification enzyme gene expression 149 as well as its own expression 151.  

 

 

Figure 2-2. Regulation of Nrf2 nuclear import and Nrf2 – mediated induction of nuclear-encoded gene 
transcription. Disruption of Nrf2’s inhibitory interaction with Keap1 by ROS and NO, direct 
phosphorylation of Nrf2 by AMPK, and inactivating phosphorylation of the Nrf2 inhibitor GSK-3β by 
AMPK, MAPK, PI3K/Akt, and mTOR promotes translocation of Nrf2 from the cytosol to the nucleus. 
Nuclear Nrf2 forms an obligatory heterodimer with small MAF proteins to bind AREs on the promoters 
of genes encoding antioxidant and detoxification enzymes, Nrf2 protein, and NRF-1. Note: Akt; protein 
kinase B: AMP: adenosine monophosphate; AMPK: AMP activated protein kinase; ARE: antioxidant 
response element; GSK-3β: glycogen synthase kinase-3 beta; Keap1: Kelch-like ECH-associated protein; 
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MAF: small musculoaponeurotic fibrosarcoma proteins; MAPK: mitogen-activated protein kinases; 
mTOR: mammalian target of rapamycin; NO: nitric oxide; NRF-1: nuclear respiratory factor-1; Nrf2: 
nuclear factor erythroid 2-related factor 2; PI3K: phosphoinositide 3-kinase; ROS: reactive oxygen 
species. 

 

Nrf2 activity can also be modified independent of Keap1 via signalling kinases that are activated 

by growth factors and intracellular stressors 149,152. For instance, AMP-activated protein kinase (AMPK) 

directly phosphorylates Nrf2 in liver cells, thereby promoting Nrf2’s nuclear accumulation and activation 

of ARE-driven gene expression 153. Additionally, inhibition of the Nrf2 inhibitor glycogen synthase 

kinase-3 beta (GSK-3β) by numerous other upstream kinases (see Figure 2-2) promotes Nrf2 stabilization 

in various cell lines 149,152 as well as nuclear Nrf2 import and ARE binding in murine cardiomyocytes 40. 

Consistent with the ability of exercise to activate a number of pathways involved in Nrf2 regulation (e.g.  

AMPK, MAPK, mTOR) 7, increases in Nrf2 mRNA expression (and supposedly its activity 151) 42,154,155, 

protein content 156, and Nrf2-ARE binding 41 have been observed in murine and/or human skeletal muscle 

following acute exercise.   

2.2.3.2.2 Control of mitochondrial biogenesis 

At present, the most compelling evidence for the involvement of Nrf2 in the control of 

mitochondrial biogenesis is the observation that Nrf2 directly interacts with the nuclear respiratory factor-

1 (NRF-1) in mouse cardiac muscle 40. NRF-1 is a transcription factor that controls the expression of 

many nuclear-encoded mitochondrial genes, and the expression of the mitochondrial transcription factors 

A (TFAM), B1 (TFB1M) and B2 (TFB2M) 12–14, allowing for the coordinated expression of nuclear- and 

mitochondrial-encoded genes. Initial evidence supporting NRF-1 as a direct Nrf2 target came from the 

observation that ROS production in murine cardiomyocytes results in the transcriptional activation of 

mitochondrial biogenesis subsequent to an increase in Nrf2 binding to the NRF-1 promotor and the 

nuclear accumulation of NRF-1 protein 40. Further, Nrf2 silencing in murine skeletal muscle and C2C12 

cells prevents exercise- and ROS/NO – induced increases in NRF-1 and TFAM mRNA expression 42. Nrf2 

ablation also prevents increases in PGC-1a and NRF-1 mRNA expression in liver tissue from mice 
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challenged with E. coli induced sepsis 157 and blunts increases in NRF-1, TFAM and PGC-1a protein 

content, mtDNA copy number, and citrate synthase (CS) activity in murine lung tissue during pneumonia 

158. Together, these findings support Nrf2’s role as a mediator of mitochondrial biogenesis in transgenic 

animal and cell models in response to exercise and oxidative/inflammatory stress.   

2.2.3.2.3 Evidence for involvement in exercise-induced skeletal muscle mitochondrial biogenesis 

Although Nrf2 is not required for the maintenance of basal mitochondrial content and exercise 

capacity, mitochondrial respiration is impaired in skeletal muscle of whole body Nrf2 knockout mice 41. 

Further, training-induced increases in skeletal muscle mitochondrial content are blunted 41 or completely 

abolished 42 in Nrf2 knockout animals. Paradoxically, Nrf2 protein content decreases following training in 

mice suggesting that Nrf2 may be more important for initiating mitochondrial biogenesis than the 

maintenance of mitochondrial content 41.  However, it is also possible that Nrf2 activity can increase 

independently from changes in protein content during training in a fashion to similar to that of SIRT1 159 

and p53 160. Also noteworthy is the inverse relationship between tissue oxidative capacity and Nrf2 

protein content (tibialis anterior>soleus>heart) in mice 41, which contrasts the tissue-specific distribution 

of PGC-1a 161 but resembles that of SIRT1 162. Despite a lack of data in exercised human skeletal muscle, 

nuclear Nrf2 accumulation in peripheral blood mononuclear cells occurs in an exercise-intensity 

dependent manner in recreationally young males 163 and is impaired in sedentary older individuals 164, 

highlighting the potential impact of exercise intensity, fitness level, and/or age-group on Nrf2 activation 

following exercise. Thus, preliminary evidence from training studies in mice supports Nrf2’s importance 

for optimal skeletal muscle adaptation to exercise training, warranting the examination of Nrf2’s role in 

the regulation of mitochondrial biogenesis in exercised human skeletal muscle.  

2.2.3.2.4 Summary  

Taken together, the aforementioned studies provide evidence that: 1) Nrf2 is a stress-responsive 

transcription factor that activates mitochondrial biogenesis by directly targeting NRF-1 in mouse cardiac 

muscle; 2) Nrf2 is activated in rat and murine skeletal muscle in response to acute exercise in a ROS/NO 
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dependent manner; and 3) Nrf2 is required for basal mitochondrial respiratory function and optimal 

mitochondrial adaptations to training in mouse skeletal muscle. Importantly, the concept of NRF-1 as a 

common downstream target for both Nrf2 and PGC-1a supports the existence of parallel pathways that 

converge on key transcription factors controlling mitochondrial biogenesis.  

2.2.3.3 Estrogen-related receptor gamma (ERRg) 

2.2.3.3.1 Regulation 

ERRg, the most recently discovered isoform of the ERR nuclear receptor family, is highly 

expressed in metabolically active tissues including skeletal muscle 165,166 and controls the expression of 

genes involved in various aspects of oxidative metabolism in the mouse heart 167,168. ERRg’s 

transcriptional activity is largely dependent on its interactions with various co-regulators that activate or 

repress ERRg’s transcriptional function 166. For instance, PGC-1a interacts with the activating function 

(AF)-2 domain of the ERRg protein in various cell models and is a major coactivator of ERRg - mediated 

transcription 166. On the other hand, receptor interacting protein 140 (RIP140) binding to the AF-2 domain 

represses ERRg’s transcriptional activity on the promoters of certain genes 166, but coactivates the ERRg - 

mediated transcription of other genes in HeLa cells 169. Intriguingly, ERRg transactivates the PGC-1a 

promoter in brown adipocytes 170, raising the possibility of an autoregulatory feedforward loop where 

ERRg activates its own transcriptional function via enhanced PGC-1a expression 171. In addition to co-

regulation, ERRg’s activity is also modulated via post-translational modifications by several upstream 

kinases in liver, kidney, and breast cancer cells 171, but it is presently unclear if ERRg is phosphorylated 

directly within the nucleus or imported into the nucleus after phosphorylation (see Figure 2-3).   

ERRg gene expression is highly inducible in cellular models following increases in intracellular 

stress and involves the binding of cAMP response element-binding protein (CREB), hypoxia-inducible 

factor 1-alpha (HIF-1a), and activating transcription factor 6-alpha (ATF-6a) to the ERRg promoter 171. 

Consistent with the ability of exercise to activate several upstream regulators of ERRg (e.g. PGC-1a, 
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CREB, HIF-1a) 7, ERRg mRNA expression is increased in murine skeletal muscle following exercise 

172,173. 

 

Figure 2-3. Post-translational control of ERRγ protein activity, transcriptional activation of ERRγ gene 
expression, and ERRγ – mediated induction of nuclear-encoded gene transcription. Phosphorylation of 
ERRγ by ERK/MAPK (and potentially by additional exercise-related signalling proteins) increases the 
transcriptional activity of ERRγ protein whereas inactivating phosphorylation by Akt promotes nuclear 
export of ERRγ. In the nucleus, ERRγ forms a transcriptional activation complex with PGC-1α and other 
co-activators to binds ERREs on the promoters of genes encoding NEMPs and PGC-1α. The ERRγ gene 
itself is highly inducible and responsive to various exercise-related stimuli (e.g. ER stress, hypoxia, 
cAMP production). Note: Dotted lines indicate uncertainty regarding the subcellular compartment where 
the post-translational modification depicted occurs. Akt: protein kinase B; ATF-6α: activating 
transcription factor 6-alpha; cAMP: cyclic adenosine monophosphate; CREB: cAMP response element-
binding protein; ER: endoplasmic reticulum; ERK: extracellular-signal regulated kinases; ERRγ: 
estrogen-related receptor gamma; ERRE: estrogen related receptor response element; HIF-1α: hypoxia- 
inducible factor 1-alpha: MAPK: mitogen activated protein kinases; NEMPs: nuclear-encoded 
mitochondrial proteins; PGC-1α: peroxisome proliferator- activated receptor gamma coactivator-1 alpha; 
PKA: protein kinase A; TC: transcriptional co-activator. 

 

2.2.3.3.2 Control of mitochondrial biogenesis 

Basal ERRg gene expression parallels oxidative capacity in murine skeletal muscle 165,172 and 

whole-body ERRg deletion in mice is postnatally lethal due to defective oxidative phosphorylation 

(OXPHOS) in the heart 168. Muscle-specific ERRg overexpression in mice augments skeletal muscle 
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mitochondrial protein content, enzyme activities, and/or respiration 172,174 presumably due to ERRg’s 

ability to upregulate the expression of genes encoding mitochondrial transcription factors, electron 

transport chain (ETC) proteins, and components of the mitochondrial import and translational 

machineries in rodent heart and skeletal muscle 165,167,168,173. Importantly, ERRg overexpression in muscle-

specific PGC-1a/b knockout mice promotes mitochondrial biogenesis and significantly improves 

reductions in ETC complex activities, mtDNA copy number, and mitochondrial protein content associated 

with the loss of PGC-1a/b, likely due to a large overlap in PGC-1a/b and ERRg target genes 173.  

2.2.3.3.3 Evidence for involvement in exercise-induced skeletal muscle mitochondrial biogenesis 

In addition to the rescue of basal mitochondrial defects, overexpression of ERRg in muscle-

specific PGC-1a/b knockout mice augments training-induced increases in exercise performance, skeletal 

muscle mitochondrial protein content, and OXPHOS transcript levels 173. Although transgenic muscle-

specific ERRg overexpression robustly enhances basal exercise performance in mice 165,172,173, ERRg 

overexpression in skeletal muscle does not potentiate training adaptations in mice with normal levels of 

PGC-1a/b 173, raising the possibility that ERRg’s role in exercise-induced mitochondrial remodelling may 

become important only in the absence of other regulators of mitochondrial biogenesis.  Although 

intriguing, the relevance of this scenario in humans, where PGC-1a and other regulators of mitochondrial 

biogenesis are present is not readily apparent but appears to warrant further investigation.  

2.2.3.3.4 Summary  

Evidence from the aforementioned rodent studies allows for the following conclusions: 1) ERRg 

is required for the maintenance of mitochondrial protein content, enzyme activities, and respiration and its 

basal expression closely parallels skeletal muscle oxidative capacity; 2) ERRg is responsive to exercise 

and directly activates genes involved in multiple aspects of skeletal muscle mitochondrial biogenesis; and 

3) ERRg can promote mitochondrial biogenesis in PGC-1a/b deficient muscle. Collectively, these 
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findings highlight the functional redundancy of ERRg and PGC-1a/b in skeletal muscle and implicate 

ERRg as an additional player in the transcriptional control of mitochondrial biogenesis. 

2.2.3.4 Peroxisome proliferator-activated receptor-beta (PPARb) 

2.2.3.4.1 Regulation 

The PPAR family of nuclear hormone receptors (PPARa, PPARb, and PPARg) heterodimerize 

with retinoic acid receptors (RARs) and bind to PPAR response elements (PPRE) on target genes 

predominantly involved in fat metabolism 175. In the absence of a ligand (e.g. fatty acids), PPAR 

interaction with co-repressors (e.g. nuclear receptor corepressor 1; cryptochrome 1/2) inhibits their 

transcriptional activity, whereas PPAR-ligand binding and/or post-translational modification (Figure 2-4) 

leads to the recruitment of co-activators (e.g. PGC-1a) and the subsequent activation of target gene 

transcription in cultured muscle and non-muscle cells and/or rodent skeletal muscle 176–179. Consistent 

with the regulation of other PPAR family members 180, experiments involving PPARb agonists in cultured 

human myoblasts indicate that AMPK and MAPK signaling cascades are involved in the control of 

PPARb activity 181. In addition, stimulation of endogenous cyclic AMP production 182 and protein kinase 

A (PKA) activation 183 enhances basal and ligand-dependent PPARb activation in various cell lines. Like 

ERRg, it is not clear if the post-translational modulation of PPARb’s activity is an exclusively nuclear 

event or if modifications occurring in the cytosol induce nuclear translocation of PPARβ.  



 30 

 

 

Figure 2-4. Post-translational control of PPARβ protein activity and PPARβ - mediated induction of 
nuclear- encoded gene transcription. Phosphorylation of PPARβ protein by AMPK, ERK1/2, p38 MAPK, 
and PKA increases PPARβ’s transcriptional activity. In the nucleus, PPARβ heterodimerizes with RARs 
to bind PPREs on the promoters of genes encoding PGC-1α, NRF-1, and NEMPs. Cooperation between 
PPARβ, AMPK, and MEF2A leads to an increase in the expression of LDHB and PPARβ itself, whereas 
Sp1 mediates the PPARβ - induced increase in SIRT1 gene expression. The physical interaction between 
PPARβ and PGC-1α stabilizes and protects PGC-1α from ubiquitination and proteasomal degradation. 
Note: Dotted lines indicate uncertainty surrounding the subcellular compartment where the post-
translational modification and/or protein-protein interaction depicted occurs. AMP: adenosine 
monophosphate; AMPK: AMP activated protein kinase; ERK1/2: extracellular-signal regulated kinase 
1/2; LDHB: lactate dehydrogenase B; MEF2A: myocyte enhancer factor 2A; NEMPs: nuclear-encode 
mitochondrial proteins; NRF-1: nuclear respiratory factor-1; PGC-1α: peroxisome proliferator-activated 
receptor gamma coactivator-1 alpha; PPARβ: peroxisome proliferator-activated receptor beta; PKA: 
protein kinase A; PPRE: PPAR response element; RAR: retinoic acid receptor; ROS: reactive oxygen 
species; SIRT1: sirtuin 1; Sp1: transcription factor Sp1. 

 

Although PPARb  mRNA expression is exercise-inducible in human skeletal muscle 8,184,185, the 

upstream events that regulate PPARb gene expression are not well-understood. Intriguingly, a model 

where PPARb activates its own promoter has been proposed 186 and is consistent with the observation of 

increased endogenous PPARb protein levels with ectopic PPARb expression in mouse skeletal muscle 187.  

Support for the positive feedback regulation of PPARb expression comes from recent experiments in 

C2C12 and embryonic kidney cells where PPARb and AMPK cooperatively activate the myocyte 

enhancer factor 2A (MEF2A), which then binds to the PPARb promoter to increase its activity 188.  
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Collectively, PPARb’s activity appears to be modulated by various intracellular signaling cascades that 

are responsive to exercise 7 and the increase PPARb mRNA expression (and presumably its activity 188) 

following acute exercise supports its potential involvement in contractile-activity induced activation of 

gene transcription.  

2.2.3.4.2 Control of mitochondrial biogenesis 

In murine skeletal muscle, transgenic muscle-specific PPARb overexpression promotes a 

glycolytic-to-oxidative fiber-type shift and increases markers of mitochondrial content 187,189–192, whereas 

PPARb knockdown/deletion is associated with reductions in  PGC-1a, NRF-1, TFAM, and ETC subunits 

at the mRNA and/or protein level 187,193. The control of mitochondrial content by PPARb appears to be 

mediated by its transcriptional control of PGC-1a expression in C2C12 myocytes 193 and its post-

translational control of PGC-1a stability in murine skeletal muscle 187. However, the subcellular 

compartment where the PPARb - PGC-1a interaction occurs is currently unclear. PPARb also cooperates 

with the transcription factor Sp1 to increase SIRT1 promoter activity in cultured human liver cells 194, 

thereby raising the possibility that enhanced SIRT1 expression is an additional pathway by which PPARb 

modulates PGC-1a activity to promote mitochondrial biogenesis.  

Recent experiments involving C2C12 muscle cells have also identified PPARb as a transcription 

factor targeting NRF-1, providing a direct mechanism for PPARb-mediated induction of mitochondrial 

biogenesis 187. Because NRF-1 is also a transcription factor for the upstream AMPK activator, calcium 

calmodulin-dependent protein kinase kinase beta (CaMKKb) 187, this PPARb - NRF-1 pathway may help 

explain the increased AMPK phosphorylation observed with muscle-specific PPARb overexpression in 

mice 187,191. Experiments in cell models also indicate that PPARb controls lactate dehydrogenase B 

expression by forming a transcriptional activation complex with AMPK and MEF2A 191, both of which 

are established regulators of PGC-1a 20 and mitochondrial biogenesis 11,12,195.  Interestingly, PPARb 

expression in skeletal muscle is much greater than other PPAR isoforms and is highest in oxidative 
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muscle groups in mice 190. Taken together, loss- and gain-of-function studies and the abundance of 

PPARβ in oxidative muscle highlight the importance of PPARb in the control of skeletal muscle 

mitochondrial content through multiple PGC-1a - dependent and independent pathways.  

2.2.3.4.3 Evidence for involvement in exercise-induced skeletal muscle mitochondrial biogenesis 

Transgenic muscle-specific PPARb overexpression 191,196 and synthetic ligand-dependent PPARb 

activation 197 robustly enhance exercise performance in mice 196. In various rodent and/or human models, 

skeletal muscle PPARb expression increases at the mRNA and protein level in response to acute 8,184,185 

and chronic 187,189 exercise, respectively. The training-induced augmentation of PPARb protein content 

parallels increases in mitochondrial protein content in rats 187 and humans 8, which supports PPARb’s 

potential involvement in the adaptive response to exercise training, though causative relationships 

between these variables have not been established. However, given the importance of PPARb for the 

maintenance of basal mitochondrial content 187,193, it is reasonable to speculate that higher levels of 

PPARb protein and/or increased activity of existing PPARb protein would be required to sustain the 

increased demands associated with a higher mitochondrial content after training. Consistent with the 

notion that PPARb activates mitochondrial biogenesis through a dual mechanism involving PGC-1a and 

NRF-1, partial knockdown of PPARb in rat skeletal muscle diminishes increases in PGC-1a and NRF-1 

protein content and markers of mitochondrial biogenesis following two weeks of swimming 187. Thus, 

preliminary evidence in rodents and humans supports the importance of PPARb in skeletal muscle 

adaptation to training and further investigation of PPARb’s role in exercise-induced mitochondrial 

biogenesis is warranted.  

2.2.3.4.4 Summary 

Based on the evidence presented above, it can be concluded that: 1) PPARb is required for the 

maintenance of basal mitochondrial content in murine skeletal muscle and its expression pattern parallels 

skeletal muscle oxidative capacity; 2) PPARb induces mitochondrial biogenesis through a dual 
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mechanism involving PGC-1a and NRF-1, and also interacts with AMPK and MEF2A to control genes 

involved in glucose oxidation as well as its own expression; and 3) PPARb protein content increases 

following training in rodents and humans and is required for optimal mitochondrial adaptations to training 

in rat skeletal muscle. It is also noteworthy that PPARb’s ability to stimulate a fast-to-slow twitch fiber-

type shift is partly dependent on ERRg 192, which (as discussed in in the previous section) directly targets 

genes involved in various aspects of oxidative metabolism 165 and can promote mitochondrial biogenesis 

in PGC-1a/b knockout mice 173. Collectively, PPARb’s ability to promote oxidative remodelling in 

skeletal muscle both independently and cooperatively with other putative regulators of mitochondrial 

content highlights its potential as a viable alternative regulator of skeletal muscle mitochondrial 

biogenesis.  

2.2.3.5 Leucine-rich pentatricopeptide repeat motif-containing protein (LRP130) 

2.2.3.5.1 Regulation 

LRP130 is implicated in the control of mitochondrial-encoded gene expression, OXPHOS, and 

fat oxidation in the liver 44,45,47.  In murine liver, LRP130 is deacetylated by sirtuin 3 (SIRT3), and is 

required for the SIRT3-mediated induction of mitochondrial-encoded gene expression in response to 

fasting 44. In addition, LRP130 complexes with nuclear PGC-1a in murine liver 45, and PGC-1a/b 

knockdown reduces LRP130 mRNA expression in brown fat cells 198 implicating PGC-1a/b as upstream 

regulators of LRP130 expression. Based on the presence of several serine and threonine residues, LRP130 

activity may also depend on phosphorylation by ATP-dependent kinases 199, though direct evidence 

supporting this notion does not presently exist. Nevertheless, LRP130’s interactions with SIRT3 and 

PGC-1a raises the possibility that LRP130’s activity and/or expression may be modulated by upstream 

signals that are sensitive to contraction-induced changes in the intracellular milieu (Figure 2-5).    
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Figure 2-5. Post-translational control of LRP130 protein activity, transcriptional activation of LRP130 
gene expression, and LRP130 actions in the nucleus and mitochondria. In the nucleus, LRP130 
complexes with PGC-1α to regulate PGC-1α’s co-activator activity and knockdown of PGC-1α/β reduces 
LRP130 gene expression. In the mitochondria, LRP130 is deacetylated by SIRT3 and interacts with 
POLRMT. LRP130 stabilizes mRNAs via direct RNA binding in the nucleus or as part of a 
ribonucleoprotein complex with SLIRP in the mitochondria. Note: PGC-1α/β: peroxisome proliferator- 
activated receptor gamma coactivator-1 alpha/beta; MEPs: mitochondrial-encoded proteins; NEMPs: 
nuclear-encoded mitochondrial proteins; POLRMT: mitochondrial RNA polymerase; SIRT3: sirtuin 3; 
SLIRP: SRA stem-loop-interacting RNA-binding protein; TF: transcription factor. 

 

2.2.3.5.2 Control of mitochondrial biogenesis 

LRP130 is highly expressed in metabolically active tissues with a high mitochondrial content 

(e.g. heart, brown adipose tissue, skeletal muscle) and its tissue-specific distribution parallels that of 

PGC-1a in mice 198. Although a predominantly inner mitochondrial protein 49, in vitro experiments 

demonstrate that LRP130 is also present in nuclear fractions and promotes mRNA stability via direct 

RNA-binding in the nucleus 46 or through its interaction with the SRA stem-loop-interacting RNA-

binding protein (SLIRP) in the mitochondria of human fibroblasts 200 and HeLa cells 201. LRP130 also 

appears to control mitochondrial-encoded gene transcription in liver cells via direct interactions with 
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mitochondrial RNA polymerase (POLRMT) 43,44 but this aspect of LRP130’s function has been 

questioned 202.   

LRP130 deletion in transgenic animal and cell models leads to profound reductions in the basal 

expression of nearly all mitochondrial-encoded genes in the liver 44,45,47,198, whereas nuclear-encoded gene 

expression is affected to a lesser extent 200,203. The assembly and activity of several OXPHOS complexes 

is also severely impaired following LRP130 deletion resulting in large reductions in mitochondrial 

enzyme activities and respiration rates in various tissues (e.g. heart, liver, BAT) 47,48,203. These 

impairments are consistent with the OXPHOS complex assembly/activity defects observed in human 

skeletal muscle from individuals with mitochondrial disorders that are characterized by reduced steady-

state levels of LRP130 (e.g. French-Canadian Leigh Syndrome) 49,50. Although LRP130 loss- and gain-of-

function in the aforementioned studies induces marked changes in mitochondrial gene expression, 

function, and morphology (e.g. cristae density, super-complex formation) 43,47,48 indices of mitochondrial 

content appear to be unaffected 43,198,203. Thus, LRP130 appears to contribute to the maintenance of basal 

mitochondrial enzyme activities, respiration, and morphology, presumably due its transcriptional and 

post-transcriptional control of mitochondrial gene expression. 

2.2.3.5.3 Evidence for involvement in exercise-induced skeletal muscle mitochondrial biogenesis 

To date, only two studies have investigated LRP130’s role in skeletal muscle adaptations to exercise 

51,204. In rat skeletal muscle, endurance exercise promotes a coordinated increase in LRP130 and PGC-1a 

protein expression following short-term immobilization 204 though markers of mitochondrial content were 

not assessed in this study. On the other hand, LRP130 protein expression remains unchanged in human 

skeletal muscle in response to 2-6 weeks of sprint interval training (SIT) despite a trained-induced 

increase in succinate dehydrogenase activity 51. Despite the lack of a systematic increase in LRP130 

protein, training-induced changes in LRP130, SIRT3 and PGC-1a protein are positively correlated in 

human skeletal muscle 51, supporting the possibility of an interaction between these proteins 44,45. 

Although speculative, it is possible that changes in LRP130 activity and/or subcellular localization may 
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occur following exercise without changes in whole-muscle LRP130 protein content or that LRP130 may 

be more important for the maintenance of basal mitochondrial enzyme activities and/or respiratory 

function rather than exercise-induced mitochondrial remodelling. Nevertheless, the lack of evidence 

presently available makes it difficult to support or refute LRP130’s involvement in skeletal muscle 

adaptations to exercise particularly in relation to markers of mitochondrial biogenesis, highlighting the 

need for future work in this area.  

2.2.3.5.4 Summary 

Based on the evidence presented from various transgenic animal/cell models and/or studies involving 

patients with LRP130-related mitochondrial disorders, it can be concluded that: 1) LRP130 interacts with 

SIRT3 and PGC-1a in the liver to control mitochondrial gene expression and OXPHOS activity; 2) 

LRP130 controls mitochondrial-encoded gene expression via transcriptional and post-transcriptional 

mechanisms; and 3) LRP130 is required for the maintenance of mitochondrial morphology, enzyme 

activities, and respiratory function but appears to be less important in the control of mitochondrial 

content. Although compelling, significant research is warranted to confirm these findings in healthy 

humans and to determine if LRP130 is in fact an additional player in exercise-induced skeletal muscle 

mitochondrial biogenesis.  

2.2.4 Dietary activators of skeletal muscle mitochondrial biogenesis 

 The in vitro and transgenic animal models discussed thus far have provided valuable insight into 

the molecular pathways controlling mitochondrial biogenesis. However, as complete loss- or gain- of 

function is not possible in humans, dietary compounds that activate specific pathways may allow for 

greater mechanistic insight into exercise-induced remodelling of skeletal muscle mitochondria. Further, as 

the phenotypic changes associated with the knockdown/overexpression of a specific protein are far more 

pronounced than what occurs within exercised human skeletal muscle in vivo, targeted activation of 

specific pathways through dietary agents may be a more realistic approach for understanding the roles of 

regulatory protein involved in mitochondrial biogenesis. Dietary agents that amplify signaling responses 
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to acute exercise and/or augment skeletal muscle adaptations to training without yielding undesirable off-

target effects may also be beneficial for individuals with baseline mitochondrial defects (e.g. individuals 

with mitochondrial disorders or cardiometabolic disease) and/or blunted skeletal muscle responses to 

contractile activity (e.g. elderly individuals).  As such, the following section highlights dietary 

compounds that may be useful for examining the importance of some of the regulatory protein discussed 

above in human skeletal muscle and/or augmenting mitochondrial adaptations to training.  

2.2.4.1 Sulforaphane 

  The isothiocyanate sulforaphane is derived from cruciferous vegetables and has the potential to 

activate Nrf2 via its known ability to modify cysteine residues on Keap1 205. Consistent with the concept 

of a Nrf2 – NRF-1 pathway 40, sulforaphane treatment upregulates NRF-1 and TFAM mRNA expression  

and increases indices of mitochondrial content in vitro and ex vivo 206–209.  In rat hepatoma cells 210 and/or 

murine skeletal muscle 211,212, the induction of mitochondrial biogenesis by sulforaphane is accompanied 

by an increase in Nrf2 nuclear import and activation, and is abolished with NRF-1 knockdown 213, thereby 

supporting Nrf2 as a primary transducer of  sulforaphane’s effects on the mitochondria.  

Although the in vivo effects of sulforaphane on mitochondrial biogenesis remain largely 

unexplored, sulforaphane administration to rodents enhances exercise performance and increases skeletal 

muscle AMPK phosphorylation and Nrf2 mRNA/protein expression 211,212,214. However, in contrast to in 

vitro work, skeletal muscle PGC-1a, NRF-1, and TFAM protein content and mtDNA copy number 

remain unchanged in sulforaphane treated mice 212. Presently, information regarding sulforaphane-

induced skeletal muscle remodelling is extremely limited and, to our knowledge, the impact of 

sulforaphane on exercise-induced mitochondrial biogenesis in human skeletal has not been examined.  

However, the apparent safety of long-term sulforaphane supplementation in humans 215 and its ability to 

directly activate Nrf2 underscores the importance of future work examining the impact of sulforaphane on 

mitochondrial remodelling in human skeletal muscle.  

2.2.4.2 Quercetin 
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 The polyphenol quercetin is abundant in many fruits and vegetables, making it one of the main 

dietary flavonoids 216. In humans, quercetin supplementation promotes small but significant 

improvements in exercise capacity 217 and the performance benefits of quercetin appear to be more 

pronounced than other polyphenol supplements 218. In addition to its performance benefits, quercetin 

treatment increases AMPK phosphorylation, PGC-1a, SIRT1, NRF-1/2, TFAM mRNA expression and/or 

protein content, and indices of mitochondrial content in cultured dopaminergic neuronal cells 219, 

hepatocytes 220, and chondrocytes 221. Mechanistically, the induction of mitochondrial biogenesis by 

quercetin appears to be dependent on Nrf2, as a single dose of quercetin promotes Nrf2 nuclear import in 

mouse brain 222 and increases in oxidative gene expression with quercetin treatment are abolished with 

Nrf2 knockdown in murine hepatocytes 223. However, as little is presently known about quercetin’s 

impact on the other emerging regulators of mitochondrial biogenesis discussed above, it is entirely 

possible that quercetin – mediated mitochondrial biogenesis also involves the activation of additional 

regulatory protein. 

 Evidence for the ability of quercetin to augment mitochondrial biogenesis in vivo, particularly 

when combined with exercise, is currently limited and inconclusive. Although quercetin supplementation 

increases PGC-1a and SIRT1 mRNA expression, and mitochondrial content in untrained rodent skeletal 

muscle 224,225, training-induced increases in these variables are blunted with quercetin supplementation 

versus exercise alone 225. In humans, 2 weeks of quercetin supplementation (1 g/day) does not alter 

mitochondrial transcript levels in trained skeletal muscle 226, but does improve these indices along with 

markers of mitochondrial content in untrained individuals 227. Taken together, evidence from cellular and 

transgenic animal models supports the ability of quercetin to induce mitochondrial biogenesis in multiple 

tissues, but its effects in human skeletal muscle and in conjunction with exercise are presently unclear. 

2.2.4.3 Epicatechin 

 Although not as extensively studied as quercetin, a growing body of literature also supports the 

efficacy of epicatechin, the primary flavanol found in dark chocolate, for inducing mitochondrial 
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biogenesis in various tissues. Epicatechin treatment in vitro or supplementation in vivo increases the 

expression of key signaling proteins (AMPK, p38 MAPK, and SIRT1), transcription factors and co-

activators (PGC-1a, MEF2A, NRF-1/2, and TFAM), mitochondrial proteins (ETC/OXPHOS, mitofilin, 

porin) and/or indices of mitochondrial content/morphology (CS activity, volume density, cristate 

abundance) in endothelial cells 228,229, adipocytes 230, myotubes 231 and/or rodent tissues (e.g. heart, brain, 

kidney, skeletal muscle) 232–235. Similar effects are also observed in skeletal muscle from sedentary 

humans 236, type 2 diabetics, and heart failure patients 237,238 administered 100 mg of epicatechin orally for 

3 months.  

 A limited amount of evidence also points to epicatechin’s ability to augment skeletal muscle 

adaptations to training 232,234, though this is not a universal finding 239. For example, epicatechin 

supplemented mice subjected to an exercise program exhibit greater increases in exercise performance, 

skeletal muscle TFAM and mitochondrial protein expression, and indices of mitochondrial content 

compared to trained mice in the placebo group 232,234. On the other hand, a recent study reported that 

training-induced increases in aerobic fitness and skeletal muscle succinate dehydrogenase (SDH) protein 

content are blunted in human participants administered 200 mg epicatechin daily during a 4-week cycling 

program 239. Therefore, while a relatively larger body of literature supports a favorable impact of 

epicatechin on skeletal muscle mitochondrial biogenesis when compared to quercetin, much of the 

available evidence comes from animal and cell models. Further, the exact mechanisms by which 

epicatechin activates mitochondrial biogenesis are unclear, though NO-dependent pathways have been 

implicated 228,229,237 raising the possibility of Nrf2 involvement (see Figure 2-2).  

2.2.5 Conclusions and future directions 

 Since the first in vivo observation of skeletal muscle mitochondrial biogenesis in trained rats 5, 

significant advancements have been made in our understanding of the molecular pathways that underpin 

this adaptive response 6. The discovery of the transcriptional co-activator PGC-1a 18 was a major 

breakthrough and a significant body of research has subsequently examined its role in mitochondrial 
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biogenesis 20,38,143. In light of recent work, we have highlighted several additional players with potential 

roles in the molecular regulation of exercise-induced mitochondrial biogenesis. Indeed, many of these 

regulatory proteins share key attributes with PGC-1a, including the ability to respond to stress-activated 

signaling cascades activated by exercise and the ability to upregulate the expression of nuclear- and 

mitochondrial-encoded genes encoding various mitochondrial proteins (Figure 2-6). However, given that 

the majority of the currently available evidence is derived from in vitro and/or rodent models, the 

extension of these findings to in vivo models, particularly human skeletal muscle, is an important 

direction for future research. Further, as much of the available evidence is based on transcriptional 

responses (i.e. changes in mRNA expression), the findings presented here should be interpreted with 

caution as changes in mRNA expression do not always translate to alterations in protein content and/or 

muscle phenotype 240,241. Thus, a greater emphasis must be placed on regulatory events distal to 

transcriptional/post-transcriptional processes in future studies examining the importance of a protein or 

dietary compound for promoting mitochondrial biogenesis.  
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Figure 2-6 Redundancies in the transcriptional and post-transcriptional control of mitochondrial 
biogenesis by PGC-1α, Nrf2, ERRγ, PPARβ, and LRP130. Note: See legends from Figure 2-2 – Figure 
2-5 and manuscript text for abbreviation definitions. Dotted lines indicate uncertainty surrounding the 
subcellular compartment where the post-translational modification and/or protein-protein interaction 
depicted occurs. 

 

Based on preliminary evidence from rodent studies highlighting Nrf2’s importance for the 

transcriptional activation of mitochondrial biogenesis following acute exercise and optimal mitochondrial 

remodelling following training 41,42, the examination of Nrf2’s role in the regulation of mitochondrial 

biogenesis in exercised human skeletal muscle is a logical next step for future work. Further, the potential 

impact of various exercise parameters (e.g. intensity, mode, duration), participant fitness level, and/or 

age-group on Nrf2 activation should also be explored further given the influence of these factors on Nrf2 

activation in human peripheral blood mononuclear cells 163,164.  

Similar to Nrf2, mechanistic evidence supporting the involvement of ERRg and PPARb in 

exercise-induced mitochondrial biogenesis in human skeletal muscle is virtually non-existent and should 

be examined. Importantly, the ambiguity surrounding the subcellular localization of functional 

interactions involving these proteins (e.g. PPARb - mediated stabilization of PGC-1a) and their post-

translational regulation should be addressed in future experiments involving cellular and/or transgenic 

animal models and if possible human tissue. Finally, the preliminary work examining the impact of SIT 

on LRP130 expression in human skeletal muscle 51 should be extended to include other exercise protocols 

that elicit robust increases in mitochondrial biogenic markers and/or additional tissue sampling time-

points to discern if LRP130 is indeed involved in the exercise-induced remodelling of human skeletal 

muscle mitochondria. Relatedly, the determination of LRP130’s fiber-specific distribution pattern and 

subcellular localization in relation to markers of mitochondrial content, morphology, and/or respiratory 

function under basal and exercised conditions will provide additional insight into LRP130’s role in 

healthy human skeletal muscle. Collectively, these avenues should help provide a more integrative view 

of the molecular underpinnings of mitochondrial remodelling following exercise.  
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 Although several dietary compounds presented here appear to have a favorable impact on indices 

of mitochondrial content based on preliminary work in vitro, their efficacy remains to be tested in vivo, 

particularly in human skeletal muscle. Further, the precise molecular pathways that mediate the effects of 

these compounds in vivo remain largely unknown providing an important area for future work. 

Elucidation of these mechanisms may also help explain some of the discrepancies in the literature, such as 

quercetin effectiveness for promoting mitochondrial biogenesis in untrained 227 but not trained 226 human 

skeletal muscle. Similarly, epicatechin’s potential to enhance the adaptive response to training should be 

explored further in humans of varying levels of fitness levels, as existing human studies have involved 

sedentary 236, untrained 239, and/or clinical 237,238 populations. Importantly, the apparent safety of these 

compounds for oral administration in humans provides an excellent opportunity to further explore their 

acute and chronic effects on skeletal muscle remodelling in vivo. Indeed, there are many previous 

examples of compounds that induce beneficial effects in vitro yet offer little to no benefits when applied 

to a human model. Perhaps one of the best-known examples of this is resveratrol, a purported SIRT1 

activator that potently induces mitochondrial biogenesis in animal/cell models, 22, but fails to enhance 

(and may even impair) training adaptations in human skeletal muscle 242–244. Thus, verification of the 

evidence presented from in vitro and rodent models in human studies is critical to determine the utility of 

these dietary compounds and their potential to advance our current understanding of the molecular 

regulation of mitochondrial biogenesis in skeletal muscle.  
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Chapter 3 

Repeatability of exercise-induced changes in mRNA expression and technical 

considerations for qPCR analysis in human skeletal muscle 

3.1 Abstract 

It remains unknown if: 1) the observed change in mRNA expression reflects an individual’s true 

response to exercise or random (technical and/or biological) error, and 2) the individual responsiveness to 

exercise is protocol-specific. We examined the repeatability of skeletal muscle PGC-1α, PDK4, NRF-1, 

VEGF-A, HSP72, and p53 mRNA expression following two identical endurance exercise (END) bouts 

(END-1, END-2; 30 minutes of cycling at 65% of peak work rate [WRpeak], n=11) and inter-individual 

variability in PGC-1α and PDK4 mRNA expression following END and sprint interval training (SIT; 8 ´ 

20-second cycling intervals at ~170% WRpeak, n=10) in active young males. The repeatability of key gene 

analysis steps (RNA extraction, reverse transcription, qPCR) and within-sample fiber-type distribution 

(n=8) was also determined to examine potential sources of technical error in our analyses. Despite highly 

repeatable exercise bout characteristics (work rate, heart rate, blood lactate; ICCs>0.71; CVs<10%; 

r>0.85, p<0.01), gene analysis steps (ICCs>0.73; CVs<24%; r>0.75, p<0.01), and similar group-level 

changes in mRNA expression, individual changes in PGC-1α, PDK4, VEGF-A, and p53 mRNA 

expression were not repeatable (ICCs<0.22; CVs>20%; r<0.21). Fiber-type distribution in two portions of 

the same muscle biopsy was highly variable and not significantly related (ICC=0.39; CV=26%; r=0.37, 

p=0.37). Since individual changes in mRNA expression following identical exercise bouts were not 

repeatable, inferences regarding individual responsiveness to END or SIT were not made. Substantial 

random error exists in changes in mRNA expression following acute exercise, thereby challenging the use 

of mRNA expression for analyzing individual responsiveness to exercise.  
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3.2 Introduction 

Inter-individual variability in the observed responses to standardized exercise training suggests 

that some individuals experience robust improvements in health and/or performance related outcomes 

while others do not 245–247. Further, individuals who fail to respond to a given exercise protocol (e.g. 

endurance exercise; END) may respond to a different protocol (e.g. resistance 248 or sprint interval 

training [SIT] 249) suggesting that individual responsiveness to exercise may be protocol-specific. This 

heterogeneity in observed training responses has led to considerable interest in personalized exercise 

prescription 250, and thus genetic biomarkers of adaptive potential 251,252. 

Adaptive processes that enhance skeletal muscle function are presumably initiated at the 

transcriptional level 7,253. For example, increases in mRNA expression following acute exercise precede 

chronic increases in mitochondrial protein content 8,10,254,255 and correlate with training-induced increases 

in muscle size, strength 256, and oxidative capacity 9. These finding have led to the assumption that larger 

increases in mRNA expression following acute exercise represent a greater activation of adaptive 

processes underlying skeletal muscle remodelling 1,38,240,257. Thus, there is interest in examining factors 

that may explain inter-individual variation in mRNA expression following acute exercise 258 and in 

comparing mRNA profiles between high and low responders for training-induced changes in 

cardiorespiratory fitness 259,260, blood glucose regulation 261,262, and muscle hypertrophy 263. However, 

apart from correlational evidence 9,256, there is no direct evidence linking acute changes in mRNA 

expression and training-induced adaptations 1,264. 

The apparent lack of a direct relationship may be due to the confounding influence of random 

error (technical error of measurement and/or biological variability) on changes in mRNA expression, 

which can mask an individual’s true response to exercise 265. As such, it is presently unclear if 

heterogeneity in the change in mRNA expression following acute exercise 9,256,266–269 reflects true inter-

individual variability in the exercise response, random error, or a combination of both. Importantly, if 

individual changes in mRNA expression following acute exercise are not repeatable (indicating large 
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measurement error and/or biological variability in the observed response 265), there is little value in their 

use as a potential biomarker of adaptive potential.  

The current study tested the repeatability of individual changes in mRNA expression following 

acute exercise. Specifically, the mRNA expression of peroxisome proliferator-activated receptor gamma 

co-activator 1 alpha (PGC-1α), pyruvate dehydrogenase kinase isoenzyme 4 (PDK4), nuclear respiratory 

factor-1 (NRF-1), vascular endothelial growth factor A (VEGF-A), heat shock protein 72 (HSP72) and 

p53 were examined following two identical END bouts. The repeatability of each step of gene expression 

analysis and within-sample fiber-type distribution was also determined to investigate the potential sources 

of error that may contribute to variability in changes in mRNA expression following acute exercise. 

Changes in PGC-1α and PDK4 mRNA expression were concurrently compared between acute END and 

SIT bouts to test the hypothesis that individual responsiveness to exercise is protocol-specific.  

3.3 Methods 

Experimental design   

The current study involved three experiments (see Figure 3-1 & Figure 3-2; Parts A, B and C). To 

determine the repeatability of individual changes in PGC-1α, PDK4, NRF-1, VEGF-A, HSP72, and p53 

mRNA expression in response to acute exercise (Part A; Figure 3-1), participants performed two 

experimental sessions involving identical bouts of END (30 minutes of cycling at 65% of peak work rate 

[WRpeak]), using a repeated measures design. To understand potential sources of error in our 

determination of gene expression we performed two additional experiments (Part B; Figure 3-1). First, as 

the determination of gene expression is a multi-step process (i.e. RNA extraction [EXTR], reverse 

transcription [RT], quantitative real-time PCR [qPCR]), we examined the potential sources of error that 

may be contributing to variability in mRNA expression by performing each step of the process in 

duplicate and comparing results for all samples in Part A (i.e. individual changes in PGC-1α expression 

during END-1 and END-2) between each duplicate step (Part B; Figure 3-2). Second, as human skeletal 

muscle gene expression is typically determined in a small portion of tissue from a given sample (which 
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may differ morphologically from other portions of the same sample), differences in the fiber-type 

distribution between two muscle chips obtained from a single resting muscle biopsy were determined in a 

separate group of participants (Part B; Figure 3-2). Finally, to determine if the inter-individual variability 

in PGC-1α and PDK4 mRNA expression in response to exercise is stimulus-specific (Part C; Figure 3-2), 

a third group of participants performed two experimental sessions involving an acute bout of END and 

SIT (8 × 20 second cycling intervals at 170% WRpeak) using a randomized crossover design. 

 

Figure 3-1. Experimental timeline for Parts A and C of the study.  

Note: END: endurance exercise; PA: physical activity; SIT: sprint interval training; WR: work rate. SIT 

intervals were separated by 10 seconds of recovery. 
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Figure 3-2. Determination of gene expression and fibre-type distribution (Part B). Note: RT-1 was the 

average of PCR-1 and PCR-2 and EXTR-1 was the average of RT-1 and RT-2. See Materials and 

Methods section in manuscript text for additional details and abbreviation definitions. 

Participants 

A total of twenty-eight participants participated in the study (Table 3-1). The repeatability of 

acute changes in mRNA expression in response to identical exercise bouts (Part A: END-1 vs. END-2) 

and the repeatability of each step of gene analysis (Part B: PCR-1 vs. PCR-2; RT-1 vs. RT-2; EXTR-1 vs. 

EXTR-2) was examined in eleven participants (age: 22.5±3.7 years; BMI: 25.1±4.4 kg/m2; VO2peak: 

42.2±6.0 ml/kg/min). Within-sample variation in fiber-type distribution (Part B: FT-1 vs. FT-2) was 

determined in resting muscle biopsies obtained from eight additional participants (23.7±2.0 years; 

25.6±2.6 kg/m2). Inter-individual variability in acute mRNA expression in response to different exercise 

bouts (Part C; END vs. SIT) was determined in a third group of ten participants (20.0±2.5 years; 21.5±2.3 

kg/m2; 47.2±6.2 ml/kg/min). All participants were recreationally active young males involved in no more 

than 3 hours of self-reported moderate-to-vigorous intensity aerobic (running, jogging, cycling, etc.) 

and/or resistance exercise (weight-lifting) per week. Participants were only included if they were between 

18 and 30 years of age, non-smokers, not taking any medication, free of cardiometabolic disease, and not 

involved in a systematic training program at the time of the study. Experimental procedures were 
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approved by the Health Sciences Human Research Ethics Board at Queen’s University (ref. no: 6018724) 

in accordance with the Declaration of Helsinki (except for registration in a database). Participants were 

provided with verbal and written explanation of experimental procedures and associated risks prior to 

giving written informed consent.  

Table 3-1. Participant characteristics. 
 

END-1 vs. END-2 FT-1 vs. FT-2 END vs. SIT 
n 11 8 10 
Age (y) 22.5±3.7 23.7±2.0 20.0±2.5 
Height (cm) 181.0±7.5 180.4±3.7 184.5±9.2 
Body mass (kg) 82.1±14.1 83.3±8.6 73.3±10.9 
BMI (kg×(m2)-1) 25.1±4.4 25.6±2.6 21.5±2.3 
VO2peak (ml×kg-1×min-1) 42.2±6.0 - 47.2±6.2 
WRpeak (watts) 286.6±38.5 - 290.2±56.0 
Note: Values are mean±SD. See manuscript text for abbreviation definitions.  

 

Preliminary visit 

 One week prior to their first experimental session, participants reported to the laboratory for 

screening and an incremental step test to exhaustion on a cycle ergometer (Monark, Ergomedic 874E, 

Varberg, Sweden) for the determination of peak oxygen uptake (VO2peak). The test protocol consisted of 5 

minutes of load-less cycling followed by a step increase to 80 W for 1 minute and subsequent increases in 

WR of 25 W/min until volitional fatigue (determined by the inability to maintain a cadence of 70 

revolutions per minute [RPM]). Gas exchange was measured throughout the test with a metabolic cart 

(Moxus, AEI Technologies, Pittsburgh, PA, USA) and VO2peak was calculated using the highest 30-second 

average during the final stage of the ramp protocol. RPM was collected continuously throughout the test 

and WRpeak was selected as the highest 30-second average obtained during the final stage of the test. 

Strong verbal encouragement was provided to all participants throughout the ramp test. During this visit, 

participants were also familiarized with the exercise protocols and testing procedures involved in the 

experimental sessions.  

Experimental sessions 
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Each experimental session in Part A and C involved an acute bout of END or SIT (Figure 3-1); 

eleven participants repeated the END bout in their second experimental session (Part A) while ten 

participants performed SIT instead of END (or vice versa) in one of the sessions (Part C). Experimental 

sessions were otherwise identical and separated by a minimum of 14 and maximum of 28 days. 

Participants were asked to refrain from alcohol and physical activity for 24 hours, and caffeine for 12 

hours before each session. Dietary intake was standardized on the day before and the morning of each 

experimental session. Specifically, participants were provided with a gift card (Tim Horton’s or Subway) 

for lunch on the day before the first experimental session and were asked to record and replicate this meal 

for the subsequent session. After consuming a standardized dinner (Lean Cuisine Chicken Fettuccini [300 

kcal; 7 g fat, 41 g carbohydrate, 20 g protein], Beatrice 1% Chocolate Milk 473 mL [340 kcal; 5 g fat, 56 

g carbohydrate, 18 g protein], Dole Fruit Cup [80 kcal; 0 g fat, 19 g carbohydrate, 1 g protein]), 

participants reported to the laboratory following a 12-hour overnight fast. Upon arrival, participants were 

provided a standardized breakfast (Dempster’s whole wheat bagel [190 kcal; 2 g fat, 35 g carbohydrates, 

7 g protein], with 2 tbsp of Philadelphia plain cream cheese [80 kcal; 7 g fat, 2 g carbohydrate, 2 g 

protein]) to be consumed within 15 minutes. After 35 additional minutes of rest, an initial muscle biopsy 

(PRE) was obtained (see “muscle biopsies” section for details). Approximately 7 minutes after the biopsy, 

participants either commenced warm-up for END or rested for 26 additional minutes before warming up 

for SIT (see “exercise protocols” section for details). Participants then completed 3 hours of seated rest 

after which an additional muscle biopsy (3HR) obtained from the same leg (~2 cm distal to first incision 

site). For the determination of fiber-type distribution in Part B, a single muscle biopsy was obtained 

following a 12 hour overnight fast under rested conditions.  

Muscle biopsies 

Biopsies were obtained from the lateral portion of the vastus lateralis (right leg) by percutaneous 

needle biopsy technique 270 using a 14-gauge Medax Biofeather micro-biopsy disposable needle (San 

Possidonio, MO, Italy) while the participant lay in a supine position. The skin was punctured under local 

anesthesia (2% xylocaine with epinephrine) using a 12-gauge cannula inserted 4 cm deep to guide the 
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biopsy needle to a final depth of 8 cm into the muscle. Three cuts (~10-20 mg each) were made with ~90° 

rotation applied to the needle between each cut over a ~30 second period. The location of the PRE biopsy 

was matched between experimental sessions (i.e. directly adjacent to each other) and the 3HR biopsy was 

obtained approximately 2 cm distal to the PRE biopsy site during each experimental session. Each piece 

of muscle was removed from the needle using a disposable surgical blade before a subsequent cut was 

made. In Parts A and C, muscle tissue was immediately snap frozen in liquid nitrogen following each cut 

and stored at -80°C until real-time qPCR analysis. For the determination of fiber-type distribution in Part 

B, two different muscle chips from the same sample were embedded in optimal cutting temperature 

(O.C.T., Tissue-Tek, Sakura Finetek, CA, USA) before being frozen in liquid nitrogen-cooled isopentane 

and stored at -80°C until immunofluorescent analysis.  

Exercise protocols 

 Both exercise protocols were performed on a cycle ergometer (Monark, Ergomedic 874E, 

Varberg, Sweden) and commenced with a 3-minute warm-up involving load-less cycling at 80 RPM. The 

END protocol involved 30 minutes of continuous cycling at 80 RPM against a load corresponding to 65% 

of WRpeak. The SIT protocol involved eight, 20-second cycling intervals targeting 80 RPM against a load 

corresponding to 170% WRpeak separated by 10 seconds of load-less cycling at a low intensity 

(WR<50W) for a total protocol duration of 4 minutes. To ensure that the time between biopsies was 

matched between sessions in Part B, warm-up for END and SIT began 7 and 33 minutes after the PRE 

biopsy, respectively. RPM was recorded continuously and used to calculate the actual WR during each 

session. Heart rate (HR) was recorded every minute during END and after each interval during SIT using 

Polar HR monitors (Polar Team2 Pro, Kempele, Finland). Blood lactate concentrations were determined 

in fingertip capillary blood samples (~20 µL) using a handheld lactate analyzer (Lactate Scout+, EFK 

Diagnostics, Madgeberg, Germany). Blood was sampled every 10 minutes during END and after the 4th 

and 8th interval during SIT. Participants were allowed to listen to music during exercise sessions and were 

provided with verbal encouragement during both SIT and END.  
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Quantitative real-time PCR 

RNA extraction, reverse transcription, and qPCR were performed as described previously 271 on 

PRE and 3HR samples from Parts A (END-1 vs. END-2) and C (END vs. SIT). Total RNA was extracted 

using a modified version of the single-step method by guanidinium thiocyanate-phenol-chloroform 

extraction 272. The purified pellet was dissolved in RNase and DNase-free ultrapure water then quantified 

spectrophotometrically at 260 nm using a Take3 Plate (Biotek, Winooski, VT). Protein contamination 

was assessed by measuring absorbance at 280 nm. Samples had an average 260:280 ratio of 1.96±0.03 

(mean±standard deviation [SD]) and 1.94±0.04 for Parts A and C, respectively. The 260:230 ratio was 

assessed for all samples in Part A only (EXTR-1: 1.32±0.27; EXTR-2: 1.47±0.26). Assessment of RNA 

integrity in 12 randomly selected samples from Part A (6 from each extraction) yielded an average RNA 

integrity number (RIN) of 8.3±0.5. One microgram of resulting RNA was reverse transcribed using the 

QuantiTect Reverse Transcription Kit (Qiagen, Mississauga, ON, Canada). Transcript levels were 

determined on an ABI 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) using 

the following protocol: 1 cycle at 95 °C for 15 minutes, 40 cycles of 95 °C for 15 seconds, 30 seconds at 

the primer-specific annealing temperature (Table 3-2), and 72 °C for 36 seconds, followed by a 

dissociation curve to assess specificity of the reaction. Primer set efficiencies were determined using 

qPCR with an appropriate cDNA dilution series prior to sample analysis. Average primer set-specific 

efficiencies 273 were E=2.03±0.09 (mean±SD). All samples were run in duplicate 25 µL reactions 

containing: 50 ng cDNA, 0.58 µmol/L primers, and GoTaq PCR Master Mix containing SYBR Green 

(Promega, Madison, WI, USA). No-template controls were run with water in place of cDNA to ensure the 

absence of contamination. All RNA data are expressed relative to TATA-binding protein (TBP), which 

was stable across all states with no difference in 2-Cq values observed between sessions or time-points in 

Part A (END-1, PRE: 1.4´10-8±3.5´10-9, 3HR: 1.3´10-8 ±4.3´10-9; END-2, PRE: 1.5´10-8±4.7´10-9, 

3HR: 1.6´10-8±5.3´10-9) or Part C (END, PRE: 7.0´10-9±2.3´10-9, 3HR: 7.1´10-9±2.7´10-9; SIT, PRE: 

9.2´10-9±5.4´10-9, 3HR: 7.8´10-9±4.2´10-9) 273. Primer sequences are provided in Table 3-2. 
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Table 3-2. List of primer sequences used for real-time PCR and their specific annealing 
temperatures. 
Gene Forward primer (5′⟶3′) Reverse primer (5′⟶3′) T

a
 °C 

PGC-1ɑ CACTTACAAGCCAAACCAAC
AAC 

CAATAGTCTTGTTCTCAAATG
GGGA 59 

PDK4 CGGCTGGTGGGAAGACTTGA TGCCGCGGAGTGAAGAGTCT 59 
NRF-1 GATGCTTCAGAATTGCCAACC GTCATCTCACCTCCCTGTAAC 59 
VEGF-A GGGCAGAATCATCACGAAGT CACACAGGATGGCTTGAAGA 59 
HSP72 ACCAAGCAGACGCAGATCTTC GCCCTCGTACACCTGGATCA 59 
p53 CCAACAACACCAGCTCCTCT CCTCATTCAGCTCTCGGAAC 61 
TBP AGACGAGTTCCAGCGCAAGG GCGTAAGGTGGCAGGCTGTT 59 
Note: HSP72: heat shock protein 72; NRF-1: nuclear respiratory factor-1; PGC-1ɑ: peroxisome 
proliferator-activated receptor gamma co-activator 1 alpha; PDK4: pyruvate dehydrogenase 
kinase isoenzyme 4; TBP: TATA-binding protein; Ta: annealing temperature. 

 

To examine the impact of potential sources of measurement error that contribute to changes in 

mRNA expression described above, each step (i.e. RNA extraction, reverse transcription, qPCR) was 

performed in duplicate for all samples in Part A (see Figure 3-2 for overview of qPCR protocol) and 

changes in PGC-1α mRNA expression from both sessions (i.e. all values in END-1 and END-2) were 

compared between each duplicate step. Specifically, two qPCR runs were performed on the first set of 

cDNA (PCR-1 vs. PCR-2), two sets of cDNA were reverse transcribed from the first set of RNA (and 

subsequently analyzed by qPCR; RT-1 [average of PCR-1 and PCR-2] vs. RT-2), and two sets of RNA 

were extracted from different chips of the same muscle biopsy (and subsequently reverse transcribed and 

analyzed by qPCR; EXTR-1 [average of RT-1 and RT-2] vs. EXTR-2). Changes in PGC-1α mRNA 

expression were then compared to determine the impact of the technical/measurement error associated 

with each step of the procedure (Part B). The mean fold-change (2-∆∆Cq) in mRNA expression from all 

steps (PCR-1, PCR-2, RT-1, RT-2, EXTR-1, EXTR-2) were used to compare group-level (mean) and 

individual mRNA responses in Parts A and C. 

Immunofluorescent analysis 

 Fiber-type distribution was determined in two chips of muscle (FT-1 vs. FT-2) from a single 

muscle biopsy obtained at rest. Ten µm thick cryosections were cut with a cryostat maintained at -20°C 
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and mounted onto positively charged microscope slides (SuperFrost Plus, VWR International, PA, USA). 

Immunofluorescent analysis of myosin heavy chain (MHC) isoforms was performed as previously 

described 274,275 using primary antibodies against MHCI (BA-F8), MHCIIA (SC-71), and MHCIIX (6H1) 

(Developmental Studies Hybridoma Bank, Iowa City, IA USA), followed by isotype-specific fluorescent 

secondary antibodies (Life Technologies, Burlington, ON, Canada). Sections were mounted with Prolong 

Gold Antifade Reagent (Life Technologies) and imaged the following day. These sections were visualized 

with an Axio Observer Z1 microscope (Carl Zeiss, Jena, DE). Images were taken across the entire muscle 

cross-section and assembled into a composite panoramic image using Axio-Vision software (Carl Zeiss) 

This allowed for the identification of type I (blue), type IIA (green), and type IIX (red). Fiber-type 

composition was determined by counting all fibers within a muscle cross-section and expressed as a 

percentage of the total number of fibers. 

Statistical analysis 

 Statistical analyses were performed using GraphPad Prism Version 7.0 and IBM SPSS Statistics 

Version 25. Sample size was determined using G* Power Version 3.1 assuming a conservative estimate 

of a two-fold increase in PGC-1α mRNA expression, an alpha level of 0.05 and 80% power. Data were 

normally distributed based on the Shapiro-Wilk normality test after the removal of outliers (Cook’s 

distance >1.0). Group means for average exercise WR, HR, and blood lactate in Part A (END-1 vs. END-

2) and Part C (END vs. SIT) as well as fiber-type distribution in Part B (FT-1 vs. FT-2) were compared 

using paired t-tests. To compare the effect of exercise on mRNA expression within each experimental 

session and also to compare group means for baseline mRNA expression and changes in mRNA 

expression between sessions in Parts A and C, paired t-tests were performed on linear data using the 2-DCq 

(PRE vs. 3HR) and 2-DDCq (END-1 vs. END-2 and END vs. SIT) methods 276 with TBP as a housekeeping 

gene. Group means for mRNA expression between each duplicate step of gene analysis were also 

compared using paired t-tests. Repeatability of exercise characteristics (average WR, HR, blood lactate) 

and changes in mRNA expression (2-DDCq) in Part A, as well as duplicate steps of qPCR and within-
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sample fiber-type distribution in Part B, was determined using Pearson (r) and intraclass correlation 

coefficients (ICC2,1: two-way random effects, absolute agreement, single rater/measurement 277,278), and 

within-subject coefficients of variation (CV) 279. Pearson correlation coefficients were classified as very 

weak (<0.19), weak (0.20-0.39), moderate (0.40-0.59), strong (0.60-0.79), or very strong (>0.80) 280. ICC 

values were interpreted as indicators of poor (<0.50), moderate (0.50-0.75), good (0.75-0.9) and excellent 

(>0.90) repeatability 281. To protect against making a family-wise type I error, the Benjamini-Hochberg 

procedure was used to adjust the p-values obtained from the PRE vs. 3HR comparisons (i.e. paired t-tests) 

and repeatability analyses (i.e. Pearson’s correlation coefficients) in Part A (END-1 vs. END-2). Briefly, 

p-values were ranked in ascending order and their rank was subsequently multiplied by the alpha-value 

based on a Bonferroni correction 282. Because there were 12 PRE vs. 3HR comparisons (i.e. six genes 

measured on two experimental days) and 6 repeatability regressions performed on the PRE to 3HR 

change scores for each gene, respective Bonferroni-corrected alpha values of 0.004 (0.05 divided by 12) 

and 0.008 (0.05 divided by 6) were used. These adjusted p-values were considered significant if they were 

larger than the original unadjusted p-value 282. Significance was accepted as p<0.05 for all other analyses. 

Data are presented as mean±SD. 

3.4 Results 

Repeatability of baseline and exercise-induced mRNA expression (Part A) 

 All participants completed the entire 30-min END bout at the prescribed intensity during both 

experimental sessions. Group means for exercise bout characteristics (average WR, HR, blood lactate), 

and exercise-induced changes in mRNA expression in response to END-1 and END-2 are presented in 

Table 3-3. Average WR, HR, and blood lactate were not different between END-1 and END-2 (p>0.05). 

After the Benjamini-Hochberg procedure was used to control for family-wise type I error rate, PGC-1α, 

PDK4, VEGF-A, HSP72, and p53 mRNA expression increased (PRE to 3HR) following both END-1 and 

END-2, with no difference between bouts. NRF-1 mRNA expression was unchanged in response to END-

1 and END-2. Average Cq values (END-1 and END-2) for each gene were as follows: PGC-1α (PRE: 



 55 

25.2±1.0; 3HR: 22.7±0.9), PDK4 (26.1±1.3; 24.6±1.5), NRF-1 (27.3±0.3; 27.1±0.4), VEGF-A (23.0±0.5; 

21.4±0.6), HSP72 (21.7±0.5; 20.2±1.0), and p53 (26.9±0.5; 26.4±0.6). 
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Table 3-3. Group means and repeatability statistics for all exercise variables in Part A. 
 

END-1 END-2 ICC CI (95%) CV (%) 

Average work rate (W) 182.7±25.3 183.7±25.2 0.98 0.95-1.00 1.5 

Average heart rate (bpm) 163.1±14.1 167.2±11.1 0.81 0.43-0.94 3.1 

Average blood lactate (mmol×L-1) 8.4±2.2 7.6±1.3 0.72 0.26-0.92 9.4 

PGC-1ɑ mRNA (fold change vs. PRE)* 7.1±2.4 7.9±5.0 0.07 -0.59-0.64 41.7 

PDK4 mRNA (fold change vs. PRE)* 2.7±1.9 2.5±1.4 0.21 -0.59-0.76 26.7 

NRF-1 mRNA (fold change vs. PRE) 1.0±0.1 1.0±0.2 0.66 0.07-0.90 6.3 

VEGF-A mRNA (fold change vs. PRE)* 2.9±1.0 3.0±1.5 -0.10 -0.74-0.54 31.1 

HSP72 mRNA (fold change vs. PRE)* 3.5±2.8 3.6±2.4 0.63 0.06-0.89 36.9 

p53 mRNA (fold change vs. PRE)* 1.3±0.3 1.4±0.5 0.11 -0.50-0.65 20.8 

Note: Values are mean±SD. CI: 95% confidence interval around the ICC; CV: coefficient of variation; ICC: intraclass correlation coefficient.  * 

significantly different versus PRE after applying the Benjamini-Hochberg procedure (see text for details). 
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  Average WR, HR, and blood lactate showed excellent repeatability Table 3-3 and very strong 

positive correlations were observed between exercise bouts (WR: r=0.98, p<0.01; HR: r=0.86, p<0.01; 

lactate: r=0.88, p<0.01). Baseline gene expression was not repeatable (Table 3-4) between END-1 and 

END-2 for any gene examined after the Benjamini-Hochberg procedure was used to control for family-

wise type I error rate, with the exception of PDK4 (r=0.86, p-adjusted [0.008] > p-original [0.002]). 

Exercise-induced changes in PGC-1α, PDK4, VEGF-A, HSP72, and p53 mRNA expression were not 
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repeatable Table 3-3 nor significantly correlated (p-adjusted < p-original) between END-1 and END-2 (

 

Figure 3-3). Although changes in NRF-1 and HSP72 mRNA expression were moderately repeatable 

(ICCs = 0.66 and 0.63, respectively) and strongly correlated (r = 0.68 and 0.61, respectively), these 

relationships failed to reach statistical significance after the Benjamini-Hochberg procedure was used 

(NRF-1: p-adjusted [0.008] < p-original [0.030]; HSP72: p-adjusted [0.017] < p-original [0.040]). Two 
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individuals were identified as outliers for changes in PDK4 (END-1: 11.6-fold increase vs. PRE; END-2: 

10.4-fold; Cook’s distance = 4.9) and NRF-1 (END-1: 0.9-fold; END-2: 1.5-fold; Cook’s distance = 1.1) 

mRNA expression and were not included in the above analyses. 
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Table 3-4. Repeatability statistics for baseline gene expression in Part A.  
 

r ICC CI (95%) CV (%) 

Baseline PGC-1ɑ mRNA expression  0.21 0.15 -0.23-0.60 33.1 

Baseline PDK4 mRNA expression 0.85* 0.74 0.28-0.93 19.1 

Baseline NRF-1 mRNA expression 0.41 0.35 -0.17-0.75 11.0 

Baseline VEGF-A mRNA expression 0.55 0.35 -0.13-0.75 22.1 

Baseline HSP72 mRNA expression 0.29 0.15 -0.14-0.56 26.2 

Baseline p53 mRNA expression 0.31 0.13 -0.12-0.52 27.2 

Note: Values are mean±SD. r represents Pearson’s correlation coefficient. CI: 95% confidence interval around the ICC; CV: coefficient of 

variation; ICC: intraclass correlation coefficient. * Statistically significant after applying the Benjamini-Hochberg procedure (see text for 

details). 
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Figure 3-3. PART A – Relationship between changes in PGC-1ɑ (A), PDK4 (B), NRF-1 (C), VEGF-A 

(D), HSP72 (E) and p53 (F) mRNA expression in response to two identical bouts of endurance exercise 

(END-1 and END-2). Note: Hollow circles in Figures 3-3B and 3-3C were identified as outliers (Cook’s 

distance >1.0) and removed from the analysis.  
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Repeatability of gene analysis and within-sample fiber-type distribution (Part B) 

 All participants completed the SIT and END protocols at the prescribed intensities and durations. 

Group means for PGC-1α mRNA expression were not different (p>0.05) between PCR-1 and PCR-2, RT-

1 and RT-2, or EXTR-1 and EXTR-2 (Table 3-5). PGC-1α mRNA expression showed good (EXTR-1 vs. 

EXTR-2) or excellent (PCR-1 vs. PCR-2; RT-1 vs. RT-2) repeatability (Table 3-5) and strong (EXTR-1 

vs. EXTR-2) or very strong (PCR-1 vs. PCR-2; RT-1 vs. RT-2) positive correlations (Figure 3-4A-C) 

were observed between duplicate steps of gene analysis. 

 Comparison of fiber-type distribution was performed on type I and IIA fibers only, as samples 

from 7 participants did not contain type IIAX or type IIX fibers. Group means for the proportion (%) of 

type I and IIA fibers in two portions of the same muscle biopsy (FT-1 and FT-2) were not different 

(p>0.05) (Table 3-5). The proportion of Type I and IIA fibers showed poor repeatability (Table 3-5) and 

were not significantly correlated between two portions of the same muscle biopsy (Figure 3-4D). 

Representative images for immunofluorescent fiber-type analysis are shown in Figure 3-5. 
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Table 3-5. Group means and repeatability statistics for all variables in Part B.  

 PCR-1 PCR-2 RT-1 RT-2 EXTR-1 EXTR-2 FT-1 FT-2 ICC CI (95%) CV (%) 

PGC-1ɑ mRNA expression 

(fold change vs. PRE) 
7.8±4.2 7.9±4.6 - - - - - - 0.97 0.92-0.99 7.7 

PGC-1ɑ mRNA expression 

(fold change vs. PRE) 
- - 7.6±4.3 7.2±3.7 - - - - 0.90 0.78-0.96 10.3 

PGC-1ɑ mRNA expression 

(fold change vs. PRE) 
- - - - 7.7±4.1 6.8±3.8 - - 0.74 0.48-0.88 23.4 

Type I fibres (%) - - - - - - 65.4±10.9 66.9±12.8 0.39 -0.47-0.84 10.3 

Type IIA fibres (%) - - - - - - 34.6±10.9 33.1±12.8 0.39 -0.47-0.84 26.1 

Note: Values are mean±SD.  CI: 95% confidence interval around the ICC; CV: coefficient of variation; ICC: intraclass correlation coefficient. See manuscript text for 

abbreviation definitions. 
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Figure 3-4. PART B – Relationship between PGC-1ɑ mRNA expression at each duplicate step of gene 
analysis (A: qPCR; B: reverse transcription; C: RNA extraction) and between the proportion of type I 
fibres (D) in two chips from the same muscle biopsy (FT-1 and FT-2). An identical relationship was 
observed for type IIA fibres (not shown). Note: Repeatability of each step of gene analysis (Figures 3-4A-
C) was determined by pooling samples from both bouts in Part A (i.e. END-1 and END-2). 
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Figure 3-5. PART B - Representative images showing fibre-type distribution in two portions (FT-1, FT-

2) of the same muscle biopsy from one participant. Note: Type I and IIA are shown in blue and green, 

respectively.  

 

Individual variability in PGC-1α and PDK4 mRNA expression following END and SIT (Part C) 

Group means for average HR (END: 172.4±9.9 bpm; SIT: 171.2±11.5) and blood lactate (END: 

9.2±2.2 mmol/L; SIT: 8.7±3.2) were not different (p>0.05) between END and SIT. PGC-1α mRNA 

expression increased (PRE to 3HR) in response to END and SIT (both p<0.01), though more so (p=0.03) 

after END (6.6±3.5-fold) compared to SIT (3.8±1.2-fold). PDK4 mRNA expression increased in response 

to END (2.6±2.0-fold, p=0.03) and SIT (2.0±1.0-fold; p=0.02), with no difference between bouts 

(p=0.29). A near significant (p=0.08) positive correlation was observed between changes in PGC-1α 

mRNA expression during END and SIT (Figure 3-6A). One individual with a 28.1- and 10.3-fold 

increase in PGC-1α mRNA expression during END and SIT, respectively, was identified as an outlier 

(Cook’s distance = 1.9) and removed from the analysis. Inclusion of this individual resulted in a 

significant relationship between changes in PGC-1α mRNA expression (r=0.92, p<0.01) during END and 

SIT. Changes in PDK4 mRNA expression were not significantly (p>0.05) correlated between END and 

SIT (Figure 3-6B).  
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Teran-Garcia et al., 2005; Timmons et al., 2005a,b). The results of

the present study demonstrate that individual changes in exercise-

induced mRNA expression are not repeatable even under identical

experimental conditions. Surprisingly, individual gene expression at

baseline was also unrelated between experimental visits, further

highlighting the existence of substantial intra-individual variability in

mRNA expression and providing a potential explanation for the lack

of repeatability in the exercise response. Consequently, this limits

the utility of mRNA expression for personalized exercise prescription

as an individual who exhibits a specific mRNA profile and/or a large

change inmRNAexpression following exercisemay responddrastically

differently when tested again under the same conditions.

The mRNAs examined in the current study were chosen because

they represent exercise-inducible mRNAs that are involved in various

aspects of skeletal muscle function (e.g. mitochondrial biogenesis

(PGC-1!, NRF-1, p53), substrate selection (PDK4), angiogenesis

(VEGF-A), stress response (HSP72)) and also exhibit divergent changes

in expression following acute exercise (Bartlett et al., 2012; Bonafiglia

et al., 2017; Edgett et al., 2013; Scribbans et al., 2017). Although it is

unlikely that the repeatability (or lack thereof) of mRNA expression is

gene-specific or exclusive to themRNAs examined here, future work is

needed to verify our findings using a larger number of diverse mRNAs.

Nevertheless, group-level changes in mRNA expression were not

different between identical END bouts for any of the genes examined,

and therefore inferences based on transcriptional responses to

exercise appear to be valid at the group level.

4.2 Potential sources of random error

The observed change in mRNA expression following exercise

comprises both the true response to exercise and random error arising

from technical and/or biological sources (Atkinson & Batterham,

2015). As the determination of gene expression involves multiple

steps (e.g. sample acquisition/processing, RNA extraction, reverse

transcription, real-time qPCR), there is the potential of introducing

variability at each step and influencing the final observed response

(Kuang, Yan, Genders, Granata, & Bishop, 2018). In our study, changes

in PGC-1! mRNA expression were highly repeatable when qPCR

and reverse transcription were performed in duplicate (ICC ! 0.90;

CV < 11%; r > 0.90) indicating that technical error associated with

these steps does not explain the large intra-individual variation in

mRNA expression following repeated bouts of END.

Although still repeatable, a weaker relationship (ICC = 0.74;

CV = 23%; r = 0.76) was observed for changes in PGC-1! mRNA

expression between duplicate RNA extractions (i.e. from different

portions of the same biopsy) such that !58% of the variation in PGC-

1! mRNA expression from either extraction could be explained by the

other. This observation, combinedwith the large intra-biopsy variation
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Figure 3-6. PART C – Relationship between changes in PGC-1ɑ (A) and PDK4 (B) mRNA expression in 

response to an acute bout of endurance (END) and sprint interval training (SIT). Note: Hollow circle in 

Figure 3-6A was identified as an outlier (Cook’s distance = 1.9) and removed from the analysis.  

3.5 Discussion 

 Changes in mRNA expression following acute exercise represent the initial phase of the adaptive 

processes that enhance skeletal muscle function, and in the context of personalized exercise prescription, 

provide a potential biomarker of adaptive potential. Due to the potential confounding influence of random 

error on mRNA expression, we tested the repeatability of individual changes in mRNA expression for six 

different genes following two identical bouts of END (Part A). Despite similar group level responses and 

highly repeatable exercise bout characteristics, individual changes in PGC-1α, PDK4, VEGF-A, and p53 

mRNA were not repeatable. Although exercise-induced changes in NRF-1 and HSP72 mRNA expression 

appeared to be repeatable based on large effect sizes (r > 0.60), these relationships were not statistically 

significant after controlling for family-wise type I error rates. Importantly, the lack of repeatability was 

not attributable to technical error associated with our gene analysis procedure as each step showed good 

(RNA extraction) or excellent (reverse transcription and qPCR) repeatability (Part B). However, large 

intra-biopsy variation was observed for fiber-type distribution and the proportion of type I and IIA fibers 

did not correlate between two portions of the same muscle biopsy. Additionally, considerable intra-

individual variability was observed for baseline gene expression, which was unrelated between 
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experimental visits. The repeatable nature of our exercise stimulus and major gene analysis steps, 

combined with the lack of correlation between fiber-type composition of different biopsy portions 

suggests that the lack of repeatability of exercise-induced mRNA expression following identical END 

bouts results from either technical error associated with the biopsy technique or random biological 

variability in baseline gene expression and/or the true individual response to exercise 

Based on the notion that individual responsiveness to exercise may be protocol-specific 248,249, we 

were also interested in examining inter-individual variability in mRNA expression following END and 

SIT (Part C). Although individual changes in PDK4 mRNA expression after the two exercise protocols 

were unrelated, the strong positive correlation for changes in PGC-1α mRNA expression following END 

and SIT approached significance indicating that individual responsiveness to acute exercise may not be 

protocol-specific. However, as changes in mRNA expression following identical END bouts were not 

repeatable (Part A), interpreting the relationships between PGC-1α and/or PDK4 mRNA expression 

following END and SIT as evidence supporting/refuting the existence of protocol-specific individual 

responsiveness to exercise is problematic. Altogether, our findings indicate a large degree of random error 

in observed changes in mRNA expression following acute exercise, thereby limiting use of mRNA 

expression as a potential biomarker of adaptive potential and/or as an indicator of individual 

responsiveness to a given exercise protocol.  

Repeatability of individual changes in mRNA expression  

 Based on temporal 8,10,254,255 and correlational 9,256 relationships between acute changes in mRNA 

expression and chronic skeletal muscle adaptation, mRNA expression is frequently used as a primary 

outcome measure when determining the effectiveness of an acute exercise stimulus or when comparing 

exercise protocols that vary in intensity, duration, and/or volume 1,38,240,257. Further, as awareness of 

training response heterogeneity and interest in personalized exercise prescription has increased, changes 

in mRNA expression have also been examined at the individual level 259–263. The results of the present 

study demonstrate that individual changes in exercise-induced mRNA expression are not repeatable even 

under identical experimental conditions. Surprisingly, individual gene expression at baseline was also 
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unrelated between experimental visits, further highlighting the existence of substantial intra-individual 

variability in mRNA expression and providing a potential explanation for the lack of repeatability in the 

exercise response. Consequently, this limits the utility of mRNA expression for personalized exercise 

prescription as an individual who exhibits a specific mRNA profile and/or a large change in mRNA 

expression following exercise may respond drastically differently when tested again under the same 

conditions.  

The mRNAs examined in the current study were chosen because they represent exercise-

inducible mRNAs that are involved in various aspects of skeletal muscle function (e.g. mitochondrial 

biogenesis [PGC-1α, NRF-1, p53], substrate selection [PDK4], angiogenesis [VEGF-A], stress response 

[HSP72]) and also exhibit divergent changes in expression following acute exercise 9,271,283,284. Although it 

is unlikely that the repeatability (or lack thereof) of mRNA expression is gene-specific or exclusive to the 

mRNAs examined here, future work is needed to verify our findings using a larger number of diverse 

mRNAs. Nevertheless, group-level changes in mRNA expression were not different between identical 

END bouts for any of the genes examined, and therefore inferences based on transcriptional responses to 

exercise appear to be valid at the group-level.  

Potential sources of random error 

 The observed change in mRNA expression following exercise comprises both the true response to 

exercise as well as random error arising from technical and/or biological sources 265. As the determination 

of gene expression involves multiple steps (e.g. sample acquisition/processing, RNA extraction, reverse 

transcription, real-time qPCR), there is the potential of introducing variability at each step and influencing 

the final observed response 285. In our study, changes in PGC-1α mRNA expression were highly 

repeatable when qPCR and reverse transcription were performed in duplicate (ICCs≥0.90; CVs<11%; 

r>0.90) indicating that technical error associated with these steps does not explain the large intra-

individual variation in mRNA expression following repeated bouts of END.  

Although still repeatable, a weaker relationship (ICC=0.74; CV=23%; r=0.76) was observed for 

changes in PGC-1α mRNA expression between duplicate RNA extractions (i.e. from different portions of 
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the same biopsy) such that ~58% of the variation in PGC-1α mRNA expression from either extraction 

could be explained by the other. This observation, combined with the large intra-biopsy variation in fiber-

type distribution (ICC=0.39; CV=26%; r=0.37), indicates that morphological and/or phenotypical 

differences in the portion of muscle used for gene analysis can impact the observed change in mRNA 

expression. In support of this notion, fiber-type specific kinase activation 286,287, mRNA expression  256,288–

290, and protein content 291,292, as well as regional differences oxidative capacity 293, gene expression 294 

and fiber-type distribution 295 have been reported in human skeletal muscle. Nevertheless, the observation 

that duplicate RNA extractions were repeatable (Figure 3-4C) even though fiber-type distribution in two 

portions of the same biopsy was not (Figure 3-4D) indicates that fiber-type distribution is one of, but not 

the only factor contributing to the repeatability of exercise-induced changes in mRNA expression.  

 Variation in mRNA expression may also arise from RNA degradation due to improper sample 

handling, impurities in extracted RNA samples, and/or the use of unstable housekeeping genes for data 

normalization 285,296. All muscle samples in the current study were rapidly snap frozen in liquid nitrogen 

and the purity of RNA extracts was verified spectrophotometrically to ensure 260:280 ratios > 1.8, which 

indicate high sample purity, 285. Assessment of RNA integrity in a subset of randomly selected samples 

indicated sufficiently intact RNA (all RINs>7.0), making it unlikely that RNA degradation was a likely 

contributor to the observed findings. Further, the well-established comparative Cq method 273,276 was used 

for data normalization with TBP as a reference gene, in accordance with recent recommendations for 

optimal qPCR performance 285. Thus, it is unlikely that the poor repeatability of exercise-induced changes 

in mRNA expression observed in our study resulted from RNA degradation due to mishandling and/or 

improper data normalization. Nevertheless, proper execution of these steps should be considered in future 

studies examining human skeletal muscle gene expression using real-time qPCR.  

 The repeatability of key steps in our gene analysis procedure suggests that a significant 

proportion of random error in mRNA expression must be attributable to sources of technical error and/or 

biological variability within the muscle. Although we attempted to standardize the muscle biopsy 

procedure between experimental visits, morphological and/or phenotypical differences may have existed 
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in muscle samples obtained on different days due to minor variations in biopsy procedures (e.g. location 

of biopsy site, needle depth and/or angle). Relatedly, the multinucleated nature of skeletal muscle raises 

the possibility that myonuclear transcriptional rates are independently regulated and distinct 296, such that 

regional differences in skeletal muscle mRNA expression exist following exercise 297. Although the 

experimental timeline was matched between visits to mitigate the potential confound of circadian 

rhythms, changes in participants’ sleeping patterns may have occurred and consequently impacted our 

findings. For instance, diurnal patterns of mitochondrial respiration 298 and metabolic gene expression 299 

have been observed in skeletal muscle, and these rhythmic fluctuations are governed by transcription 

factors (i.e. BMAL1, CLOCK) that constitute the molecular clock 300,301. Alternatively, day-to-day 

fluctuations in mRNA expression that arise from the inherently stochastic nature of gene expression 296,302 

could also have contributed to the large intra-individual variability in mRNA expression in our study. 

Indeed, the lack of relationship between individual gene expression at baseline (Table 4) supports the 

existence of large day-to-day variability in mRNA expression. Altogether, these factors highlight the 

highly sensitive nature of human skeletal muscle gene expression and the myriad of factors that can 

influence observed changes in mRNA expression following exercise.   

Inter-individual variability in the responsiveness to END and SIT 

 Previous work from our laboratory 249 and others 248 has demonstrated that individuals who fail to 

improve VO2peak after 2-3 weeks of END training can respond when the exercise protocol is changed to 

resistance training or SIT, suggesting that individual responsiveness to exercise training may be protocol-

specific. As changes in mRNA expression following acute exercise presumably represent the initiation of 

skeletal muscle adaptation 7,253 and are highly variable between individuals 9,256,266–269, we sought to 

determine if inter-individual variability exists in mRNA expression following END or SIT. However, 

based on our finding of substantial intra-individual variability in mRNA expression after identical 

exercise bouts (Part A), interpreting the observed change in mRNA expression following END or SIT as 

representing an individual’s true response to the exercise protocol itself is problematic. Thus, despite a 

near significant strong positive relationship (r=0.60, p=0.08) between changes in PGC-1α mRNA 
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expression following END and SIT, inferences regarding protocol-specific individual responsiveness to 

exercise could not be made. Future studies are warranted to determine whether individual responsiveness 

to acute exercise is protocol-specific using more reliable molecular biomarkers.  

Limitations 

 Findings from the present study should be interpreted with the following considerations in mind. 

First, as we only measured the expression of select mRNAs pre- and 3 hours post-exercise, it remains 

unknown if the repeatability of mRNA expression following exercise is gene-specific or dependent on the 

time-point examined. Second, although participants were asked to maintain their current lifestyle habits 

over the course of the study, we did not track physical activity levels between experimental visits, which 

were separated by a minimum of 14 days. Although unlikely, potential changes in physical activity 

patterns during this period may have impacted our findings, as both basal and post-exercise changes in 

skeletal muscle mRNA expression are sensitive to intense short-term training 10,255,303. Similarly, lifestyle 

modifications arising from changes in dietary intake patterns, stress levels, as well as numerous other 

environmental, behavioral, and/or psychological factors not measured in our study could also have 

impacted our results. Although not a limitation, it should be noted that the current study utilized the 

micro-punch biopsy procedure 270 rather than the Bergstrom needle biopsy technique typically employed 

in studies examining human skeletal muscle responses to exercise. Given the drastically different fiber-

type distribution observed in distinct portions of the same muscle biopsy, assessment of mitochondrial 

protein content and/or myosin heavy chain expression would have been a useful supplement to our gene 

data. Although we were unable to perform this analysis in the current study, the relationship between 

changes in gene expression and the fiber-type composition/oxidative capacity within a single piece of 

muscle should be examined and included in future work. Finally, as the current study involved a small 

cohort of recreationally active young males, our findings should be verified in other populations using 

larger sample sizes.  
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3.6 Conclusion 

 The finding that exercise-induced changes in mRNA expression are not repeatable at the 

individual level, even under identical experimental conditions, has important implications for 

personalized exercise prescription and experimental research examining individual responses to exercise. 

Specifically, the substantial intra-individual variability in exercise-induced changes in mRNA expression 

limits the use of mRNA expression as a biomarker of adaptive potential and/or as an indicator of 

individual responsiveness to a specific exercise protocol. Future studies examining the utility of genetic 

biomarkers as a tool for personalized exercise prescription must first determine if the observed response 

reflects an individual’s true response to exercise or simply random error arising from technical and/or 

biological sources.  However, it is entirely possible that random error arising from technical (e.g. muscle 

biopsy technique, gene analysis procedure) and/or biological (e.g. environmental/behavioral factors, 

inherently rhythmic nature of gene expression) sources is too large to make meaningful conclusions about 

individual adaptive potential based on gene expression profiles and/or changes in mRNA expression 

following acute exercise. 
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Chapter 4 

The impact of acute and chronic exercise on Nrf2 expression in relation to 

markers of mitochondrial biogenesis in human skeletal muscle 

4.1 Abstract 

Purpose: To examine the relationship between changes in nuclear factor erythroid 2-related factor 

2 (Nrf2) expression and markers of mitochondrial biogenesis in acutely and chronically exercised human 

skeletal muscle. Methods: The impact of acute submaximal endurance (END) and supramaximal interval 

(Tabata) cycling on the upregulation of Nrf2 (and its downstream targets), nuclear respiratory factor-1 

(NRF-1) and mitochondrial transcription factor A (TFAM) mRNA expression was examined in healthy 

young males (n=10).  The relationship between changes in citrate synthase (CS) maximal activity and the 

protein content of Nrf2, heme oxygenase 1 (HO-1), NRF-1, and TFAM was also investigated following 

four weeks of Tabata in a separate group of males (n=21).  Results: Nrf2, NRF-1, and HO-1 mRNA 

expression increased after acute exercise (p<0.05), whereas the increase in superoxide dismutase 2 

(SOD2) mRNA expression approached significance (p=0.08).  Four weeks of Tabata increased CS 

activity and Nrf2, NRF-1, and TFAM protein content (p<0.05), but decreased HO-1 protein content 

(p<0.05).  Training-induced changes in Nrf2 protein were strongly correlated with NRF-1 (r=0.63, 

p<0.01). When comparing protein content changes between individuals with the largest (HI: +23%) and 

smallest (LO: -1%) observed changes in CS activity (n=8 each), increases in Nrf2 and TFAM protein 

content were apparent in the HI group only (p<0.02) with medium-to-large effect sizes for between-group 

differences in changes in Nrf2 (hp
2

= 0.15) and TFAM (hp
2 = 0.12) protein content.  Conclusion: 

Altogether, our findings support a potential role for Nrf2 in exercise-induced mitochondrial biogenesis in 

human skeletal muscle.  
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4.2 Introduction 

 The expansion of the mitochondrial reticulum through increases in skeletal muscle mitochondrial 

protein content (termed mitochondrial biogenesis 1,3) is an established adaptive response to exercise 

training 5,6,22.  The transcriptional coactivator peroxisome proliferator-activated receptor gamma 

coactivator-1 alpha (PGC-1a) is the widely accepted “master regulator” of mitochondrial biogenesis and 

a substantial amount of research has been devoted to understanding its molecular regulation and action in 

skeletal muscle 20,38,143,144.  However, the concept of PGC-1a as a “master regulator” of mitochondrial 

biogenesis is problematic because of the complex nature of the molecular pathways that underpin 

mitochondrial biogenesis 22 and the inherent redundancies in adaptive pathways that defend metabolic 

homeostasis.  This notion is supported by evidence of preserved mitochondrial adaptations in PGC-1a - 

deficient rodent skeletal muscle 23,34,36,37,173 and a number of PGC-1a-dependent and -independent 

pathways leading to mitochondrial biogenesis continue to emerge 39.   

 In this light, the redox sensitive transcription factor nuclear factor erythroid 2-related factor 2 

(Nrf2) has been recently implicated as an emerging regulator of mitochondrial biogenesis 40–42.  The 

control of mitochondrial biogenesis by Nrf2 is hypothesized to involve the nuclear respiratory factor-1 

(NRF-1) 40,304, a transcription factor known to control the expression of many nuclear-encoded respiratory 

genes and the mitochondrial transcription factor A (TFAM) 12.  In murine cardiomyocytes, reactive 

oxygen species (ROS) production enhances Nrf2 binding to antioxidant response elements (ARE) on the 

NRF-1 promoter leading to the transcriptional activation of mitochondrial biogenesis 40.  Similarly, 

exercise-dependent increases in nuclear Nrf2-ARE binding 41 and Nrf2 mRNA expression 42 (a marker 

Nrf2 activity 151) have been reported in murine skeletal muscle.  Moreover, Nrf2 silencing prevents ROS-

induced increases in NRF-1 and TFAM mRNA expression in C2C12 cells 42 and blunts 41 or completely 

abolishes 42 training-induced increases in mitochondrial protein content in murine skeletal muscle.  

Although preliminary findings suggest acute high-intensity interval exercise upregulates Nrf2 mRNA 

expression in human skeletal muscle 154 the impact of acute exercise on the Nrf2 - NRF-1 - TFAM 
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pathway and the relationship between training-induced changes in Nrf2 protein and mitochondrial content 

have yet to be examined in human skeletal muscle.   

 Thus, the purpose of this study was to test the hypotheses that: 1) the upregulation of Nrf2 and 

downstream (HO-1, SOD2, and NQO1, 40,149) mRNA expression occurs in concert with the upregulation 

of NRF-1 and TFAM mRNA following an acute bout of exercise and, 2) training-induced changes in 

Nrf2 protein content mirror differences between individuals with large (HI group) and small (LO group) 

changes in citrate synthase (CS) maximal activity (a validated marker of mitochondrial content 305) 

following four weeks of supramaximal interval training (Tabata protocol) 247.  

To test these hypotheses we reanalyzed tissue from two previously published studies 247,306.  

Specifically, to test hypothesis 1, changes in Nrf2, HO-1, SOD2, NQO1, NRF-1, and TFAM mRNA 

expression were determined in skeletal muscle samples from active young males who performed an acute 

bout of endurance exercise (END) and supramaximal interval (Tabata) exercise 306. To test hypothesis 2, 

Nrf2, HO-1, NRF-1, and TFAM protein content were determined in muscle samples from a separate 

group of males who exhibited heterogeneity in observed changes in CS maximal activity following four 

weeks of Tabata 247. Importantly, since complete loss- and gain-of-function is not possible in a human 

model, we believed that comparing individuals at opposite ends of the adaptive spectrum for changes in 

mitochondrial content would allow us to discern the importance of these regulatory protein in training-

induced mitochondrial biogenesis. 

4.3 Methods 

Experimental design 

 The current study involved two main experiments (Parts A and B; see Figure 4-1 for 

experimental timelines) in which muscle samples from two previously published studies were reanalyzed 

247,306.  In Part A, changes in Nrf2, HO-1, SOD2, NQO1, NRF-1, and TFAM mRNA expression were 

determined in muscle samples from 10 previously studied healthy young males who completed an acute 

bout of END (30 minutes of continuous cycling) and Tabata (4 minutes of supramaximal interval 
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exercise) 306.  To verify the existence of a Nrf2 – NRF-1 – TFAM pathway previously observed in murine 

cardiomyocytes 40, we also conducted ancillary experiments in human cancer cells where the impact of 

Nrf2 activation by 3H-1,2-dithiole-3-thione (D3T) on Nrf2, HO-1, NRF-1, and TFAM protein content 

was examined.   

 

Figure 4-1. Experimental timeline for Parts A and B. 

 

In Part B, changes in Nrf2, HO-1, NRF-1, and TFAM  protein were determined in muscle 

samples from a separate group of 21 young males who underwent four weeks of Tabata training 247.  

Participants included in Part B were ranked in descending order based on the observed changes in CS 

activity and changes in protein content were compared between individuals with the largest (HI) and 

smallest (LO) change in CS activity (n=8 per group) as we 247 and others 259,260,262 have done previously.  

Individuals with moderate changes in CS activity were excluded from this analysis because of the 

confound of measurement error on observed changes in CS activity and the potential that these 

individuals may have had true responses that overlapped with the LO or HI groups.  The CS activity data 

used in Part B have been previously published 247.  Distinct to our previous study where changes in CS 

maximal activity were compared between the lowest and highest VO2max responders 247, the current 
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analyses compared changes in protein content between individuals with the highest and lowest observed 

changes in CS activity. 

Participants 

 A total of 31 participants volunteered to participate in the current study; 10 participants 

completed Part A (age: 20±3 years; body mass index [BMI]: 22±2 kg/m2; peak oxygen uptake [VO2peak]: 

47±6 mL/kg/min) and 21 participants completed Part B (20±2 years; 24±3 kg/m2; 49±6 mL/kg/min).  All 

participants were recreationally active males involved in no more than 3 hours of moderate-to-vigorous 

weekly physical activity.  Participants were non-smokers, free of cardiometabolic disease, not taking any 

medication and not involved in a systematic training program at the time of the study.  Experimental 

procedures were approved by the Health Sciences Human Research Ethics Board at Queen’s University in 

accordance with the Declaration of Helsinki.  Participants were provided with verbal and written 

explanation of experimental procedures and associated risks prior to giving written informed consent.  

PART A 

Preliminary visit: Experimental details for Part A have been described previously 306.  Briefly, 

participants reported to the laboratory to perform an incremental step test to exhaustion on a cycle 

ergometer (Monark, Ergomedic 874E, Verberg, Sweden) a minimum of one week prior to the first 

experimental session.  Gas exchange was measured continuously using a metabolic cart throughout the 

incremental step test (Moxus, AEI Technologies, Pittsburgh, PA, USA).  Details of the test protocol have 

been described previously 306. 

Experimental sessions: Participants completed two experimental sessions separated by a 

minimum of 14 days using a randomized crossover design, with each experimental session involving an 

acute bout of END or Tabata and two muscle biopsies (before [PRE] and 3-hours after exercise [3HR]).  

Participants were asked to refrain from alcohol and physical activity for 24 hours and caffeine for 12 

hours before each session.  Dietary intake was standardized on the day before each session and the 

morning of each session when participants arrived to the laboratory following a 12-hour overnight fast 
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(see 306 for nutritional information).  Details of the experimental session have been described previously 

306.  

Muscle biopsies:  Biopsies were obtained from the lateral portion of the vastus lateralis (right leg) 

by percutaneous needle biopsy technique 270 using a 14-gauge Medax Biofeather micro-biopsy disposable 

needle (San Possidonio, MO, Italy) as described previously 306. 

Exercise protocols:  Exercise protocols were performed on a cycle ergometer (Monark Ergomedic 

874E, Verberg, Sweden) as described previously 306.  Briefly, the END protocol involved 30 minutes of 

continuous cycling targeting 80 RPM against a load corresponding to 65% of WRpeak.  The Tabata 

protocol consisted of eight, 20-second cycling intervals targeting 80 RPM against a load corresponding to 

170% WRpeak interspersed with 10-seconds of load-less cycling for a total duration of 4 min 307.  Each 

protocol began with a 3-min warm-up (load-less cycling at 80 RPM).  

Quantitative real-time PCR:  RNA extraction, reverse transcription and qPCR were performed as 

described previously 306.  Extracted RNA samples had an average 260:280 ratio of 1.94±0.03.  One 

microgram of RNA was reverse transcribed using the QuantiTect Reverse Transcription Kit (Qiagen, 

Mississauga, ON, Canada) and mRNA levels were determined on an ABI 7500 Real-Time PCR System 

(Applied Biosystems, Foster City, CA, USA).  All RNA data are expressed relative to TATA-binding 

protein (TBP), which was stable across all time-points and conditions.  Primer sequences are provided in 

Table 4-1. 

Table 4-1 List of primer sequences used for real-time PCR in Part A.  

Gene Forward primer (5′⟶3′) Reverse primer (5′⟶3′) 

Nrf2 GCAGTCATCAAAGTACAAAGC A  ACATCCAGTCAGAAACCAGTG  

NRF-1 GATGCTTCAGAATTGCCAACC  GTCATCTCACCTCCCTGTAAC  

TFAM CACCGCAGGAAAAGCTGAAG TTCGTCCTCTTTAGCATGCTGA  

SOD2 CGTCAGCTTCTCCTTAAACTTG GACAAACCTCAGCCCTAACG 

NQO1 GGATTGGACCGAGCTGGAA  AATTGCAGTGAAGATGAAGGCAAC  

HO-1 TCC TTGTTGCGCTCAATCTC AGAATGCTGAGTTCATGAGGAA 

TBP AGACGAGTTCCAGCGCAAGG  GCGTAAGGTGGCAGGCTGTT  
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Note: NQO1: NAD(P)H dehydrogenase [quinone] 1; NRF-1: nuclear respiratory factor 1; 
Nrf2: nuclear factor erythroid 2-related factor 2; TBP: TATA-binding protein; SOD2: 
superoxide dismutase 2; TFAM: mitochondrial transcription factor A. 

 

D3T treatment:  Human colon cancer cells (HCT 116) were grown in DMEM containing 10% 

FBS and 1% penicillin/streptomycin (Wisent Inc.) at 37°C in 5% CO2.  One group of cells was treated 

with 50 µM of the potent Nrf2 activator 3H-1,2-dithiole-3-thione (D3T) 151 or dimethyl sulfoxide 

(DMSO) control for 2, 4, and 24 hours. Following D3T incubations, cells were washed with PBS and 

scraped into a sample preparation buffer (2% SDS, 68mM TRIS, 10% glycerol) with protease and 

phosphatase inhibitors (SigmaAldrich). Cells were then boiled for 10 minutes, centrifuged at 10,000 RPM 

at 4°C for 10 minutes, snap frozen and subsequently stored at -80°C until analysis. 

Western blotting:  Western blotting was performed on whole-cell lysates as described previously 

(263) using commercially available antibodies (1:1000 dilution) against Nrf2 (Cell Signaling, DIZ9C XP, 

lot# 12721), HO-1 (Abcam, ab52947, lot# GR3189290-11), NRF-1 (Abcam, ab55744, lot# GR3243341-

5), and TFAM (Abcam, ab131607, lot# GR3244993-7).  

PART B 

Pre- and post-training testing:  Experimental details for Part B have been described previously 

(24).  All pre- and post-training test followed identical procedures.  Briefly, participants reported to the 

laboratory after an overnight fast and a muscle biopsy was obtained upon arrival (see Muscle biopsies 

section below).  Immediately following the biopsy, participants were provided with a standardized 

breakfast (see 247 for nutritional information) and an incremental step-test to exhaustion was performed 30 

minutes after breakfast consumption using identical procedures to Part A.  

Muscle biopsies:  Muscle biopsies were obtained from the vastus lateralis (right leg) using the 

Bergstrom muscle biopsy technique 308 modified with manual suction as described previously (287).   

Training protocol:  Participants completed four weekly sessions of Tabata over a four-week 

period for a total of 16 sessions.  The Tabata protocol was identical to Part A and was preceded by a 5-

min warm-up (load-less cycling).  
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Western blotting:  Western blotting was performed on whole-muscle homogenates as described 

above in Part A. 

CS maximal activity:  Spectrophotometric analysis of CS maximal activity was performed on 

whole-muscle homogenates as described previously (177). 

Statistical analyses 

 Statistical analyses were performed using GraphPad Prism Version 8.1 (GraphPad Software Inc., 

La Jolla, CA) and the Real Statistics Using Excel (Charles Zaiontz) plug-in for Microsoft Excel Version 

16.16.11 (Microsoft, Redmond, WA).  Due to the non-normal distribution of mRNA data in Part A 

(Shapiro-Wilk normality test; p<0.05), changes in mRNA expression within- (PRE vs. 3HR) and 

between- (END vs. Tabata) session were compared using the Scheirer-Ray-Hare test (non-parametric 

equivalent of a two-factor ANOVA) performed on linear data (2-DCq values) with TBP as a housekeeping 

gene (161).  All CS activity and protein data in Part B were normally distributed (Shapiro-Wilk normality 

test; p>0.05).  Changes in CS activity and protein content from pre- to post-training were compared using 

paired Student’s t-tests for all participants. Student’s t-tests were also used to compare changes in protein 

expression between DMSO and D3T treated HCT 116 cells.  Two-way (group ´ time) repeated measures 

ANOVAs were used to verify between-group (LO vs. HI) differences in CS activity (pre- to post-training) 

and to compare changes in protein content between the LO and HI responders for CS activity and protein 

of interest.  Significant main effects and/or interactions were subsequently analyzed using Bonferroni 

post-hoc tests.  Partial eta-squared (hp
2) values were calculated to estimate the effects sizes for main 

effects and interactions where necessary.  Pearson correlation coefficients (r) were also calculated to 

analyze relationships between changes in protein content and CS maximal activity.  Potential outliers 

were investigated using Cook’s distance and values >1.0 were excluded from the analysis.  All data are 

presented as mean ± standard deviation (SD).  Significance was accepted at p<0.05.  For Part A, changes 

associated with p<0.10 were interpreted as “approaching significance” due to our small sample size and 

the relatively large variability in the observed changes in mRNA expression. 
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4.4 Results 

PART A 

Acute exercise-induced changes in mRNA expression  

 Changes in mRNA expression are presented in Figure 4-2 and changes in PGC-1a mRNA 

expression from the same participants are presented in 306.  Two participants with 24.3- and 8.7-fold 

increases in HO-1 and TFAM mRNA expression, respectively, were identified as outliers (Cook’s 

distance > 1.0) and removed from the analyses.  Significant main effects of time were observed for 

changes in Nrf2 (END: 1.4±0.5 2-DDCq fold change; Tabata: 1.3±0.4; p=0.04), HO-1 (END: 5.4±7.3; 

Tabata: 2.5±1.7; p=0.01) and NRF-1 (END: 1.3±0.4; Tabata: 1.1±0.2; p=0.04) mRNA expression. 

Changes in SOD2 mRNA expression approached significance (END: 1.8±1.6; Tabata: 1.3±0.6; main 

effect of time, p=0.08).  No main effects for group nor interactions (p>0.05) were observed for changes in 

Nrf2, HO-1, NRF-1, or SOD2 mRNA expression. There was no main effect of group (p=0.55), time 

(p=0.12), nor an interaction effect (p=0.74) for changes in TFAM mRNA expression (END: 1.9±2.4; 

Tabata: 1.4±0.7). Similarly, no main effect of group (p=0.61), time (p=0.51), or an interaction (p=0.31) 

was observed for changes in NQO1 mRNA expression (END: 1.3±0.5; Tabata: 1.1±0.5). 
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Figure 4-2. Changes in nuclear-factor erythroid-2 like 2 (Nrf2), nuclear respiratory factor 1 (NRF-1), 
mitochondrial transcription factor A (TFAM), superoxide dismutase 2 (SOD2), NAD(P)H dehydrogenase 
[quinone] 1 (NQO1), and heme oxygenase 1 (HO-1) mRNA expression following an acute bout of Tabata 
(grey) and endurance exercise (END; white).  Note: symbols denote main effect of time (Scheirer-Ray-
Hare test using 2-ΔCq values at PRE and 3 HR). Data are presented as the 2-ΔΔCq fold change; * p<0.05; # 
p=0.08. The 2-ΔΔCq fold-change values for PGC-1a mRNA expression at the same time-point were 
6.6±3.5 and 3.8±1.2 for END and Tabata. 

 

Activation of the Nrf2 – NRF-1 – TFAM axis in D3T – treated HCT 116 cells 

 Changes in Nrf2, HO-1, NRF-1 and TFAM protein content in HCT 116 cells following 2, 4, and 

24 h of D3T treatment are shown in Supplementary Figure 0-1.  Based on an observable increase in Nrf2 

protein expression at the 4-hour time-point following D3T treatment, four additional groups of cells were 

treated with D3T or DMSO for 4 hours and changes in protein expression were quantified. Amido black 

staining (loading control) was not different between conditions nor correlated with the 

chemiluminescence signal for any protein examined (data not shown, p>0.05).  Four hours of D3T 

treatment increased Nrf2 (~1.8-fold; p<0.01) and HO-1 (~1.1-fold; p<0.05) protein content, whereas the 

increase in NRF-1 protein approached significance (~1.2.-fold; p=0.07). No differences in TFAM protein 

expression were observed between the DMSO and D3T treatments (p>0.05).  

PART B 

Training-induced changes in CS maximal activity 

 Training-induced changes in CS activity are shown in Figure 4-3.  A significant increase in CS 

activity was observed in all participants from pre- (38.4±5.3 µmol/g/min) to post- (42.4±4.6) training 

(p<0.01).  As intended, a significant interaction effect (p<0.01) was observed for training-induced 

changes in CS activity between the LO (PRE: 41.4±5.5 µmol/g/min; POST: 40.7±5.2; D: -0.7±2.9 [-1%]) 

and HI (PRE: 36.1±4.3 µmol/g/min; POST: 44.3±3.7;  D: +8.1±2.3 [+23%]) groups, with post-hoc 

analysis revealing a significant increase from pre- to post-training in the HI group only (p<0.01).  

Although there was no main effect of group (p=0.70), exploratory post-hoc analysis showed a trend for 

lower baseline CS activity in the HI group (p=0.07). 
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Figure 4-3. Training-induced changes in citrate synthase (CS) maximal activity across individual 
participants (A) and CS activity in the LO and HI groups before (PRE) and after (POST) training. Note: 
black and gray bars in Fig 3A correspond to individuals with the largest (HI group) and smallest (LO 
group) observed changes in CS maximal activity, respectively (n=8 per group). * significantly different 
versus PRE (p<0.05). 

Training-induced changes in protein content 

 Representative blots are shown in Figure 4-4.  Amido black staining (loading control) was not 

different between pre- and post-samples nor correlated with the chemiluminescence signal for any protein 

examined (data not shown, p>0.05).  There is debate surrounding the observed molecular weight of Nrf2 

and it has been suggested that Nrf2 migrates to ~100 kDa rather than its predicted molecular weight of 

50-60 kDa in Western blots performed on cell lysates (171).  We observed a single clear band 

corresponding to the predicted molecular weight of Nrf2 (~55 kDa) in all Nrf2 blots performed on human 

skeletal muscle tissue homogenate (see Supplementary Figure 0-2 for unedited images of all Nrf2 blots) 

using a validated and highly specific monoclonal antibody (D1Z9C) (248, 317). Thus, in the absence of a 

visible band in the ~100 kDa range, the ~55 kDa band corresponding to the predicted molecular weight of 

Nrf2 was used for the determination of Nrf2 protein content.  Nrf2, NRF-1, and TFAM protein content 

increased from pre- to post-training by 1.6±0.5, 1.6±0.8, and 1.2±0.2-fold, respectively (p<0.01).  A small 

but significant decrease in HO-1 protein content (0.97±0.25-fold) was observed from pre- to post-training 

(p<0.05). 
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Figure 4-4. Representative images of Western blots used for the determination of Nrf2, NRF-1, TFAM, 

HO-1 protein content. 

A strong positive correlation (r=0.63, p<0.01) was observed for changes in Nrf2 and NRF-1 

protein content from pre- to post-training (Table 4-2).  A moderate negative correlation (r=-0.44, p<0.05) 

was also observed between training-induced changes in Nrf2 and HO-1 protein content. No other 

significant correlations were observed between variables (Table 4-2).  

Table 4-2. Pearson correlation coefficients for relationships between all variables in Part B.  
 Nrf2 NRF-1 TFAM HO-1 

CS 0.37 0.12 0.30 -0.01 

Nrf2 - 0.63
*
 0.10 -0.44

*
 

NRF-1 - - 0.37 -0.20 

TFAM - - - -0.15 

HO-1 - - - - 

Note: * p<0.05 
 

Changes in protein content in relation to CS activity 
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 Protein content in the LO and HI groups pre- and post-training are shown in Figure 4-5.  A main 

effect of time (p<0.01) was observed for changes in Nrf2 protein content and post-hoc analysis revealed a 

significant increase in the HI group only (HI: p<0.01; LO: p=0.18).  Although a significant interaction 

was not apparent for changes in Nrf2 protein content (p=0.15), a large estimated effect size was observed 

for between-group differences in changes in Nrf2 protein content (hp
2=0.15).  A main effect of group 

(p<0.01) and time (p=0.02), but no interaction (p=0.89) was observed for changes in NRF-1 protein 

content.  Post-hoc analysis indicated that the increase in NRF-1 protein content in both groups approached 

significance (HI: p=0.06; LO: p=0.09).  A main effect of time (p<0.01) was observed for changes in 

TFAM protein content and post-hoc analysis indicated an increase in the HI group only (HI: p<0.02; LO: 

p=0.59).  Although a significant interaction was not apparent for changes in TFAM protein content 

(p=0.19), there was a medium-to-large estimated effect size for between-group differences in changes in 

TFAM protein content (hp
2=0.12).   

A weak positive correlation (r=0.37) was observed between changes in Nrf2 protein and CS 

activity and this relationship approached significance (p=0.0975) (Table 4-2; Figure 4-5E). Training-

induced changes in CS activity were not significantly correlated with changes in NRF-1 (r=0.12, p=0.61), 

TFAM (r=0.30, p=0.12), or HO-1 (r=-0.01, p=0.96) protein content (Table 4-2; Figure 4-5F-H).  
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Figure 4-5. Changes in Nrf2 (A), NRF-1 (B), TFAM (C) and HO-1 (D) protein content in individuals with the smallest (LO group) and largest (HI 

group) observed changes in CS maximal activity before (PRE) and after (POST) four weeks of Tabata (n=8 per group).  E-H: linear regressions for 

the relationship between changes in CS maximal activity and each protein.  Note: symbols denote within-group differences versus PRE 

(Bonferonni post-hoc test); * p<0.05; # p<0.10. 



 87 

4.5 Discussion 

 To our knowledge this is the first study examining the relationship between Nrf2 expression and 

markers of mitochondrial biogenesis in acutely and chronically exercised human skeletal muscle.  The 

key findings are: 1) acute exercise-induced upregulation of Nrf2 and downstream (HO-1, and SOD2 

[p=0.08]) mRNA expression occurs in concert with the upregulation of NRF-1, a key factor involved in 

the transcriptional activation of mitochondrial biogenesis (Figure 4-2), and 2) training-induced changes in 

Nrf2 protein content mirror differences in individuals with large (HI group) and small (LO group) 

changes in CS maximal activity (Figure 4-5).  Collectively, these observations highlight a potential role 

for Nrf2 in exercise-induced mitochondrial biogenesis and support the need for further research to 

examine the existence/importance of a Nrf2 – NRF-1 – TFAM axis in human skeletal muscle. 

Upregulation of Nrf2 and downstream mRNA expression in exercised human skeletal muscle 

 Based on Nrf2’s ability to target ARE sequences on the Nrf2 promoter in murine keratinocytes 

(63), we utilized changes in Nrf2 mRNA expression in conjunction with the induction of its downstream 

target genes HO-1, SOD2, and NQO1 (188, 210, 338) to approximate exercise-induced changes in Nrf2 

activity in human skeletal muscle.  Our finding of a concerted increase in Nrf2, HO-1, and SOD2 

(approached significance) mRNA expression supports the notion that Nrf2 is activated following acute 

exercise in human skeletal muscle (Figure 4-2).  These findings are consistent with exercise-dependent 

increases in nuclear Nrf2-ARE binding (71) as well as Nrf2 (and downstream) mRNA and/or protein 

expression (13) in murine skeletal muscle.  Similar findings have also been reported in humans, where 

acute exercise increases nuclear Nrf2 protein content in peripheral blood mononuclear cells (317) and 

Nrf2 mRNA expression in skeletal muscle (150, 317).   

Mechanistically, Nrf2 activation following exercise is likely mediated by exercise-induced 

increases in ROS and nitric oxide (NO) production, both of which can modify cysteine residues on the 

Nrf2-inhibitor Keap1, thereby permitting Nrf2 nuclear import and ARE-binding (348).  Nrf2’s activity 

can also be modified independent of Keap1 by various stress-dependent intracellular kinases that are 
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responsive to contractile activity (158).  One such example is the exercise-responsive AMP-dependent 

protein kinase (AMPK) (248), which directly phosphorylates Nrf2 in liver cells (248, 249).  The precise 

mechanisms mediating exercise-induced Nrf2 activation remain to be verified in human skeletal muscle 

providing an important area for future research.   

Relationship between upregulation of Nrf2 and mitochondrial biogenic gene expression 

 Initial support for Nrf2’s involvement in mitochondrial biogenesis came from murine 

cardiomyocyte experiments demonstrating the existence of a Nrf2 – NRF-1 – TFAM pathway (210).  

Specifically, Piantadosi and colleagues demonstrated that ROS-induced mitochondrial biogenesis occurs 

subsequent to an increase in  Nrf2-ARE binding on the NRF-1 promoter and a NRF-1 – mediated increase 

in TFAM gene transcription (248). The existence of a Nrf2 – NRF-1 – TFAM pathway was recently 

supported in murine skeletal muscle and C2C12 cell experiments where Nrf2 ablation prevented 

ROS/NO- and exercise-induced increases in NRF-1 and TFAM mRNA expression (249).   

  In the present study, we observed a concerted increase in Nrf2 mRNA expression and the 

upregulation of NRF-1, but not TFAM (failed to reach significance [p=0.12]), gene expression (Figure 

4-2).  These observations are consistent with the hypothesis that Nrf2 regulates the transcription of NRF-1 

40 and can potentially promote a NRF-1 - dependent increase in TFAM expression 304.  Moreover, when 

we treated HCT 116 cells with the Nrf2 activator D3T, concurrent increases in Nrf2, HO-1, and NRF-1 

(p=0.07) protein expression were apparent (Supplementary Figure 0-1), which is supportive of the 

hypothesis that NRF-1 is a downstream target of Nrf2 (149).  Although the reason for the apparent lack of 

increase in TFAM mRNA expression in exercised human skeletal muscle is not clear from the present 

work, several previous human studies have also reported unchanged levels of TFAM mRNA expression 

in the acute post-exercise period (reviewed in Islam et al. 2018 and Granata et al. 2018).  It has been 

hypothesized that the upregulation of the TFAM gene may be temporally dissociated from other 

mitochondrial biogenic markers, or that co-activation of existing TFAM protein may be sufficient to drive 

the induction of downstream gene expression 38.  Alternatively, it is possible that contractile activity 

resulted in transiently enhanced rates of TFAM mRNA degradation (and thus reduced steady-state 
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transcript levels), a contention that is supported by experiments in rat skeletal muscle 312. The relationship 

between Nrf2, NRF-1, TFAM and markers of mitochondrial biogenesis should be explored further in 

human skeletal muscle and expanded to include additional genes and time-points.  

Relationship between training-induced changes in Nrf2 protein and mitochondrial content 

 In addition to Nrf2’s role in the transcriptional activation of mitochondrial biogenesis, there is 

also evidence implicating Nrf2 as an important component of the adaptive response to training 41,42.  

Specifically, whole-body Nrf2 knockout mice exhibit blunted increases in skeletal muscle cytochrome c 

oxidase (COX) activity and COXI protein content following training 41 whereas training-induced 

increases in CS activity and mtDNA copy number are completely abolished in these animals 42.  Since 

loss- and gain-of-function is not possible in a human experimental model we compared training-induced 

changes in Nrf2 protein between individuals who exhibited large (HI group) and small (LO group) 

changes in CS maximal activity following four weeks of Tabata 247.  Although the small sample size of 

the LO and HI groups (n=8 each) likely limited our ability to detect a significant interaction effect for 

changes in Nrf2 protein following training, we observed a large estimated effect size (hp
2=0.15) for 

between-group changes in Nrf2 protein content and post-hoc analysis revealed an increase in Nrf2 protein 

content in the HI group only (Figure 4-5A).  Moreover, the linear regression for the relationship between 

changes in CS activity and Nrf2 protein content approached significance (r=0.37; p=0.0975; Figure 

4-5E). Although we acknowledge the modest nature of this relationship, the redundancies in molecular 

pathways leading to mitochondrial biogenesis make it highly unlikely that changes in a single regulatory 

protein would be strongly predictive of this adaptive response. Thus, while we cannot infer a causative 

relationship between changes in Nrf2 protein content in CS activity from our data, our findings do support 

the possibility that these two variables change in concert following a period of training in human skeletal 

muscle.   

It should be noted that the HI group appeared (trend observed, p=0.07) to have a lower baseline 

CS activity values (Figure 4-3B), suggesting that training-induced changes in mitochondrial content may 

be influenced by participants’ initial fitness and/or that an upper limit for training-induced increases in CS 
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activity may exist.  This contention is supported by the absence of a training-induced increase in CS 

activity in highly-trained endurance athletes 313,314 who exhibit higher levels of baseline CS activity than 

their sedentary counterparts 315,316. As the present study involved a relatively homogenous group of 

recreationally active individuals, the relationship between baseline and training-induced changes in CS 

activity (and other markers of mitochondrial content) should be explored in future work involving 

participants of varying fitness levels. 

Relationship between training-induced changes in Nrf2 and its downstream targets 

 In the present study, we observed a concerted increase in skeletal muscle Nrf2, NRF-1, and 

TFAM protein content from pre- to post-training, whereas a small but significant decrease in HO-1 

protein content was observed.  Furthermore, we observed a strong positive correlation between changes in 

Nrf2 and NRF-1 protein content (r=0.63), which again supports the concept of NRF-1 as a downstream 

target of Nrf2 40. On the other hand, a moderate negative correlation was observed between training 

induced changes in Nrf2 and HO-1 protein content (r=-0.44), which appears paradoxical given that HO-1 

is an established downstream target of Nrf2 40,149 and has been implicated in the carbon monoxide-induced 

activation of mitochondrial biogenesis in human skeletal muscle in vivo 317,318.  Although speculative, it is 

possible that an increase in Nrf2 protein content may be paralleled by a decrease in certain downstream 

targets (e.g. HO-1) that serve functionally redundant roles in the maintenance of cellular homeostasis. 

Given the paucity of information currently available on the regulation of human skeletal muscle HO-1 

protein content following training, future research is warranted to further investigate the findings reported 

here. 

Limitations and future directions 

 Although future investigation into Nrf2’s contribution to exercise-induced mitochondrial 

biogenesis in human skeletal muscle is warranted based on the data presented here, our findings must be 

interpreted with the following considerations in mind.  First, given the small sample size included in the 

current study and the resulting lack of statistical power, the near-significant increases in some of the 

genes examined (e.g. SOD2) should be interpreted with caution.  Similarly, differences in protein content 
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between the LO and HI groups (n=8 per group) should also be interpreted carefully and the relationship 

between Nrf2 and mitochondrial content should be verified using large sample sizes with more robust 

markers of mitochondrial content (e.g. transmission electron microscopy) 305.   Additionally, since 

changes in gene expression were only examined at a single post-exercise time-point in our study, it is 

possible that we missed peak changes in some of the genes examined due to divergent patterns of mRNA 

expression, stabilization, and/or degradation. Thus, a comprehensive time-course examination of Nrf2 

activation and mitochondrial biogenic gene expression patterns is warranted to provide greater 

mechanistic insight into Nrf2’s involvement in the transcriptional control of mitochondrial biogenesis 

following exercise. Because Nrf2 is sequestered to the cytosol and targeted for proteasomal degradation 

by Keap1 under basal conditions, future studies should also include additional indices of Nrf2 activation 

(e.g. nuclear Nrf2 import, Keap1 expression) to further elucidate Nrf2’s role in the induction of 

mitochondrial biogenesis following exercise.  Moreover, since Nrf2 activation involves both Keap1-

dependent and -independent mechanisms, measurement of upstream kinases that directly phosphorylate 

Nrf2 to stimulate (e.g. AMPK) or inhibit (e.g. glycogen synthase kinase-3 beta) its nuclear import should 

be included in future work.  Accordingly, we acknowledge that the lack of signaling responses is a 

limitation of the current work due to the timing of the post-exercise biopsies. Similarly, as we were 

unable to examine changes in exercise-induced ROS emission in relation to changes in Nrf2 mRNA 

expression, this relationship should be probed further in future work. Finally, as the current study 

involved a reanalysis of skeletal muscle tissue from two separate (albeit similar) cohorts, potential 

differences in participant characteristics may have impacted our findings.  

4.6 Conclusion 

 Taken together, our findings are supportive of a potential relationship between Nrf2 and markers 

of mitochondrial biogenesis in acutely and chronically exercised human skeletal muscle.  Nevertheless, as 

this is the first study examining the involvement of Nrf2 in exercise-induced skeletal muscle 

mitochondrial biogenesis in humans, future work is required to replicate the findings reported here and to 
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provide greater mechanistic insight into Nrf2’s involvement in mitochondrial remodeling following 

training.  
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Chapter 5 

Fiber-specific and whole-muscle LRP130 expression in rested, exercised, and 

fasted human skeletal muscle 

5.1 Abstract 

Leucine-rich pentatricopeptide repeat motif-containing protein (LRP130) is implicated in the 

control of mitochondrial gene expression and oxidative phosphorylation in the liver, partly due to its 

interaction with peroxisome proliferator activated receptor gamma co-activator 1-alpha (PGC-1a). To 

investigate LRP130’s role in healthy human skeletal muscle, we examined LRP130’s fiber-type 

distribution and subcellular localization (n=6), as well as LRP130’s relationship with PGC-1a protein and 

citrate synthase (CS) maximal activity (n=33) in vastus lateralis samples obtained from young males. The 

impact of an acute bout of exercise (endurance [END] and sprint interval training [SIT]) and fasting (8 

hours) on LRP130 and PGC-1a expression was also determined (n=10). LRP130 protein content 

paralleled fiber-specific succinate dehydrogenase activity (I>IIA) and strongly correlated with the 

mitochondrially localized protein apoptosis inducing factor in type I (r=0.75) and IIA (r=0.85) fibers. 

Whole-muscle LRP130 protein content was positively related to PGC-1a protein (r=0.49, p<0.01) and CS 

maximal activity (r=0.42, p<0.01). LRP130 mRNA expression was unaltered (p>0.05) following exercise, 

despite ~6.6 and ~3.8-fold increases (p<0.01) in PGC-1a mRNA expression after END and SIT, 

respectively. Although unchanged at the group-level (p>0.05), moderate-to-strong positive correlations 

were apparent between individual changes in LRP130 and PGC-1a expression at the mRNA (r=0.63, 

p<0.05) and protein (r=0.59, p=0.07) level in response to fasting.  Our findings support a potential role 

for LRP130 in the maintenance of basal mitochondrial phenotype in human skeletal muscle. LRP130’s 

importance for mitochondrial remodelling in exercised and fasted human skeletal muscle requires further 

investigation. 
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5.2 Introduction 

Leucine-rich pentatricopeptide repeat motif-containing protein (LRP130) is implicated in the 

control of mitochondrial-encoded gene expression and oxidative phosphorylation (OXPHOS) in various 

experimental models 39.  In murine liver, LRP130 is required for the induction of mitochondrial gene 

expression in response to fasting 44 and LRP130 deletion in various rodent tissues and cell lines reduces 

the steady-state levels of mitochondrial-encoded transcripts 44,45,198,201 resulting in defective OXPHOS 

complex assembly/activity 47,48. LRP130’s control of mitochondrial-encoded gene expression is 

presumably aided by its predominantly mitochondrial localization 46,200, which facilitates its interactions 

with the mitochondrial RNA polymerase (POLRMT) in murine liver  43,44. In hepatocytes, LRP130 also 

complexes with peroxisome proliferator activated receptor gamma co-activator 1-alpha (PGC-1a) 45, an 

established regulator of mitochondrial biogenesis 38.  In addition to contributing to transcriptional control 

of mitochondrial gene expression, LRP130 forms a ribonucleoprotein complex with the SRA stem loop 

interacting RNA-binding protein (SLIRP) to bind and stabilize mitochondrial mRNAs in human 

fibroblasts 200 and HeLa cells 201. Intriguingly, LRP130’s RNA binding activity is observed in both 

nuclear and mitochondrial fractions of HeLa cells, implicating LRP130 in the coordination of nuclear- 

and mitochondrial-encoded gene expression 46. Together, these results highlight LRP130’s role in the 

maintenance of basal mitochondrial-encoded gene expression and support LRP130’s potential 

contribution to the control of skeletal muscle mitochondrial biogenesis at the transcriptional and/or post-

transcriptional level. 

Mitochondrial disorders caused by LRP130 mutations (e.g. French-Canadian Leigh Syndrome; 

FCLS) are associated with decreased steady-state levels of LRP130 protein in various human tissues 49,50.  

In human skeletal muscle, reduced levels of LRP130 protein are associated with OXPHOS complex 

assembly/activity defects arising from the destabilization of mitochondrial mRNAs 49,50. Although studies 

involving patients with FCLS and related mitochondrial disorders have provided important insight into 

LRP130’s role in skeletal muscle under pathological conditions, LRP130’s function in healthy human 

skeletal muscle is largely unknown. To our knowledge, LRP130’s fiber-specific distribution pattern, 
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subcellular localization and relationship with mitochondrial content in healthy individuals has not been 

previously examined. Further, the impact of exercise on human skeletal muscle LRP130 expression has 

only been examined in one study to date, in which LRP130 expression remained unaltered following 

sprint interval training (SIT) 51. As such, whether LRP130 mRNA expression changes in response to other 

exercise protocols that increase mitochondrial biogenic gene expression is unknown. Moreover, despite 

evidence supporting an important role for LRP130 in mediating fasting-induced adaptations in murine 

liver 44, no study to date has examined changes in LRP130 mRNA and/or protein expression in response 

to fasting in human skeletal muscle.  

If LRP130 is involved in the control of basal mitochondrial content/function and/or the initiation 

of mitochondrial biogenesis in acutely exercised or fasted human skeletal muscle, it can be speculated 

that: 1) LRP130 protein content will be highest in oxidative type I muscle fibers and localized to the 

mitochondria; 2) LRP130 protein content will be positively related to PGC-1a protein content and indices 

of mitochondrial content at the whole-muscle level; and 3) LRP130 expression will increase at the mRNA 

and/or protein level in response to an acute bout of exercise- or fasting-induced energetic stress. To test 

the hypotheses above, the objectives of the current investigation were: 1) to determine the fiber-specific 

distribution pattern of LRP130 protein in human skeletal muscle and examine its relationship with fiber-

specific oxidative capacity and mitochondrially-localized protein content; 2) to examine the relationship 

between LRP130, PGC-1a, and mitochondrial content at the whole muscle level; 3) to examine the 

impact of an acute bout of exercise (endurance exercise  (END) and SIT) and fasting (8-hours) on 

LRP130 and PGC-1a mRNA/protein expression.  

5.3 Methods 

Experimental Design 

The current study involved three experiments (Parts A, B and C). In Part A, LRP130’s fiber-

specific distribution pattern and its relationship with succinate dehydrogenase (SDH) activity and 

apoptosis inducing factor (AIF) content was determined within distinct fiber-types in resting muscle 
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obtained from healthy males (n=6). SDH activity was used an indicator of fiber-specific oxidative 

capacity due to its close association with myosin heavy chain expression 274 and mitochondrial content 291 

across human skeletal muscle fiber-types. AIF was used as a fiber-specific mitochondrial marker due to 

its predominantly mitochondrial localization in skeletal muscle under basal conditions 319.  LRP130’s 

relationship with PGC-1a protein and citrate synthase (CS) maximal activity was also examined in 

resting whole-muscle samples (n=33). CS maximal activity is a validated biomarker of mitochondrial 

content in human skeletal muscle 305. In Part B, participants performed an acute bout of END and SIT in a 

randomized crossover fashion, and whole-muscle muscle LRP130 and PGC-1a mRNA expression was 

determined before and 3 hours after exercise (n=10). In Part C, changes in skeletal muscle LRP130 and 

PGC-1a mRNA/protein expression were determined before and after an acute (8-hour) period of fasting 

(n=10).  

Participants 

Data from forty-three recreationally active and healthy young males were included in the current 

study. Muscle tissue from 33 participants was analyzed for Part A (age: 20±2 years; BMI: 23±3 kg/m2; 

peak oxygen uptake [VO2peak]: 49±6 ml/kg/min) and 10 of these 33 participants also completed Part B 

(20±2 years; 22±2 kg/m2; 48±7 ml/kg/min). Part C involved a separate group of 10 participants (21±3 

years; 25±3 kg/m2; 46±6 ml/kg/min). Anthropometric and CS activity data from twenty-three participants 

in Part A have been published in previous studies examining inter-individual variability in skeletal muscle 

oxygenation during exercise 320 and/or the skeletal muscle adaptations following four weeks of SIT 247. 

The additional 10 participants included in Part A are from a recent study examining the repeatability of 

exercise-induced changes in mRNA expression 306 and the PGC-1a mRNA expression data from these 

participants (Part B) has been published 306.  The following data included in the current paper have not 

been published previously: whole-muscle LRP130 and PGC-1a protein content (Part A); fiber-specific 

LRP130, PGC-1a, and AIF protein content, and fiber-specific SDH activity (Part A); exercise-induced 
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changes in LRP130 mRNA expression (Part B); and fasting-induced changes in LRP130 and PGC-1a 

mRNA/protein expression (Part C).  

Experimental procedures were approved by the Health Sciences Human Research Ethics Board at 

Queen’s University in accordance with the Declaration of Helsinki. Verbal and written explanation of all 

procedures was provided to participants and written informed consent was obtained prior to any data 

collection. The murine liver tissue used to validate the LRP130 antibody (see Immunofluorescent and 

immunohistochemical analyses section below) is from a recent study 47.  All animal experiments in this 

study were approved by the Université de Montréal Institutional Animal Care Committee and conducted 

according to the Canadian Council on Animal Care guidelines 47.  

Experimental sessions 

 For all experimental visits, participants reported to the laboratory after a ~12 hour overnight fast. 

Participants refrained from alcohol and physical activity for 24 hours, and caffeine for 12 hours before 

arriving at the laboratory. All experimental sessions for Part A were conducted as described previously 

247.  Briefly, a single resting muscle biopsy was obtained under fasted conditions.  

Details for Part B have also been published previously 306.  Upon arrival to the laboratory, 

participants were provided breakfast (whole-wheat bagel with cream cheese, ~270 kcal) to be consumed 

within 15 min and an initial muscle biopsy (PRE) was obtained 35 min after breakfast completion. 

Approximately 7 min after the biopsy, participants either commenced warm-up (3 minutes of loadless 

cycling) for END (30 minutes of continuous cycling at 65% of peak work rate [WRpeak]) at or rested for 

an additional 26 minutes (to ensure time between biopsies was matched between sessions) before 

warming up for SIT (8 ´ 20 second intervals targeting 170% WRpeak interspersed with 10 seconds of 

loadless cycling). Both protocols were performed on a friction-loaded cycle ergometer at a cadence of 80 

RPM (Monark). After exercise, participants rested for 3 hours until the final muscle biopsy (3HR) was 

obtained from the same leg (~2 cm distal to first incision site). Experimental sessions were separated by a 

minimum of 14 days.  
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For Part C, participants were provided with breakfast (everything bagel with cream cheese, and 

300 mL orange juice; ~400 kcal) to be consumed within 15 min upon arrival to the laboratory. An initial 

muscle biopsy (PRE) was obtained 30 minutes after breakfast completion. Hereafter, participants 

underwent a supervised 8-hour fast while remaining sedentary (e.g. reading, working on laptop, and/or 

watching TV while seated) and a final muscle biopsy was obtained immediately after the fast (8 hr).  

Muscle biopsies 

Muscle biopsies were obtained from the lateral portion of the vastus lateralis (right leg) under 

local anesthesia (2% xylocaine with epinephrine) while participants lay supine. Biopsies were obtained 

using the Bergstrom needle biopsy technique modified with manual suction 284 in Parts A and C, and the 

percutaneous needle biopsy technique 270 using a 14-gauge disposable needle (Medax Biofeather) in Part 

B. Muscle samples were immediately snap frozen in liquid nitrogen and stored in -80°C until further 

analysis, with the exception of the fasted muscle biopsy in Part A, which was embedded in Tissue-Tek 

O.C.T compound (Sakura Finetek) prior to being snap frozen.  

Immunofluorescent and immunohistochemical analyses (Part A) 

 Immunofluorescent analysis of myosin heavy chain (MHC) isoforms and histochemical staining 

for fiber-specific SDH activity was performed as described previously 274.  

 Immunofluorescent analysis of fiber-specific protein was performed as described previously 319 

using primary antibodies against LRP130 (1:200 dilution; Abcam, ab97505, lot# GR3196290-6), PGC-1a 

(1:50 dilution; EMD Millipore, AB3242, lot# 2628842), and AIF (1:50 dilution; Santa Cruz 

Biotechnology, SC-13116, lot# G0210). Transgenic mouse liver tissue (5-month-old wild-type and 

knockout) 47 was used to validate the LRP130 antibody. The PGC-1a antibody has been previously 

validated for immunofluorescent analysis in human skeletal muscle 291.   

Western blotting (Parts A and B) 

 Western blotting was performed on whole-muscle homogenates as described previously 51 using 

commercially available antibodies against LRP130 (1:1000 dilution; Abcam, ab97505, lot# GR3196290-
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6) and PGC-1a (1:1000; EMD Millipore, AB3242, lot# 2628842). For Part A, standard curves (2.5-

12.5µg protein/well) from the same pooled homogenate were loaded on all gels to allow for between blot 

quantitative comparisons of protein content. Amido black staining was used as a loading control and no 

differences in total protein loading were observed between conditions/time-points (p>0.05). All protein 

data are expressed relative to total protein loaded. 

Citrate synthase (CS) maximal activity (Part A) 

 Spectrophotometric analysis of CS maximal activity was performed on whole-muscle 

homogenates as described previously 247.  

RNA extraction and qPCR (Parts B and C) 

RNA extraction, reverse transcription, and qPCR were performed on PRE and 3HR samples from 

each exercise session in Part B, as described previously 306. Samples had an average 260:280 nm ratio 

1.98±0.05 (mean±SD). Average primer set-specific efficiencies were E=2.03±0.09. The primer set 

sequences have been provided previously 51. All mRNA data are expressed relative to TATA-binding 

protein (TBP), which was stable across all states with no difference in 2-Cq values observed between 

sessions or time-points. 

Statistical analyses 

Statistical analyses were performed using GraphPad Prism Version 8.2 and IBM SPSS Statistics 

Version 25. Data were normally distributed based on the Shapiro-Wilk normality test after the removal of 

outliers (Cook’s distance >1.0). Paired t-tests were used to compare group means for SDH activity and 

LRP130, AIF, and PGC-1a protein content between fiber-types in Part A and for fasting-induced changes 

in protein content in Part C. Exercise- and fasting-induced changes in mRNA expression in Parts B and C 

were compared (within- and/or between-session) using paired t-tests on linear data using the 2-DCq (PRE 

vs. 3HR for Part A and PRE vs. 8 HR for Part C) and 2-DDCq (END vs. SIT) methods with TBP as a 

housekeeping gene. Whole-muscle and fiber-specific relationships between variables were assessed using 
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Pearson (r) correlation coefficients (Parts A and C). Significance was accepted as p<0.05. Data are 

presented as mean±SD. 

5.4 Results 

Fiber-specific protein content and oxidative capacity (Part A) 

 Representative images for all immunofluorescent, immunohistochemical, and immunoblot 

analyses are provided in Figure 5-1. As the majority of cross-sections did not contain hybrid type 

IIAX/IIX or pure IIX fibers, only type I and IIA fibers were analyzed.  Group means for SDH activity and 

LRP130, PGC-1a and AIF protein content in type I and IIA fibers are shown in Figure 5-2. SDH activity, 

and LRP130 and AIF protein content were higher in type I versus IIA fibers (p<0.05). PGC-1a protein 

content was higher in type IIA compared to type I fibers (p<0.05). Visual inspection of the merged 

LRP130 (green) and AIF (red) fluorescent signal indicated a strong colocalization of these two protein 

(yellow signal; Figure 5-1G), thereby supporting LRP130’s predominantly mitochondrial localization 

(LRP130 fluorescence did not overlap with the DAPI nuclear stain [blue]).   
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Figure 5-1. Representative images for immunohistochemical/immunofluorescent (A-H) and Western blot 
(I) analyses in Part A. A: MHC expression (type I and IIA fibres are shown in blue and green 
respectively); B: SDH activity; C: basal LRP130 protein expression in liver from 5-month old wild-type 
mice; D: basal LRP130 protein expression in 5-month old liver-specific knockout mice; E: fibre-specific 
LRP130 protein expression (green signal); F: fibre-specific AIF protein expression (red signal); G: 
overlay (merge) of fibre-specific LRP130 and AIF protein fluorescence (yellow signal) with nuclear 
(DAPI; blue) staining; H: fibre-specific PGC-1α protein expression (green signal) with nuclear (DAPI; 
blue) staining. Note: All human skeletal muscle samples were collected from the vastus lateralis under 
resting conditions. Scale bars represents 100 microns. Basal protein expression was determined in 
duplicate and standard curves were constructed by loading 2.5-12.5 µg of protein/well on each gel (Fig 5-
1I) 

 



 102 

 

 

Figure 5-2. SDH activity (n = 9 cross sections) and LRP130 (n = 6), AIF (n = 6), and PGC-1ɑ (n = 5) 

protein expression in type I and IIA fibres. Note: * p<0.05 

 

Fiber-specific relationships between LRP130 and AIF protein content from a single cross-section 

are shown in Figure 5-3A and B. Strong positive relationships were observed between LRP130 and AIF 

fluorescence within type I (r=0.74; Figure 5-3A), IIA (r=0.81; Figure 5-3B) fibers (both p<0.01) from the 

representative section and similar relationships were apparent in the other cross-sections examined (Table 

5-1).  The relationship between the LRP130 and AIF fluorescent signal appeared to be more pronounced 

in type IIA versus type I fibers in 5/6 cross-sections analyzed (Table 5-1).  The greater colocalization of 

LRP130 and AIF in type IIA fibers was also apparent in the merged image of the LRP130 (green) and 

AIF (red) fluorescent signals (Figure 5-1G).  Notably, the strength of the yellow signal appeared to be 

highest at the periphery of the muscle fibers (Figure 5-1G), suggesting that the association between 

LRP130 and AIF is strongest in the regions of the muscle fiber expected to have a greater density of 

subsarcolemmal mitochondria.  LRP130 protein content was unrelated to SDH activity or PGC-1a 

protein content within fiber-types (p>0.05; data not shown).  
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Figure 5-3. Relationship between LRP130 (green) and AIF (red) fluorescence in type I (A) and IIA (B) 

fibres (n=30 each) from a single cross-section (see Table 5-1). Relationship between LRP130 and CS 

maximal activity (C) and PGC-1ɑ protein content at the whole-muscle level (n=33 each) 

Table 5-1. Relationship between LRP130 (green) and AIF (red) 

fluorescence in type I and IIA fibres from all cross-sections. 

Cross-section 
Pearson’s r 

Type I fibres Type IIA fibres 

1 0.57 0.79 

2 0.94 0.88 

3 0.74 0.81 

4 0.76 0.90 

5 0.76 0.82 

6 0.74 0.84 

Mean (SD) 0.75 (0.12) 0.85 (0.04) 
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Whole-muscle protein and mitochondrial content (Part A) 

 Whole-muscle relationships between LRP130 protein content and CS activity, and between 

LRP130 and PGC-1a protein content, are shown in Figure 5-3C and 3D. LRP130 protein content was 

positively correlated with CS maximal activity (r=0.42, p=0.01) and PGC-1a protein content (r=0.49, 

p<0.01) at the whole-muscle level.  

Exercise-induced changes in mRNA expression (Part B) 

 Exercise-related variables have been presented previously and were not different (p>0.05) 

between protocols 306. Exercise-induced changes in mRNA expression are shown in Figure 5-4. One 

individual with a ~4- and ~28-fold increase in LRP130 and PGC-1α mRNA expression, respectively, was 

identified as an outlier and removed from the analyses. LRP130 mRNA expression was unchanged in 

response to END and SIT (p>0.05). PGC-1α mRNA expression increased (PRE to 3HR) in response to 

END and SIT (both p<0.01), though more so (p=0.03) after END (6.6±3.5-fold) compared to SIT 

(3.8±1.2-fold).  

 

Figure 5-4. Impact of acute endurance (END) and sprint interval training (SIT) on LRP130 and PGC-1ɑ 

mRNA expression (n=10). Note: * significantly different versus PRE; # significantly different versus SIT; 

p<0.05. 
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Fasting-induced changes in mRNA expression and protein content (Part C) 

 Group level and individual changes in mRNA expression following fasting are shown in Figure 

5-5A and B, respectively.  LRP130 and PGC-1a mRNA expression was unchanged at the group level in 

response to the 8-hour fast (p>0.05).  However, individual fasting-induced changes in LRP130 and PGC-

1a mRNA were strongly correlated (r=0.63, p<0.05). Group-level and individual changes in protein 

content are shown in Figure 5-5C and D, respectively. Although changes in protein content were not 

apparent at the group level (p>0.05), a moderate near-significant positive correlation was observed 

between fasting-induced changes in LRP130 and PGC-1a protein content (r=0.59, p=0.07).  

 

Figure 5-5. Changes in skeletal muscle LRP130 and PGC-1ɑ mRNA (A, B) and protein (C, D) 

expression in response to an 8-hour fast (n=10). Representative images used for immunoblot analysis are 

shown in panel E. Note: Changes in mRNA and protein expression were quantified from baseline (pre) to 

8-hours only 
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5.5 Discussion 

 The main findings of this study are as follows: 1) LRP130 protein content parallels fiber- specific 

oxidative capacity (type I > IIA), but dissociates from the fiber-specific expression pattern of PGC-1α 

(type IIA > I) (Figure 5-2); 2) LRP130 protein content is strongly correlated with the mitochondrially 

localized protein AIF (Figure 5-1G) in type I and IIA fibers (Figure 5-3A and 3B; Table 5-1); 3) LRP130 

protein content is positively related to mitochondrial content (Figure 5-3C) and PGC-1α protein (Figure 

5-3D) at the whole-muscle level; 4) LRP130 mRNA expression is unchanged in response to acute END 

and SIT despite a robust induction of PGC-1α gene expression after both protocols (Figure 5-4); and 5) 

both LRP130 and PGC-1α mRNA/protein expression are unaltered at the group-level but positively 

correlated at the individual level in response to an acute period of fasting (Figure 5-5). Altogether, these 

findings support a potential role for LRP130 in the maintenance of basal mitochondrial phenotype in 

human skeletal muscle. LRP130’s importance for exercise- and fasting-induced remodeling of skeletal 

muscle requires further investigation in humans.  

 LRP130 protein’s fiber-specific expression pattern (type I > IIA) and the positive relationship 

between whole-muscle LRP130 protein and CS activity (r=0.42) is consistent with observations in mice 

where LRP130 expression is highest in oxidative tissues with a high mitochondrial content (e.g. heart, 

skeletal muscle, brown adipose tissue, liver) 198. Further, the strong colocalization of LRP130 and AIF 

protein within each fiber-type (Figure 5-1G) supports previous observations of LRP130’s predominantly 

mitochondrial localization in human fibroblasts 200 and HeLa cells 46. Mitochondrial LRP130 is implicated 

in the transcriptional control of mitochondrial gene expression through its interaction with POLRMT 43,44, 

and in the post-transcriptional control of mitochondrial mRNA stability 47 as part of a ribonucleoprotein 

complex with SLIRP 200. Although small amounts of LRP130 have also been detected in the nuclear 

fractions of HeLa cells 46, overlay analysis of LRP130 and DAPI (nuclei) fluorescence in our study does 

not support a significant presence of LRP130 within the nuclei of human skeletal muscle fibers under 

basal conditions (Figure 5-1G). Though speculative, it is possible that nuclear LRP130 protein content 

increases under conditions that perturb intracellular homeostasis (e.g. fasting, exercise), thereby 
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facilitating the coordinated expression of nuclear- and mitochondrial-encoded genes. Altogether, our 

findings are supportive of LRP130’s role in the maintenance of basal mitochondrial content and/or 

function, warranting further investigation into LRP130’s importance in human skeletal muscle. However, 

it should be noted that the strong correlation between AIF and LRP130 immunofluorescent signal does 

not preclude the possibility of an extra-mitochondrial localization of LRP130. As such, the subcellular 

localization of LRP130 in human skeletal muscle should be verified in future work using organelle 

isolations and immunoblot analyses or alternative mitochondrial markers.  

Based on a physical interaction between LRP130 and PGC-1α, and LRP130's ability to modulate 

PGC-1α’s transcriptional co-activator activity in liver cells 45, we hypothesized that these two protein may 

be co-expressed in human skeletal muscle. Accordingly, we observed a positive relationship (r=0.49) 

between LRP130 and PGC-1α protein content at the whole muscle-level. However, the fiber-type specific 

distribution pattern of PGC-1α protein (type IIA > I) dissociated from that of LRP130, and also from 

fiber-specific oxidative capacity and mitochondrial protein expression (Figure 5-2). PGC-1α’s fiber-

specific expression pattern is consistent with previous studies involving human skeletal muscle 291,292 and 

refutes the notion that high levels of PGC-1α are required for the maintenance of basal mitochondrial 

content 144 and/or the primary determinant of the oxidative myofiber phenotype 28. Nevertheless, the 

distinct fiber-specific patterns of LRP130 and PGC-1α protein expression does not exclude the possibility 

of a functional interaction between these two protein, as both can be post-translationally modified 38,44 

such that discrepancies between protein content and activity may exist 321. Thus, the relationship between 

LRP130 and PGC-1α protein should be examined further in human skeletal muscle.  

 Based on a concerted increase in LRP130 and PGC-1α protein content in exercised rat skeletal 

muscle 204, we recently examined the impact of acute and chronic SIT on LRP130 expression in human 

skeletal muscle 51. Although no significant increases in LRP130 mRNA expression were observed in our 

previous study, we sought to verify our previous observations in a different group of subjects using a 

higher volume exercise protocol (i.e. END). Similar to our previous study, we observed a robust increase 

in PGC-1α mRNA expression after both END (~6.5-fold) and SIT (~4.0-fold) but failed to observe a 
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corresponding increase in LRP130 mRNA expression. The lack of change in LRP130 mRNA expression 

is surprising as LRP130 is implicated as a downstream target of PGC-1α in brown fat cells 198. It is 

possible that LRP130’s role in human skeletal muscle mitochondria may be more important under basal 

conditions or that the induction of LRP130 is temporally dissociated from that of PGC-1α. It is also 

possible that increased LRP130 transcription rates may have been offset but concomitantly decreased 

stability of the LRP130 transcript 312, resulting in the preservation of total mRNA content. Alternatively, 

changes in LRP130 protein activity and/or subcellular localization may have occurred independent of 

changes in LRP130 gene expression 321.  Future studies should examine changes in LRP130 mRNA 

expression early and/or late in the post-exercise period as well as changes in LRP130 transcript stability to 

determine if the LRP130 gene is exercise-inducible in human skeletal muscle.  

 In murine liver, LRP130 interacts with PGC-1α 45 and SIRT3 44, both of which are mediators of 

hepatic fat oxidation and gluconeogenesis 322,323, and can be rapidly induced in skeletal muscle 324–326 

during an acute fast. Moreover, LRP130 is required for the induction of hepatic gluconeogenic 45 and 

mitochondrial 44 gene expression in response to 16-24 hours of food deprivation in mice, which led us to 

speculate that LRP130 expression may be induced in acutely fasted human skeletal muscle. Contrarily, 

we found no group-level changes in skeletal muscle LRP130 expression following the 8-hour fast. It is 

possible that changes in LRP130 mRNA/protein content may not be required, and that activation of 

existing LRP130 protein (via post-translational modification) may be sufficient to drive the induction of 

its downstream targets during fasting 44,45. Alternatively, it is possible that the energetic stress induced by 

the short nature of the fasting period in our study was insufficient to induce a detectable increase in 

LRP130 expression at the group level. Nevertheless, moderate-to-strong positive correlations were 

apparent between individual changes in LRP130 and PGC-1α mRNA (r=0.63) and protein (r=0.59) 

content, supporting the possibility of a coordinate regulation of these two protein in response to energetic 

stress, similar to what we have previously observed following exercise training 51. In this light, future 

human studies examining the interaction between LRP130 and PGC-1α in response to more prolonged 

periods of fasting are warranted.  
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Although the associations observed in the current study point to a potential role of LRP130 in the 

maintenance of basal mitochondrial function and/or oxidative fiber-type in healthy human skeletal 

muscle, our work should be followed up with more mechanistic studies in skeletal muscle tissue. 

Specifically, while the importance of LRP130 for the maintenance of mitochondrial phenotype in vivo has 

been investigated using transgenic rodent models, these experiments have predominantly been conducted 

in the liver 43–45,47, heart 48,327, and brown adipose tissue 198,203. As such, whether similar phenotypic 

responses to LRP130 overexpression/deletion exist in healthy skeletal muscle under physiological 

conditions (e.g. exercise, fasting) should be determined in future work. Indeed, preliminary experiments 

in cultured muscle cells 49 and/or skeletal muscle from patients with FCLS or related mitochondrial 

disorders 49,50 point to an obligatory role for LRP130 in the maintenance of basal mitochondrial gene 

expression and OXPHOS activity in this tissue under pathological conditions. 

 Findings from the current study must be interpreted with some limitations in mind. First, it should 

be highlighted that the correlational evidence presented here does not allow for causative links to be made 

between the expression patterns and/or functions of the protein examined.  Due to a lack of tissue 

availability, we were unable to determine if the interaction between LRP130 and PGC-1a reported in 

liver 45 persists in human skeletal muscle. As such, given the potential of tissue-specific differences in 

LRP130 and/or PGC-1a protein activity, future work should determine if a physical interaction between 

LRP130 and PGC-1a protein occurs under basal or stimulated (e.g. exercised) conditions in human 

skeletal muscle. Until such a direct interaction can be experimentally demonstrated in future work, the 

associations between LRP130 and PGC-1a reported here under basal and fasted conditions should be 

interpreted with caution. We were also unable to perform protein content and/or subcellular localization 

analyses on the post-exercise samples, which may have provided additional insight into LRP130’s 

function in exercised muscle.  Relatedly, as LRP130 mRNA expression was unchanged at the 3-hour 

post-exercise time-point in our present and previous 51 work, additional biopsies obtained early and/or late 

in the post-exercise recovery may have helped elucidate if LRP130 is in fact inducible following exercise 
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in human skeletal muscle. Finally, given that the present study is the first to examine the fiber-specific 

distribution pattern of LRP130 in human skeletal muscle, the additional comparison between oxidative 

type I fibers and the highly glycolytic IIX fiber would have been a valuable addition to our study. 

However, as the majority of cross-sections (5/6) analyzed in the current study did not contain pure type 

IIX fibers, we were unable to characterize LRP130 expression in this fiber-type. Indeed, we 51,247 and 

others 328 have previously failed to identify pure type IIX fibers in human muscle cross-sections and while 

it has been suggested that these fibers comprise ~6% of total muscle fibers in the human vastus lateralis 

274, more recent estimates suggest that this number may be as low as <1% of the total muscle fiber pool 

329.  These considerations should be addressed in future work. 

5.6 Conclusion 

 In conclusion, we have provided the first characterization of LRP130’s expression pattern in 

distinct skeletal muscle fibers as well as LRP130’s relationship with PGC-1α and mitochondrial content 

at the whole-muscle level in healthy humans. LRP130’s expression in oxidative muscle fibers, strong 

relationship with the mitochondrially-localized protein AIF, and positive association with whole-muscle 

PGC-1α protein and CS activity support its potential role in the control of basal mitochondrial content 

and/or function in healthy human skeletal muscle. Although LRP130 expression was unchanged at the 

group-level in response to an acute bout of exercise and fasting, the positive correlations between LRP130 

and PGC-1α mRNA/protein expression in fasted muscle suggested that these two proteins may be 

coordinately regulated in response to energetic stress.  However, since this is the first study to examine 

the impact of fasting on human skeletal muscle LRP130 expression (and only the second study examining 

exercise-induced changes in LRP130 expression in humans), additional work is required to confirm our 

preliminary observations and to provide greater mechanistic insight into LRP130’s role in healthy human 

skeletal muscle. 
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Chapter 6 

Impact of whole-body energetic stress on early signaling responses, substrate 

storage, and regulators of mitochondrial biogenesis, autophagy, and 

mitophagy in fasted human skeletal muscle 

6.1 Abstract 

We tested the hypotheses that fasting-induced activation of intracellular signaling, mitochondrial 

biogenesis, autophagy, and mitophagy occurs shortly after food withdrawal in human skeletal muscle and 

is modulated by whole-body energetic stress. Leg muscle biopsies were obtained from ten healthy males 

before, during (4 hours), and after (8 hours) two supervised fasts performed with (FAST+EX) or without 

(FAST) two hours of arm ergometer exercise (~400 kcal of added energy expenditure) to increase whole-

body energetic stress. Decreases in PGC-1α mRNA (primary outcome measure) and PGC-1α protein 

were apparent (main effects of time: p=0.065 and p<0.01, respectively) during both FAST and 

FAST+EX. Fasting increased p53 acetylation (main effect of time: p<0.01), but phosphorylation of key 

mitochondrial biogenic signaling proteins was either unaffected (p38 MAPK) or potentially decreased 

(ACC & SIRT1) (main effects of time: p<0.06) during both conditions. Fasting-induced increases in 

NFE2L2 and NRF1 protein were observed (main effects of time: p<0.03), though TFAM and COXIV 

remained unchanged (p>0.05). Elevating whole-body energetic stress blunted the increase in p53 mRNA, 

which was apparent during FAST only (condition × time interaction: p=0.04). Changes in the protein 

expression of select autophagy/mitophagy regulators (LC3BI, LC3BII, BNIP3) approached significance 

(main effects of time: p≤0.09), but were not modulated by the added energetic stress. PDK4 mRNA 

(p<0.01) and intramuscular triglyceride content in type IIA fibers (p=0.04) increased similarly during 

both conditions. Taken together, human skeletal muscle signaling, mRNA/protein expression, and 

substrate storage appear to be unaffected by whole-body energetic stress during the initial hours of 

fasting. 
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6.2 Introduction 

 Skeletal muscle comprises ~40% of body mass and is a major contributor to whole-body 

metabolic rate 330. Food deprivation promotes a metabolic shift in skeletal muscle that favors fatty acid 

oxidation and protein breakdown in an effort to maintain glucose homeostasis 330. At the molecular level, 

rodent and cellular models suggest that metabolic homeostasis in skeletal muscle is governed by AMP-

activated protein kinase (AMPK), sirtuin 1 (SIRT1), and peroxisome proliferator gamma co-activator 1 

alpha (PGC-1α) 331. Activation of PGC-1α by AMPK/SIRT1 is theorized to promote mitochondrial 

biogenesis through a coordinated upregulation of nuclear- and mitochondrial encoded gene expression 11, 

thereby enhancing fat utilization in response to energetic stress. 

 Rodent and cellular experiments demonstrate a robust responsiveness of the skeletal muscle 

AMPK/SIRT1 – PGC-1α axis to energy deprivation 146,148. For instance, 24 hours of fasting is sufficient to 

increase PGC-1α expression/activity in mouse 332–334 and rat 324 skeletal muscle, presumably via AMPK-

mediated deacetylation of PGC-1α by SIRT1 332,335–338. Unlike rodent muscle, the  activation of the 

AMPK/SIRT1 – PGC-1α axis is largely absent in human skeletal muscle following prolonged (10-72 

hours) fasting 339–346. Intriguingly, AMPK activity, PGC-1α mRNA, and nuclear PGC-1α protein increase 

within 6 hours of food withdrawal in rat skeletal muscle, but AMPK is inhibited by increases in 

serum/muscle lipids with sustained fasting 324.  The rapid responsiveness of rat muscle to food deprivation 

(i.e. ≤6 hours) and AMPK inhibition with sustained fasting 324 supports the hypothesis that activation of 

the AMPK/SIRT1 – PGC-1α axis occurs transiently during the initial hours of fasting in human muscle. 

Moreover, AMPK’s established role as a cellular energy sensor 330,347 supports the hypothesis that fasting-

induced changes in skeletal muscle should be amplified when whole-body energetic stress is increased.  

To test these hypotheses, we combined arm cycling-mediated increases in whole-body energetic 

stress and serial leg biopsies to investigate early (≤8 hour) fasting-induced changes in non-exercised 

human muscle. Given PGC-1α’s importance in the transcriptional initiation of mitochondrial biogenesis 

11,38, PGC-1α mRNA (an indirect marker of PGC-1α protein activity based on the existence of a positive 

feedback loop 19) was used as the primary outcome measure.  
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To further explore the control of protein turnover in human muscle we also examined changes in 

various regulators of autophagy and mitophagy. Recent human studies support a fasting-induced 

activation of autophagy in skeletal muscle 348–350. Further, AMPK is indispensable for exercise- 351 and 

fasting- 352 induced activation of autophagy, and the effects of exercise and fasting on autophagy markers 

are additive 353 in mouse muscle. Thus, as a secondary purpose, we tested the hypothesis that elevating 

whole-body energetic stress would amplify fasting-induced changes in regulators of autophagy and/or 

mitophagy. 

6.3 Methods 

Participants 

 Ten healthy young males volunteered to participate in the current study. Participants were only 

included if they were recreationally active (i.e. self-reported involvement in ≤ 3 hours of weekly 

moderate-to-vigorous intensity exercise), between 18 and 30 years of age, non-smokers, not taking any 

performance enhancing supplements and/or prescription medication intended for the treatment of 

cardiometabolic disease (e.g. metformin), not involved in a systematic training program aimed at 

improving specific aspects of cardiorespiratory fitness and/or muscular strength/endurance at the time of 

the study, and did not have a history of cardiometabolic disease (e.g. diabetes, hypertension). 

Experimental procedures were approved by the Health Sciences Human Research Ethics Board at 

Queen’s University (ref no. 6018724) in accordance with the declaration of Helsinki (ClinicalTrials.gov 

ID: NCT03811717). Participants were provided with verbal and written explanation of all experimental 

procedures and associated risks in a manner that prevented the dissemination of study hypotheses and/or 

expected outcomes to the participants. All participants provided written informed consent prior to any 

data collection. 

Experimental design 

 All participants completed two experimental sessions separated by a minimum of 14 and a 

maximum of 21 days in a randomized and counterbalanced cross-over fashion (see Figure 6-1 for 
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experimental timeline). Experimental sessions consisted of a supervised 8-hour fast performed with 

(FAST+EX) or without (FAST) the addition of 2-hours of low-intensity arm ergometer exercise (~400 

kcal of added energy expenditure) to elevate whole-body energetic stress. To mitigate the confounding 

impact of exercise on skeletal muscle and isolate the effects of fasting, biopsies were obtained from rested 

(i.e. non-exercised) leg muscle (vastus lateralis) before, during (4 hours) and after (8 hours) each fast. 

Muscle was analyzed for changes in intracellular signaling pathways, intramuscular triglyceride (IMTG) 

content, and mRNA/protein expression of various mitochondrial biogenic, autophagic and mitophagic 

regulators (PGC-1α mRNA was used as the primary outcome measure). In an attempt to mitigate the 

influence of various biases (e.g. selection, observer, and outcome reporting), we implemented rigorous 

methodological considerations including trial registration, computer-generated randomization, allocation 

concealment, and outcome assessor blinding as we have done previously 354. The order of experimental 

sessions was determined by a random allocation sequence (1:1) generated using the random function on 

Microsoft Excel by an experimenter (J.T.B) who was not involved in participant screening/enrollment 

(third party allocation). Participant allocation (FAST or FAST+EX) was concealed from experimenters 

involved in data collection (H.I. and A.A.) until the morning of the first experimental session. Participants 

were asked to refrain from alcohol and physical activity for 24 hours and from caffeine for 12 hours 

before each session. Dietary intake was standardized on the day before and on the morning of each 

experimental session. All experimental procedures took place at the Queen’s Muscle Physiology 

Laboratory (Kingston, ON, Canada). 
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Figure 6-1. Experimental session timeline.  

 

Characterization visit 

 Approximately one week (but no more than two weeks) before the first or after the last 

experimental session, participants reported to the laboratory for characterization purposes. During this 

visit, participants performed an incremental step test to exhaustion on a cycle ergometer (Monark, 

Egomedic 874E, Varberg Sweden) for the determination of peak heart rate (HRpeak) and peak oxygen 

uptake (VO2peak). Specific details pertaining to the test protocol and gas collection procedures have been 

described previously 306. HRpeak and VO2peak were utilized to characterize the relative intensity of the 

exercise stimulus and participants’ cardiorespiratory fitness, respectively. Anthropometric data (height 

and weight) were also recorded during this visit.  

Experimental sessions 

On the morning of each experimental session, participants arrived at the laboratory after an 

overnight fast (~12 hours) that followed the consumption of a standardized dinner (Swanson Creamy 
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Cheddar Chicken Skillet Meal [720 kcal; 12 g fat, 92 g carbohydrates, 38 g protein] and 237 mL 1% 

chocolate milk [150 kcal; 2.5 g fat, 26 g carbohydrates, 8 g protein]).  Upon arrival, participants were 

provided with a standardized breakfast (Dempster’s everything bagel [200 kcal, 3 g fat, 36 g 

carbohydrates, 8 g protein] with 2 tbsp of Philadelphia cream cheese [80 kcal; 7 g fat, 2 g carbohydrate, 2 

g protein] and 300 mL Oasis orange juice [130 kcal; 0 g fat, 32 g carbohydrate, 1 g protein]) that was 

consumed within 15 minutes. Approximately 40 minutes after completion of breakfast, an initial blood 

sample and skeletal muscle biopsy (PRE) were obtained (see section 2.6. for details). Hereafter, 

participants underwent a supervised 8-hour fast (water only) with additional blood samples and muscle 

biopsies obtained after 4 (MID) and 8 (POST) hours of fasting.  In the fasting only session (FAST), 

participants rested in a seated position for the entire 8-hour fast (with the exception of tissue sampling 

time-points and washroom visits). In the FAST+EX session, the 8-hour fast was supplemented with 2 

hours of low-intensity upper-body exercise (see section 2.5. for details) performed during the first half 

(i.e. 4 hours) of the fast. Upon completion of exercise, a supervisor ensured that participants rested while 

seated for the remainder of the experimental session (with the exception of washroom visits). HR was 

collected throughout each session using a chest-strap HR monitor (Polar Team2 Pro, Kempele, Finland).  

Exercise protocol 

 Exercise commenced approximately 15 minutes after the initial (PRE) tissue sampling time-point 

during the FAST+EX session and was performed on an arm ergometer (Monark 881E, Varberg, Sweden). 

The exercise protocol consisted of 8, 15-minute bouts of arm cycling (50 rpm; 25 W) separated by 10 

minutes of seated rest. HR was recorded during the last 15 seconds of each minute during exercise bouts 

and during the last 15 seconds of each rest period. Average exercise HR was used to estimate total L O2 

consumed during exercise based on the HR-VO2 relationship determined using data from the incremental 

step test (conducted during the characterization visit). The total L O2 were subsequently converted to kcal 

assuming 5 kcal/L O2 consumed. Blood lactate was measured in fingertip capillary blood samples (~20 

!L) before exercise (REST) and after the 2nd, 4th, 6th, and 8th exercise bout using a handheld lactate 

analyzer (Lactate Scout+, EFK Diagnostics, Madgeberg, Germany). An additional venous blood sample 
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was obtained immediately after exercise to determine plasma catecholamine concentrations (see Tissue 

sampling. and Blood analyses for details).  

Tissue sampling 

 Skeletal muscle biopsies were obtained through an incision on the lateral portion of the vastus 

lateralis (right leg) under superficial local anesthesia (2% lidocaine with epinephrine) using the 

Bergström muscle biopsy technique 308 modified with manual suction. All biopsies within a given session 

were obtained from the same leg through incisions made 2 cm distal to the previous biopsy site. Leg order 

was randomized in a counterbalanced fashion such that half of the participants had their right leg biopsied 

during the first experimental session and vice versa. One portion of each muscle biopsy sample was 

embedded in optimal cutting temperature (O.C.T., Tissue-Tek, Sakura Finetak, Calif. USA) and frozen in 

liquid nitrogen-cooled isopentane for immunohistochemical/immunofluorescent analyses. The remainder 

of the muscle sample was immediately frozen in liquid nitrogen and stored at -80ºC until real-time qPCR 

and Western blotting. Samples were placed in coded tubes by two researchers (J.T.B & N.P.) prior to 

muscle analyses to blind the outcome assessors (H.I., A.A. & F.A.R.) to the experimental condition 

(FAST or FAST+EX). 

 Blood samples were obtained from an antecubital vein while participants lay supine. Blood was 

collected into sterile 4 mL K2 EDTA-coated Vacutainer tubes (Becton, Dickson and Co. Frankin Lakes, 

NJ, USA) and immediately centrifuged at 3000 g for 10 min at 4 ºC. After centrifugation, the plasma 

supernatant was aliquoted into coded tubes by a researcher (J.T.B.) to blind the outcome assessors (H.I. & 

A.A.) to the experimental condition. Plasma aliquots were stored at -80ºC until the determination of 

plasma catecholamines.  

Western blotting 

 Western blotting was performed on whole-muscle homogenates as described previously 51 using 

commercially available antibodies against p-ACC (1:1000 dilution, Ser79, Cell Signaling, #3661), p-

SIRT1 (1:2000, Ser47, Cell Signaling, #2314), p-p38 MAPK (1:1000, Thr180/Tyr182, Cell Signaling, 

#4511), acetyl-p53 (1:1000, Lys379, Cell Signaling, #2570), PGC-1α (1:1000, EMD Millipore, AB3242), 
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LRP130 (1:1000, Abcam, ab97505), NFE2L2 (1:1000, Cell Signaling, DIZ9C XP), NRF1 (1:500, 

Abcam, ab55744), TFAM (1:1000, Abcam, ab131607), COXIV (1:1000, Abcam, ab14744), 

p62/SQSTM1 (1:2000, MBL International, PM045), BNIP3 (1:500, Sigma-Aldrich, B7931), LC3B 

(1:1000, Cell Signaling, #2775), and GAPDH (1:5000, Cell Signaling, #2118). Amido black staining or 

GAPDH were used as loading controls and no differences were apparent between conditions/time-points 

(all p>0.05). All protein data are expressed relative to total protein loaded (signaling proteins and 

regulators of mitochondrial biogenesis) or GAPDH (regulators of autophagy and mitophagy). 

Quantitative real-time PCR 

 RNA extraction, reverse transcription, and qPCR were performed as described previously 306. 

Extracted RNA samples had a 260:280 ratio of 2.00±0.02 (mean±standard deviation [SD]). One 

microgram of RNA was reverse transcribed using the QuantiTect Reverse Transcription Kit (Qiagen, 

Mississauga, ON, Canada) and mRNA levels were determined on an ABI 7500 Real-time PCR System 

(Applied Biosystems, Foster City, CA, USA). Forward and reverse primers sequences are provided in 

Supplementary Figure 0-3. Average primer set efficiencies were E = 2.02±0.05 (mean±SD). All RNA 

data are expressed relative to TATA-binding protein (TBP), which was stable across time-points and 

conditions (all p>0.05). 

Immunofluorescent and histochemical analyses 

 Immunofluorescent analysis of myosin heavy chain (MHC) isoforms (I and IIA) and Oil Red O 

staining for the determination of IMTG content were performed as described previously 274,275. Compiled 

IMTG images were matched to fiber type images and approximately 30-40 of each fiber type were 

randomly selected and analyzed for IMTG content (background subtracted optical density) using Image J.  

Blood analyses 

 Plasma epinephrine and norepinephrine concentrations were analyzed using a commercially 

available enzyme-linked immunosorbent assay (ELISA) kit (Abnova, KA1877, Taipai City, Taiwan) 

according to the manufacturer’s instructions. All samples were assayed in duplicate and batch analyzed 
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for all participants to eliminate inter-assay variation. The intra-assay coefficients of variation for 

epinephrine and norepinephrine were 4.5±3.2% and 3.5±2.8% (mean±SD), respectively.  

Statistical analyses 

Statistical analyses were performed using GraphPad Prism Version 7.0 (La Jolla, CA, USA). 

Because we were unaware of a previous human study examining skeletal muscle PGC-1α mRNA (our a 

priori primary outcome measure) in response to an 8-hour fast (with or without the addition of exercise), 

a formal sample size calculation was not performed. However, a sample size of 10 was adequate to detect 

a medium effect size difference (Cohen’s f = 0.25) with 80% power at an alpha level of 0.05, assuming a 

correlation among repeated measures of 0.85 (calculated for a repeated measures ANOVA [within-

between interaction] using G*power v3).  

Changes in whole-muscle intracellular signaling, mRNA expression, protein content, and fiber-specific 

IMTG content were compared within- (PRE, MID, and POST) and between- (FAST and FAST+EX) 

sessions using two-way (condition × time) repeated measures ANOVAs. All statistical analyses of mRNA 

were performed on linear data (2-ΔCq values) with TBP as a housekeeping gene 276. Plasma catecholamine 

concentrations were also compared using two-way (condition × time) repeated measures ANOVAs, but 

only the PRE and post-exercise time-points were used for within-session comparisons since plasma 

catecholamine levels were not measured at MID and POST. Significant main effects and/or interactions 

were subsequently analyzed using Bonferroni post hoc tests. Paired Student’s t-test were used to compare 

average HR between FAST and FAST+EX, and average blood lactate during exercise compared to rest in 

FAST+EX. Values 3 SDs above or below the mean for any variable were identified as potential outliers 

and removed from analyses.  

Statistical significance was accepted at p≤0.05. However, due to our small sample size and the 

possibility of a type II error, variables with near-significant p-values (between 0.05 and 0.10) are 

described as being “potentially” increased or decreased. Although we are not interpreting these potential 

differences as being statistically significant, we have highlighted these differences throughout our 

manuscript and included effects size estimates (i.e. Cohen’s d for t-tests and partial eta squared (hp
2) for 



 120 

 

ANOVA main effects and interactions) in addition to p-values when doing so. Effect sizes were 

interpreted as small (d=0.2; hp
2=0.0099), medium (d=0.5; hp

2=0.0588), and large (d=0.8; hp
2=0.1379) 355. 

Data are presented as mean±SD (in-text and Table 6-1) or using box-and-whisker plots (Figure 6-2, 

Figure 6-4, Figure 6-6). 

6.4 Results 

Participant characteristics, screening, and adherence 

 A total of 15 participants were screened for eligibility. Of these participants, 2 were 

supplementing with creatine, 2 were unable to participate due to time restraints, and 1 declined to 

participate due to the muscle biopsy procedure. The 10 remaining participants (age: 21±3 years; height: 

183±6 cm; weight: 84±11 kg; VO2peak: 46±7 mL/kg/min) completed all aspects of the characterization 

visit and both experimental sessions (i.e. 100% adherence to fasting and exercise). No outliers were 

identified using the method described above and all results reported correspond to a sample size of ten, 

with the exception of fiber-specific IMTG (n=7 for this variable only). For this variable, 3 participants 

had cross sections from at least one time-point that could not be analyzed due to freeze-fracture. Because 

of our repeated measures study design, all data from these participants had to be excluded from IMTG 

analysis.  

Heart rate, blood lactate, and catecholamines 

 Average heart rate during exercise was 100±9 bpm (52±3% HRpeak). Exercise energy 

expenditure calculated using the HR-VO2 relationship from seven participants (assuming 5 kcal per L O2 

consumed) was 398±119 kcal. Average heart rate over the entire 8-hour session was 20 bpm higher 

(p<0.05) during FAST+EX (88±8 bpm) than FAST (68±6 bpm), indicating that whole-body energetic 

stress was effectively increased during FAST+EX. Blood lactate during exercise (1.9±0.03 mmol/L) was 

potentially increased (p=0.08; d=1.15) versus rest (1.6±0.3 mmol/L). A main effect of time (p<0.01) was 

observed for plasma epinephrine (FAST, PRE: 0.18±0.11 nmol/L, post-exercise: 0.29±0.11; FAST+EX, 

0.16±0.09, 0.41±0.31) and norepinephrine concentrations (FAST, PRE: 1.31±0.06 nmol/L, post-exercise: 
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1.74±0.93; FAST+EX: 1.04±0.52, 1.42±0.73). No main effect of condition (p>0.40) nor an interaction 

effect (p>0.15) was apparent for either catecholamine. 

mRNA expression of mitochondrial biogenic regulators 

 Changes in the mRNA expression of mitochondrial biogenic regulators are shown in Figure 6-2 

and Table 6-1. A near-significant main effect of time (p=0.065; hp
2=0.14), suggested that fasting 

potentially decreased PGC-1α mRNA from MID to POST during both conditions (Bonferroni post-hoc, 

p=0.07) (Figure 6-2A).  No main effect of condition (p=0.19) nor an interaction effect (p=0.36) was 

apparent for PGC-1α mRNA. A significant main effect of time (p=0.03) and an interaction effect 

(p=0.04) was apparent for p53 mRNA expression (Figure 6-2B), with post-hoc analysis indicating an 

increase from PRE to POST during FAST only (p<0.01). No main effect of condition was observed for 

p53 mRNA (p=0.89). No significant main effects of time (p>0.28), condition (p>0.36) or interaction 

effects (p>0.19) were observed for SIRT1, LRP130 or NFE2L2 mRNA (Table 6-1).  

 

 

 

 

Figure 6-2. PGC-1α (A), p53 (B), and PDK4 (C) mRNA expression in the vastus lateralis before (PRE), 
during (MID; 4 hours) and after (POST; 8 hours) an acute fast performed with (FAST+EX; grey boxes) or 
without (FAST; white boxes) 2-hours of low-intensity arm ergometer exercise (n=10). Note: Boxes, 
whiskers, horizontal lines, and crosses indicate interquartile ranges, min/max values, medians, and means, 
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respectively. Significant/near-significant main effects and interactions (two-way RM-ANOVA) are 
reported below graphs where appropriate. Symbols denote significant (* p<0.05) or potential (# p<0.10) 
differences versus PRE (Bonferroni post-hoc). 
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Table 6-1. mRNA and/or protein expression of various regulators of mitochondrial biogenesis, autophagy and mitophagy during each 
experimental condition (n=10). 

 
FAST FAST + EX 

PRE MID POST PRE MID POST 

mRNA (2
-DCq

) 

Mitochondrial 
biogenesis 

SIRT1 0.34 ± 0.18 0.42 ± 0.24 0.41 ± 0.18 0.47 ± 0.20 0.44 ± 0.23 0.42 ± 0.23 
LRP130 6.13 ± 3.06 7.48 ± 4.10 6.77 ± 3.52 8.95 ± 3.96 8.08 ± 4.16 7.86 ± 5.41 
NFE2L2 1.21 ± 0.64 1.62 ± 0.81 1.49 ± 0.83 1.47 ± 0.53 1.64 ± 0.91 1.61 ± 1.24 

 Protein (AU) 
LRP130# 1.06 ± 0.18 1.02 ± 0.18 0.96 ± 0.36† 1.12 ± 0.26 0.99 ± 0.24 0.92 ± 0.27† 

TFAM 0.95 ± 0.28 0.94 ± 0.25 1.04 ± 0.44 1.16 ± 0.56 1.05 ± 0.43 0.92 ± 0.26 
COX IV 1.08 ± 0.42 0.89 ± 0.23 0.98 ± 0.22 1.10 ± 0.33 0.90 ± 0.25 1.00 ± 0.34 

Autophagy/mitophagy 

p62/SQSTM1 2.03 ± 1.31 2.60 ± 2.04 2.10 ± 1.76 2.76 ± 2.30 2.42 ± 2.09 1.74 ± 2.00 

BNIP3# 0.85 ± 0.32 0.79 ± 0.34† 0.84 ± 0.38 0.89 ± 0.32 0.76 ± 0.30† 0.77 ± 0.22 

LC3BI# 1.71 ± 0.72 1.64 ± 1.11 1.28 ± 0.96† 1.76 ± 1.06 1.46 ± 0.77 1.32 ± 0.65† 

LC3BII# 1.03 ± 0.41 1.16 ± 0.53 0.77 ± 0.32‡ 1.14 ± 0.53 1.07 ± 0.47 0.96 ± 0.39‡ 
LC3BII:I 0.67 ± 0.25 0.82 ± 0.43 0.92 ± 0.55 0.76 ± 0.50 0.82 ± 0.29 0.81 ± 0.31 

Note: values are mean ± SD; protein content is expressed relative to total protein loaded (LRP130, TFAM, COXIV) or GAPDH 
(p62/SQSTM1, BNIP3, LC3BI, LC3BII); see manuscript text for abbreviations; # near-significant main effect of time; † potentially 
different versus PRE; ‡ potentially different versus MID (p<0.10). 



 

Intracellular signaling pathways involved in mitochondrial biogenesis 

Representative images for all Western blot analyses are shown in Figure 6-3. Changes in 

intracellular signaling proteins are shown in Figure 6-4. Near-significant main effects of time for p-ACC 

(p=0.055; hp
2=0.15) (Figure 6-4A) and p-SIRT1 (p=0.0503; hp

2=0.15) (Figure 6-4B), suggested the 

potential for decreases in the phosphorylation of both proteins from PRE to POST (Bonferroni post-hoc, 

both p=0.07). A significant main effect of time (p<0.01) was observed for p53 acetylation (Figure 6-4C), 

which increased from PRE to MID (p=0.02) and from PRE to POST (p<0.01).  No significant main 

effects of condition (p>0.60) or interaction effects (p>0.30) were apparent for p-ACC, p-SIRT1, or acetyl-

p53. No main effect of time (p=0.47), condition (p=0.81) nor an interaction effect (p=0.37) was observed 

for p-p38 MAPK (Figure 6-4D).  

 

Figure 6-3. Representative Western blot images used for densitometry analyses.  
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Figure 6-4. P-ACC (A), p-SIRT1 (B), acetyl-p53 (C), and p-p38 MAPK (D) in the vastus lateralis before 
(PRE), during (MID; 4 hours) and after (POST; 8 hours) an acute fast performed with (FAST+EX; grey 
boxes) or without (FAST; white boxes) 2-hours of low-intensity arm ergometer exercise (n=10). Note: 
Boxes, whiskers, horizontal lines, and crosses indicate interquartile ranges, min/max values, medians, and 
means, respectively. Significant/near-significant main effects and interactions (two-way RM-ANOVA) 
are reported below graphs where appropriate. Symbols denote significant (* p<0.05) or potential (# 

p<0.10) difference versus PRE (Bonferroni post-hoc). 

 

Protein expression of mitochondrial biogenic regulators 

 Changes in the protein expression of mitochondrial biogenic regulators are shown in Figure 6-5 

and Table 6-1. A significant main effect of time (p=0.02) was observed for PGC-1α protein (Figure 

6-5A), with post-hoc analysis indicating a decrease from PRE to MID and PRE to POST (both p=0.04). 

No main effect of condition (p=0.72) nor an interaction effect (p=0.56) was apparent for PGC-1α protein. 

A main effect of time (p=0.02) was apparent for NFE2L2 protein (Figure 6-5B), with post-hoc analysis 

indicating an increase from PRE to MID (p=0.04) and potentially from PRE to POST (p=0.08). No main 

effect of condition (p=0.38) nor an interaction effect (p=0.80) was apparent for NFE2L2 protein. A main 

effect of time (p<0.01) was apparent for NRF1 protein (Figure 6-5C), with post-hoc analysis indicating an 

increase from PRE to MID (p=0.04) and from PRE to POST (p<0.01). A near-significant interaction 

effect was also observed for NRF1 protein (p=0.08; hp
2=0.13) though a main effect of condition was not 

apparent (p=0.59). A near significant main effect of time (p=0.08; hp
2=0.13) was observed for LRP130 

protein (Table 6-1) suggesting the potential for a decrease in LRP130 protein from PRE to POST 

(p=0.08). No main effect of condition (p=0.96) nor an interaction effect (p=0.76) was apparent for 
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LRP130 protein. No significant main effects of time (p>0.30), condition (p>0.57), or interaction effects 

(p>0.30) were apparent for TFAM or COXIV protein content (Table 6-1).  

 

Figure 6-5. PGC-1α (A), NFE2L2 (B) and NRF1 (C) protein content in the vastus lateralis before (PRE), 

during (MID; 4 hours) and after (POST; 8 hours) an acute fast performed with (FAST+EX; grey boxes) or 

without (FAST; white boxes) 2-hours of low-intensity arm ergometer exercise (n=10). Note: Boxes, 

whiskers, horizontal lines, and crosses indicate interquartile ranges, min/max values, medians, and means, 

respectively. Significant/near-significant main effects and interactions (two-way RM-ANOVA) are 

reported below graphs where appropriate. Symbols denote significant (* p<0.05) or potential (# p<0.10) 

difference versus PRE (Bonferroni post-hoc). 

 

Protein expression of autophagic and mitophagic regulators 

Changes in the protein expression of autophagic and mitophagic regulators are shown in Table 

6-1. Near-significant main effects of time for BNIP3 (p=0.06; hp
2=0.14), LC3BI (p=0.07; hp

2=0.14), and 

LC3BII (p=0.09; hp
2=0.13) suggested the potential for decreases in BNIP3 from PRE to MID (p=0.06) 

and LC3BI from PRE to POST (p=0.07). No main effect of condition (p>0.63) nor an interaction effect 

(p>0.37) was apparent for any of these proteins and the LC3BII:I ratio was unchanged (p>0.05). No main 

effects of time (p=0.23), condition (p=0.94), nor an interaction effect (p=0.28) was observed for 

p62/SQSTM1.  

PDK4 mRNA and intramuscular triglyceride content 
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 A significant main effect of time (p<0.01) was observed for PDK4 mRNA (Figure 6-2C), with 

post-hoc analysis indicating an increase from PRE to POST and MID to POST (both p<0.01). No main 

effect of condition (p=0.12) nor an interaction effect (p=0.63) were apparent for PDK4 mRNA. Changes 

in fiber-specific IMTG content are shown in Figure 6-6. Near significant (p=0.06; hp
2=0.21) and 

significant (p=0.045) main effects of time were apparent for IMTG content in type I (Figure 6-6A) and 

IIA fibers (Figure 6-6B), respectively. Post-hoc analyses suggested the potential for an increase in IMTG 

content in type I (p=0.09) and IIA (p=0.056) from MID to POST. No main effects of condition (p>0.70) 

or interaction effects (p>0.45) were observed for IMTG content in type I or IIA fibers. 

 

Figure 6-6. IMTG content of type I (A) and IIA (B) fibers in the vastus lateralis before (PRE), during 
(MID; 4 hours) and after (POST; 8 hours) an acute fast performed with (FAST+EX; grey boxes) or 
without (FAST; white boxes) 2-hours of low-intensity arm ergometer exercise (n=7). C) Representative 
images used for immunofluorescent and immunohistochemical analyses from a single participant.  Note: 
Boxes, whiskers, horizontal lines, and crosses indicate interquartile ranges, min/max values, medians, and 
means, respectively. Significant/near-significant main effects and interactions (two-way RM-ANOVA) 
are reported below graphs where appropriate. Symbol denotes potential difference versus PRE 
(Bonferroni post-hoc; # p<0.10). Scale bars in Figure 6-6C represent 100 microns. Sections used for 
immunofluorescent analyses of myosin heavy chain were stained (red) with dystrophin (sarcolemma).  
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6.5 Discussion 

 The current study tested the hypotheses that fasting-induced activation of intracellular signaling, 

mitochondrial biogenesis, autophagy, and mitophagy occurs shortly after food deprivation in human 

skeletal muscle and is modulated by whole-body energetic stress.  Contrary to our hypothesis, 

phosphorylation of key signaling proteins involved in mitochondrial biogenesis were either unaffected 

(p38 MAPK) or potentially decreased (ACC & SIRT1, both p<0.06) during fasting, irrespective of whole-

body energetic stress. Concurrently, potential decreases in PGC-1α mRNA (primary outcome measure, 

p=0.065) and PGC-1α protein were also apparent. Although fasting increased NFE2L2 and NRF1 protein, 

downstream markers of mitochondrial biogenesis (TFAM & COXIV) were unchanged. Intriguingly, 

while p53 acetylation increased similarly during both sessions, the fasting-induced increase in p53 mRNA 

was blunted with the addition of exercise. There was a potential (p≤0.07) for decreased LC3BI and 

BNIP3 protein during fasting, but the preserved LC3II:I ratio and p62/SQSTM1 protein content suggested 

that autophagy/mitophagy were not robustly activated. PDK4 mRNA and IMTG content in type IIA 

fibers increased similarly during both sessions indicating that transcriptional regulation of lipid 

metabolism and substrate storage were unaffected by added energetic stress.  

Combined with previous human studies examining prolonged (10-72 hours) fasting periods 

339,340,342–346 our data suggest that the activation of PGC-1α observed in fasted rodent muscle 324,332–334 does 

not occur in human skeletal muscle (at least during the initial 72 hours of fasting). Moreover, augmenting 

whole-body energetic stress during the initial hours of fasting does not appear to further modulate 

signaling, mRNA/protein expression (with the exception of p53), and IMTG content in rested muscle.  

Activation of the AMPK/SIRT1 – PGC-1α axis is not apparent during the early fasting period 

 The induction of PGC-1α expression/activity is apparent within 24 hours of fasting in rodent 

muscle 324,332–334 and appears to involve the AMPK-mediated deacetylation of PGC-1α by SIRT1 332,335–338. 

Existing human studies do not support a fasting-induced activation of PGC-1α by AMPK/SIRT1 in 

skeletal muscle 339–344,346 and some have even reported reductions in PGC-1α mRNA 340,342,343. It is 

possible that increases in AMPK/SIRT1 phosphorylation and/or PGC-1α expression in human muscle 
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occur rapidly following food deprivation and were therefore missed in previous human studies  (as 

suggested previously 330,343). Indeed, AMPK activity, PGC-1α mRNA and nuclear protein peak within 6 

hours of food withdrawal in rat muscle 324 and the accumulation of plasma/muscle lipids 341,344,356 

suppresses AMPK (and presumably AMPK’s ability to activate PGC-1α 357) thereafter 324,330. 

With these considerations in mind, we tested the hypotheses that induction of PGC-1α expression 

by AMPK/SIRT1 occurs shortly after food deprivation and that changes in PGC-1α expression would be 

potentiated by the addition of energetic stress. Contrary to our hypothesis, we found that the 

phosphorylation of the AMPK target ACC was potentially decreased (p=0.055) over the 8-hour fast, 

irrespective of energetic stress. A similar fasting-induced decrease in SIRT1 phosphorylation coupled 

with increased acetylation of the SIRT1 target p53 358, suggested that SIRT1 activity was also reduced. 

Accordingly, PGC-1α expression tended to decrease both at the mRNA and protein level, suggesting a 

decrease in PGC-1α activity. Overall, our findings are consistent with previous work indicating that 

AMPK/SIRT1 signaling and PGC-1α expression are either preserved or marginally decreased in human 

skeletal muscle for up to 72 hours after food withdrawal 339–342,342,344–346. Collectively, these observations 

refute the notion that PGC-1α activation is an important early event in the adaptation of human skeletal 

muscle to fasting. While some studies suggest that the induction of mitochondrial biogenesis by PGC-1α 

in response to fasting may require chronic caloric restriction, the majority of evidence to date does not 

support this claim 359.  

Fasting rapidly increases NFE2L2 and NRF1 protein 

 NFE2L2 (a.k.a. Nrf2) is an emerging regulator of mitochondrial biogenesis 41,42,360 due to its 

control of the NRF1 promoter 40 and, in turn, NRF1’s control of respiratory gene and TFAM expression 11. 

Co-activation of NRF1 is a also primary mechanism by which PGC-1α induces mitochondrial biogenesis 

in muscle (147). To our knowledge, we are the first to report a fasting-induced increase in NFE2L2 and 

NRF1 expression in fasted human skeletal muscle.  This finding supports previous observations in fasted 

mouse liver 361 and the coordinated increase in NFE2L2 and NRF1 expression observed in exercised 

human muscle 360. However, the importance of a fasting-induced increased NFE2L2/NRF1 expression for 
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mitochondrial biogenesis is unclear as we did not observe concomitant increases in TFAM and COXIV 

protein. The upstream signals mediating the observed increase in NFE2L2 expression in our study are 

also unclear as the phosphorylation of ACC and p38 MAPK (implicated in the control of NFE2L2 

expression/activity 39) did not increase. Future studies are warranted to determine the importance of a 

fasting-induced increase in NFE2L2/NRF1 expression in human skeletal muscle, as this may represent a 

compensatory response to the downregulation of PGC-1α during fasting.    

Increasing whole-body energetic stress blunts the fasting-induced increase in p53 mRNA 

 The induction of p53 expression/activity in response to energetic stress and its importance for 

skeletal muscle remodelling is well-established (reviewed in 22,145).  In fasted rodent muscle, the activation 

of p53 mediates the transcription of genes required for the maintenance of metabolic and redox 

homeostasis 333,362. The reduced expression of p53 mRNA during FAST+EX is surprising because p53 

activity/expression increases in concert with energetic stress in vitro during starvation 363,364 and in human 

muscle under low carbohydrate availability 365.  However, our observation that p53 acetylation (indicating 

enhanced p53 activation 366) increased similarly in FAST and FAST + EX suggests that p53 activity did 

not change in concert with p53 expression.  This contention is supported by evidence demonstrating that 

p53 activity is heavily regulated at the post-translational level 145.  Thus, it is possible that the mechanisms 

that regulate p53 promoter activity or p53 mRNA stability (but not p53 activity) were impacted by the 

added energetic stress during FAST + EX. Future studies are warranted to test this speculation. 

Changes in autophagy/mitophagy regulators are unaffected by energetic stress during fasting 

 Markers of autophagy initiation (e.g. ULK1), autophagosome formation (e.g. LC3BII:I ratio), 

and/or cargo recognition/degradation (e.g. p62/SQSTM1) increase in response to exercise and/or fasting 

in human  348–350 and mouse 351,353,367 muscle. Of note, the cellular energy sensor AMPK is required for 

exercise- 351 and fasting- 352 induced activation of autophagy, and the fasting and exercise have additive 

effects on autophagy 353 in mouse muscle.  Although LC3BI and the mitophagy marker BNIP3 368 tended 

to decrease over the 8-hour fast (both p≤0.07) in our study, a corresponding increase in LC3BII 

(indicative of LC3 lipidation 369) was not observed. Thus, the LC3BII:I ratio (a widely used marker of 
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autophagosome formation 368) remained unchanged in both sessions. The apparent lack of LC3 lipidation 

combined with the preservation of p62/SQSTM1, which is degraded along with the autophagosome 368, 

suggest that autophagic flux was not robustly increased in our study. Taken together, our findings suggest 

that increasing energetic stress during the initial hours of fasting does not modulate the expression of key 

autophagic regulators in human skeletal muscle.  

Limitations 

Our study had a number of limitations. First, we acknowledge that our sample size may have 

limited our ability to detect any subtle effects of the added energetic stress on fasting-induced changes in 

skeletal muscle. In addition, since our study involved a cohort of active young males, the generalizability 

of our findings to females or other populations (e.g. sedentary, overweight/obese, clinical) is limited. 

Further, because we utilized changes in total mRNA/protein (e.g. PGC-1α) and/or post-translational 

modifications (e.g. ACC, SIRT1, p53) as proxy markers of protein activation, we may have missed 

potential effects of fasting and/or added energetic stress. These limitations should be considered when 

interpreting our results and be addressed in future work.   

6.6 Conclusion 

 The current study provides important insight into the time-course of changes that occur in human 

skeletal muscle during the initial hours of food deprivation. Our findings, combined with the existing 

literature, refute the notion that the induction of PGC-1α activity/expression by AMPK/SIRT-1 is an 

important early event in the adaptation of human skeletal muscle to fasting. Moreover, whole-body 

energetic stress does not appear to modulate fasting-induced changes in skeletal muscle signaling, 

mRNA/protein expression and/or IMTG storage, at least during the initial hours of food deprivation.   
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Chapter 7 

General discussion 

7.1 Summary of key findings 

The overarching aim of this dissertation was to investigate the regulation of mitochondrial 

biogenesis in human skeletal muscle by focusing on emerging regulatory protein. We first critically re-

evaluated the ability of PGC-1a to coordinate nuclear- and mitochondrial-encoded gene expression in 

exercised human muscle (Chapter 2.1). Our evaluation revealed little empirical support for the ability of 

PGC-1a to coordinate mitochondrial biogenesis in exercised human muscle. An emergent concept from 

Chapter 2.1 was the complex nature of molecular pathways controlling mitochondrial biogenesis and the 

existence of redundant regulatory pathways. Chapter 2.2 built upon this concept by highlighting several 

underexplored regulatory protein with emerging roles in mitochondrial biogenesis. Of these protein, we 

chose to focus on Nrf2 and LRP130 based on compelling support for their involvement in the control of 

mitochondrial biogenesis in rodent/cellular models but little to no information on their roles in human 

skeletal muscle.  

Prior to pursuing the examination of these protein, we tested the repeatability of exercise-induced 

changes in mRNA (Chapter 3), since changes in mRNA following exercise/fasting were utilized as key 

endpoints throughout this dissertation. We found that changes in mRNA were not repeatable when 

individuals were re-exposed to the same exercise stimulus, thereby limiting our subsequent analyses of 

mRNA expression to the group-level.  

Chapter 4 then examined the relationship between changes in Nrf2 expression and markers of 

mitochondrial biogenesis in acutely and chronically exercised muscle. We observed a temporal 

association between Nrf2 activation (as approximated by changes in Nrf2 and downstream mRNA 

expression) and the induction of NRF-1 mRNA expression following acute exercise. We also found 

strong correlations between changes in Nrf2 and NRF-1 protein following training. Importantly, 

individuals experiencing robust increases in mitochondrial content (as assessed using CS activity) also 
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exhibited large increases in Nrf2 protein, highlighting the potential involvement of Nrf2 in training-

induced mitochondrial biogenesis.  

In Chapter 5, we provided the first characterization of LRP130 expression pattern in distinct 

human muscle fibers and examined relationships between whole-muscle LRP130, mitochondrial content, 

and PGC-1a. We demonstrated that basal LRP130 expression was highest in oxidative type I fibers, 

strongly associated with the mitochondrially-localized protein AIF within distinct fiber-types, and 

positively correlated with CS activity and PGC-1a protein at the whole-muscle level. Despite unchanged 

LRP130/PGC-1a expression at the group-level, changes in LRP130 and PGC-1a mRNA/protein were 

positively correlated in fasted muscle supporting a possible coordination between these two protein in 

response to energetic stress.  

In Chapter 6, we tested the hypothesis that whole-body energetic stress modulates fasting-induced 

activation of mitochondrial biogenic pathways in human skeletal muscle. Contrary to experiments in 

rodents/cells, we found that fasting decreased ACC/SIRT-1 phosphorylation and PGC-1a mRNA/protein, 

effects that appeared to be unimpacted by whole-body energetic stress. We also provided the first 

demonstration of increased Nrf2/NRF-1 protein expression in fasted human muscle, which supports our 

earlier observation of coordinate changes Nrf2/NRF-1 expression following exercise.  

Taken together, this dissertation highlights Nrf2 and LRP130 as potentially important emerging 

regulators of mitochondrial biogenesis in human skeletal muscle, thereby warranting the further study of 

these protein in future work. 

7.2 On the utility of measuring mRNA in exercised/fasted human muscle 

In the field of exercise physiology, it is widely accepted that skeletal muscle adaptation to 

exercise training is initiated at the transcriptional level 7,253.  This dogma is based upon observations that 

acute exercise-induced increases in mRNA expression precede increases in mitochondrial protein content 

8,10,254,255 and correlate positively with the training-induced improvement in muscle oxidative capacity 9. 

Consequently, larger increases in mRNA expression following acute exercise are frequently interpreted as 
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greater activation of adaptive processes underlying skeletal muscle remodeling 1,38,240,257. This 

interpretation has also encouraged the examination of factors that may explain inter-individual variation 

in mRNA expression following acute exercise 258 and comparing mRNA profiles between high and low 

responders to training 264. However, apart from correlational evidence 9,256, there is no direct evidence 

linking acute changes in mRNA expression and training-induced adaptations 1,264. Moreover, our finding 

that the same individual may exhibit a different mRNA response upon re-exposure to an identical exercise 

stimulus (Chapter 4) raises serious questions about the utility of examining/interpreting individual 

changes in mRNA following a single exercise bout. Indeed, had we not initially verified the repeatability 

of mRNA responses to exercise, we may have adopted the seemingly straightforward approach of 

correlating acute changes in a given regulatory transcript to training-induced changes in mitochondrial 

content (similar to earlier work from our lab 9) to investigate the importance of the encoded protein for 

muscle adaptation.  

 Another issue with the measurement of total mRNA content in exercised/fasted muscle is that it 

provides no indication as to whether the increased transcript abundance is due to increased transcription 

per se. Although changes in gene expression are frequently attributed to enhanced mRNA synthesis (i.e. 

transcription) 370, early experiments revealed an important role for mRNA stability in the initial adaptive 

response to contractile activity 371.  In these experiments, increases in cytochrome c mRNA expression in 

electrically stimulated rat skeletal muscle were primarily driven by increased mRNA stability (apparent 

within 2-4 days of stimulation), which preceded the increase in cytochrome c transcription (>5 days of 

stimulation) 371.  Additionally, the mRNA decay rates of key mitochondrial biogenic regulators (e.g. 

PGC-1a, TFAM) are accelerated in contracted rat skeletal muscle, a response hypothesized to contribute 

to enhanced turnover of regulatory protein to facilitate a rapid adaptive response to environmental stress 

312.  Similarly, although all 13 mtDNA-encoded genes are transcribed as a single polycistronic transcript, 

the steady-state levels of mitochondrial-encoded genes vary substantially due to differential post-

transcriptional processing of individual mRNAs 372. Together, these observations highlight the importance 
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of mRNA stability for increases in total mRNA and caution against ascribing changes in gene expression 

to transcriptional processes alone. 

A final drawback of focusing on mRNA responses to exercise is that is deemphasizes critical 

regulatory steps downstream of transcription that are also critical determinants of steady state protein 

content (and thus tissue functionality) 240. Indeed, information regarding regulatory steps downstream of 

transcription is comparatively lacking in existing studies on exercised human skeletal muscle. Because 

transcript levels are only partially predictive of cellular protein abundance across a variety of organisms 

373, the investigation of regulatory events downstream of transcription in future work is imperative to 

expand our understanding of the molecular regulation of mitochondrial biogenesis in human muscle. In 

the context of mitochondrial biogenesis, important regulatory steps downstream gene transcription that 

should be investigated in future work include: post-transcriptional processing of newly transcribed 

mRNAs (as discussed above), translation of mitochondrial protein from existing and/or newly formed 

mRNAs, post-translation processing and trafficking of newly synthesized protein to the mitochondria, 

translocation of protein across the outer and inner mitochondrial membranes, and redistribution/assembly 

of these protein to their final destinations within distinct mitochondria fractions 3,4.  

7.3 Expanding the role of Nrf2 from redox regulation to mitochondrial biogenesis 

Although Nrf2 has long been regarded as an important mediator of the antioxidant stress response 

149, Nrf2’s role in mitochondrial biogenesis was largely unexplored until recently despite the 

demonstration that Nrf2 can regulate the NRF-1 promoter in cardiomyocytes almost 12 years ago 40. 

Interest in the examination of Nrf2’s involvement in mitochondrial biogenesis was recently revamped by 

seminal work from two independent laboratories who demonstrated the indispensability of Nrf2 for 

optimal training-induced mitochondrial adaptations in rodent muscle 41,42. These studies collectively 

inspired us to perform the first human study examining the relationship between Nrf2 expression and 

markers of mitochondrial biogenesis in acutely and chronically exercised muscle.  
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 Although the findings reported in Chapter 4 are generally supportive of the observations made in 

rodent muscle 41,42 there are a few aspects of our work that must be discussed further. First, given that we 

approximated Nrf2 activity by measuring the mRNA expression of Nrf2 (based on the ability of Nrf2 to 

target its own promoter) (63) and its downstream targets, we cannot ascertain that activation of Nrf2 

protein temporally coincided with increased transcript abundance in our study. Unfortunately, we were 

unable to conduct additional analyses due to tissue limitations but encourage future verification of our 

findings using more direct indices of Nrf2 activation (e.g. nuclear import, ARE-binding). Because our 

observation of increased Nrf2 protein in trained human muscle contradicts the reduction in Nrf2 protein 

reported in trained rodent muscle 41 direct measurement of Nrf2 activity may also clarify these apparent 

species-differences in Nrf2 expression following training. In this regard, it is possible that training may 

differentially impact Nrf2 activity in rodent and human muscle, thereby warranting an increase in total 

cellular protein levels in humans but not in rodents. This speculation should be tested in future work. 

 Mechanistically, Nrf2 shares several key attributes to PGC-1a that make Nrf2 a particularly 

attractive emerging regulator of mitochondrial biogenesis (discussed in Chapter 2.2). These shared 

attributes also effectively highlight redundancies in the molecular pathways controlling mitochondrial 

biogenesis. First, Nrf2 and PGC-1a are both activated by similar stress-dependent kinases that are 

responsive to contractile activity (e.g. AMPK). Second, both Nrf2 and PGC-1a can regulate their own 

promoters (Nrf2 via direct ARE-binding and PGC-1a via co-activation of MEF2D), thereby ensuring 

rapid upregulation of cellular Nrf2 and PGC-1a levels in response to energetic stress. Third, both Nrf2 

and PGC-1a can control the expression/activity of NRF-1, a key transcription factor controlling the 

expression of many nuclear-encoded respiratory genes and mitochondrial transcription factors (e.g. 

TFAM, TFB1/2M). Importantly, control of NRF-1 activity/expression provides a shared mechanism that 

enables both Nrf2 and PGC-1a (nuclear-encoded factors that are localized to the cytosol/nucleus) to 

control the expression of mitochondrial-encoded genes. Given these commonalities in the regulation and 
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actions of Nrf2 and PGC-1a, further examination of Nrf2’s role in mitochondrial biogenesis represents an 

attractive avenue for future work involving human muscle. 

7.4 Does LRP130 contribute to exercise-induced mitochondrial biogenesis in human 

skeletal muscle?  

LRP130 has been extensively studied in the context of FCLS and related mitochondrial disorders 

45,49,50, though little research has examined LRP130’s role in physiological remodeling of human muscle. 

LRP130 is a particularly attractive candidate for a regulator of mitochondrial biogenesis due to its 

apparent ability to control both transcriptional (via interactions with POLRMT and PGC-1a) and post-

transcriptional (via direct RNA binding) processes controlling mRNA content (as discussed in Chapter 

2.2). Importantly, LRP130’s ability to bind and stabilize RNAs has been reported in both nuclear and 

mitochondrial fractions, thereby supporting LRP130’s potential to coordinate the expression of the 

nuclear and mitochondrial genomes 46.  

Unfortunately, existing human experiments (ref 51 and the work presented in Chapter 5) have 

failed to report increases in LRP130 expression following exercise and/or fasting, suggesting that 

LRP130 expression is unaffected by energetic stress in human muscle. An important caveat to these 

studies is that LRP130 expression was examined at a single time-point in acutely exercised human 

muscle, and this time-point was chosen based on peak exercise-induced changes in PGC-1a mRNA 1,38. 

As discussed in Chapter 2.1, the temporal patterns of nuclear- and mitochondrial-encoded gene 

expression are likely distinct from each other and from the expression patterns of transcriptional 

regulators such as PGC-1a or LRP130. In this regard, it is possible that changes in LRP130 expression 

may occur later into the recovery period in exercised muscle, thus highlighting the need to establish the 

time-course of mitochondrial biogenic mRNA expression in exercised human muscle. Nevertheless, the 

positive associations between basal LRP130 expression and indices of fiber-specific and whole-muscle 

mitochondrial content reported in Chapter 5, warrant further examination into LRP130’s importance for 

mitochondrial biogenesis in human muscle. 
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7.5 No evidence for a fasting-induced activation of mitochondrial biogenesis in human 

skeletal muscle 

The concept of a fasting-induced increase in skeletal muscle mitochondrial content is paradoxical 

given that mitochondrial biogenesis necessitates an increase in muscle protein synthesis, an energetically 

expensive process. It therefore seems counterintuitive for skeletal muscle to upregulate mitochondrial 

protein synthetic rates under energy deficient states, particularly when considering that mitochondrial 

respiratory capacity is well in excess of what is required even during maximal exercise. Although these 

arguments have been raised previously 374,375 the notion that fasting and caloric restriction promote 

mitochondrial biogenesis continues to prevail 324,332,376,377 despite little to no evidence for a fasting-

induced activation of mitochondrial biogenic pathways in human muscle (as detailed in Chapter 6). 

Nevertheless, since existing human studies have involved prolonged fasting periods (10-72 hours) we 

wanted to ascertain that potential transient activation of mitochondrial biogenic pathways had not been 

previously missed, as suggested previously 330,343. In line with the existing human literature, we found no 

evidence to support that the fasting-induced activation of the AMPK-SIRT1-PGC-1a pathway occurs in 

human skeletal muscle during the initial hours of fasting (Chapter 6). Moreover, skeletal muscle 

homeostasis appeared to be unaffected by the addition of whole-body energetic stress based on the 

absence of changes in energy-sensing signaling pathways, gene/protein expression, and substrate storage. 

Our observations combined with previous human studies involving prolonged fasting 339,340,342–346 

conclusive refute the notion that the activation of PGC-1α observed in fasted rodent muscle 324,332–334 

occurs in human skeletal muscle. 

 Although a fasting-induced activation of traditional mitochondrial biogenic pathways (e.g. PGC-

1a) was not apparent in the experiments detailed in Chapter 6, we unexpectedly observed a fasting-

induced increase in Nrf2 and NRF-1 protein expression. Although the functional importance of a fasting-

induced increase in Nrf2/NRF-1 is not apparent from our work, these observations support the coordinate 

regulation of these protein reported earlier in exercised human muscle (Chapter 4). Intriguingly, the 

upregulation of Nrf2/NRF-1 occurred in the face of decreasing levels of PGC-1a mRNA/protein raising 
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the possibility the increased Nrf2/NRF-1 expression represents a compensatory response to PGC-1a 

down regulation during fasting. Future work is required to elucidate the importance of a fasting-induced 

increase in Nrf2/NRF-1 expression in human muscle.  

7.6 Conclusion 

Taken together, the current dissertation highlights emerging regulatory pathways involved in 

mitochondrial biogenesis in human skeletal muscle. We hope that the work presented here promotes 

future study of these protein in order to expand our understanding of skeletal muscle adaptation and move 

beyond the simplistic notion of PGC-1a as the “master regulator” of mitochondrial biogenesis.  
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Appendix A 

Supplemental data 

 

 

Supplementary Figure 0-1. Changes in Nrf2, HO-1, NRF-1 and TFAM protein content in 3H-1,2-
dithiole-3-thione (D3T) treated HCT 116 cells (n=5). Note: A single group of cells was treated with 50 
µM D3T or DMSO control for 2, 4, and 24 hours. Based on an observable increase in Nrf2 protein 
expression at the 4-hour time-point, four additional groups of cells were treated with D3T or DMSO for 4 
hours and changes in protein content were quantified. * p<0.05; # p<0.10 versus DMSO control 
(Student’s t-test). 
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Supplementary Figure 0-2. Original unedited images of all blots used for the determination of Nrf2 
protein content in Part B. Note: A single clear band corresponding to the predicted molecular weight of 
Nrf2 protein (50-60 kDa) was observed in all blots performed using human skeletal muscle tissue 
homogenate and quantified for the determination of Nrf2 protein content. Lanes from left to right 
correspond to pre/post samples for each participant. All samples in blots 1-5 were run in duplicate, 
whereas each lane corresponds to a single sample (i.e. timepoint) in blot 6. 
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Supplementary Figure 0-3. List of primer sequences used for real-time PCR. 

Gene Forward primer (5′⟶3′) Reverse primer (5′⟶3′) 

PGC-1a CACTTACAAGCCAAACCAACAAC  CAATAGTCTTGTTCTCAAATGGGGA  

p53 CCAACAACACCAGCTCCTCT  CCTCATTCAGCTCTCGGAAC  

PDK4 CGGCTGGTGGGAAGACTTGA TGCCGCGGAGTGAAGAGTCT  

NFE2L2 GCAGTCATCAAAGTACAAAGC A  ACATCCAGTCAGAAACCAGTG  

SIRT1 AGAACATAGACACGCTGGAACA  CAAGATGCTGTTGCAAAGGAACC  

LRP130 TTAATGATACCTGCCGCTCAG AGCTTTAGTTCAGGCAAGAGAG  

TBP AGACGAGTTCCAGCGCAAGG  GCGTAAGGTGGCAGGCTGTT  
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Appendix B 

Ethics approval for acute exercise studies 

 

 
QUEEN'S UNIVERSITY HEALTH SCIENCES & AFFILIATED TEACHING HOSPITALS 
RESEARCH ETHICS BOARD (HSREB) 

HSREB Initial Ethics Clearance 

July 22, 2016  
 
Ms. Brittany Edgett  
School of Kinesiology & Health Studies  
Queen’s University   

ROMEO/TRAQ: #6018724  
Department Code: PHE-163-16 
Study Title: The effect of acute exercise on the time course of mitochondrial biogenesis in young 
healthy adults  
Co-Investigators:  Dr. B. Gurd 
Review Type: Delegated 
Date Ethics Clearance Issued:  July 22, 2016  
Ethics Clearance Expiry Date: July 22, 2017 

Dear Ms. Edgett,  
 
The Queen's University Health Sciences & Affiliated Teaching Hospitals Research Ethics Board 
(HSREB) has reviewed the application and granted ethics clearance for the documents listed below. 
Ethics clearance is granted until the expiration date noted above.   

x Protocol 
x Peer Review – 27 June 2016 
x Punch Biopsy Information Sheet 
x International Physical Activity Questionnaire (IPAQ) 
x Information/Consent Form – Version 2 

Documents Acknowledged:  

x Journal Article – Louis (2007) 
x CHRPP Certificate – B. Edgett 

Amendments: No deviations from, or changes to the protocol should be initiated without prior written 
clearance of an appropriate amendment from the HSREB, except when necessary to eliminate immediate 
hazard(s) to study participants or when the change(s) involves only administrative or logistical aspects of 
the trial. 

Renewals: Prior to the expiration of your ethics clearance you will be reminded to submit your renewal 
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report through ROMEO. Any lapses in ethical clearance will be documented on the renewal form.  

Completion/Termination: The HSREB must be notified of the completion or termination of this study 
through the completion of a renewal report in ROMEO.  

Reporting of Serious Adverse Events: Any unexpected serious adverse event occurring locally must be 
reported within 2 working days or earlier if required by the study sponsor. All other serious adverse 
events must be reported within 15 days after becoming aware of the information.  

Reporting of Complaints: Any complaints made by participants or persons acting on behalf of 
participants must be reported to the Research Ethics Board within 7 days of becoming aware of the 
complaint. Note: All documents supplied to participants must have the contact information for the 
Research Ethics Board.  

Investigators please note that if your trial is registered by the sponsor, you must take responsibility to 
ensure that the registration information is accurate and complete.  
 
Yours sincerely, 

 
Chair, Health Sciences Research Ethics Board  

The HSREB operates in compliance with, and is constituted in accordance with, the requirements of the 
TriCouncil Policy Statement: Ethical Conduct for Research Involving Humans (TCPS 2); the 
International Conference on Harmonisation Good Clinical Practice Consolidated Guideline (ICH GCP); 
Part C, Division 5 of the Food and Drug Regulations; Part 4 of the Natural Health Products Regulations; 
Part 3 of the Medical Devices Regulations, Canadian General Standards Board, and the provisions of the 
Ontario Personal Health Information Protection Act (PHIPA 2004) and its applicable regulations. The 
HSREB is qualified through the CTO REB Qualification Program and is registered with the U.S. 
Department of Health and Human Services (DHHS) Office for Human Research Protection (OHRP). 
Federalwide Assurance Number: FWA#:00004184, IRB#:00001173  

HSREB members involved in the research project do not participate in the review, discussion or decision.
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Ethics approval for training studies 
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Appendix D 

Ethics approval for fasting studies 
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Appendix A 

Fasting Ethics Approval 

  
  
QUEEN'S UNIVERSITY HEALTH SCIENCES & AFFILIATED TEACHING  
HOSPITALS RESEARCH ETHICS BOARD  
June 19, 2013  
  
Dr. Brendon Gurd  
School of Kinesiology and Health Studies  
Queen’s University  
  
Dear Dr. Gurd,   
  
Study Title:  The impact of short term fasting on exercise mediated changes in gene transcription 
and fatty acid oxidation.  
Co-Investigators:  Ms. B. Edgett  
Full Board Meeting Date:  May 13, 2013  
  
The members of the Queen's University Health Sciences & Affiliated Teaching Hospitals Research Ethics 
Board have examined the protocol, peer review, budget, signed directive, muscle biopsy information sheet 
and information/consent form for your project (as stated above) and consider it to be ethically acceptable. 
This approval is valid for one year from the date of this letter. Please attend carefully to the following list of 
ethics requirements you must fulfill over the course of your study:   
  
Reporting of Amendments: If there are any changes to your study (e.g. consent, protocol, study 
procedures, etc.), you must submit an amendment to the Research Ethics Board for approval.   
  
Reporting of Serious Adverse Events: Any unexpected serious adverse event occurring locally must be 
reported within 2 working days or earlier if required by the study sponsor. All other serious adverse events 
must be reported within 15 days after becoming aware of the information.   
  
Reporting of Complaints: Any complaints made by participants or persons acting on behalf of participants 
must be reported to the Research Ethics Board within 7 days of becoming aware of the complaint. Note: All 
documents supplied to participants must have the contact information for the Research Ethics Board.   
  
Annual Renewal: Prior to the expiration of your approval (which is one year from the date of the Chair's 
signature below), you will be reminded to submit your renewal form along with any new changes or 
amendments you wish to make to your study. If there have been no major changes to your protocol, your 
approval may be renewed for another year.   
Yours sincerely,  

  
Chair, Research Ethics Board  
Study Code: PHE-133-13Romeo #6008549  
Investigators please note that if your trial is registered by the sponsor, you must take responsibility to 
ensure that the registration information is accurate and complete   
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The membership of this Research Ethics Board complies with the membership requirements for Research 
Ethics Boards and operates in compliance with the Tri-Council Policy Statement; Part C Division 5 of the 
Food and Drug Regulations, OHRP, and U.S DHHS Code of Federal Regulations Title 45, Part 46 and 
carries out its functions in a manner consistent with Good Clinical Practices.   
  
Federalwide Assurance Number: #FWA00004184, #IRB00001173  

Current 2013 membership of the Queen's University Health Sciences & Affiliated Teaching Hospitals 
Research Ethics Board:   
  
Dr. A.F. Clark, Emeritus Professor, Department of Biomedical and Molecular Sciences, Queen's 
University (Chair)   
  
Dr. H. Abdollah, Professor, Department of Medicine, Queen's University   

Dr. R. Brison, Professor, Department of Emergency Medicine, Queen's University  
  
Dr. C. Cline, Assistant Professor, Department of Medicine, Director, Office of Bioethics, Queen's 
University, Clinical Ethicist, Kingston General Hospital  

Dr. M. Evans, Community Member   

Dr. C. Godfrey, Assistant Professor, School of Nursing, Queen's University  
  
Ms. J. Hudacin, Community Member  

Dr. J. MacKenzie, Pediatric Geneticist, Department of Paediatraics, Queen's University  
  
Mr. D. McNaughton, Community Member  
  
Ms. P. Newman, Pharmacist, Clinical Care Specialist and Clinical Lead, Quality and Safety, 
Pharmacy Services, Kingston General Hospital  

Ms. S. Rohland, Privacy Officer, ICES-Queen's Health Services Research Facility, Research 
Associate, Division of Cancer Care and Epidemiology, Queen's Cancer Research Institute  

Dr. B. Simchison, Assistant Professor, Department of Anesthesiology and Perioperative Medicine, 
Queen's University  
  
Dr. A. Singh, Professor, Department of Psychiatry, Queen's University  

Ms. W. Weisbaum, LL.B. and Adjunct Instructor, Department of Family Medicine (Bioethics)  
  
 


