
 

 

 

 

 

INVESTIGATING THE TIME-DEPENDENT EFFECTS OF 
SULFORAPHANE, UROLITHIN A, AND ZLN005 AS INDUCERS OF 

MITOCHONDRIAL TURNOVER IN MUSCLE 
 

 

 

NEUSHAW MORADI 
 

 

A THESIS SUBMITTED TO THE FACULTY OF GRADUATE STUDIES IN PARTIAL FULFILLMENT OF 
THE REQUIREMENTS FOR THE DEGREE OF 

 

MASTER OF SCIENCE 

 

GRADUATE PROGRAM IN KINESIOLOGY AND HEALTH SCIENCE 

 

YORK UNIVERSITY 

TORONTO, ONTARIO 

 

 

OCTOBER 2022 

 

 

	©	NEUSHAW MORADI 2022 

 



 ii 

ABSTRACT 

The mitochondrial profile of skeletal muscle is a strong determinant of whole-body 

metabolic health. The overarching mechanisms that contribute to organelle maintenance and 

optimal function involve their production, preservation, and recycling. Impairments in the vast 

connections between these mechanisms have been reported to develop because of poor signal 

transduction, thus leading to complications in mitochondrial content and function, resulting in 

a catabolic phenotype. While the importance of these mechanisms is uncontested, their 

characterization continues to unfold. We pursued three agents, Sulforaphane, Urolithin A, and 

ZLN005, which have been partially recognized in their ability to induce the Nrf-2/ARE 

antioxidant system, mitophagy, or mitochondrial biogenesis, respectively. As a novel 

approach, we sought to add to their characterization by examining the time-dependent effects 

on mitochondrial refreshment using an in vitro model of skeletal muscle following treatment. 

Our data indicate the potential of these agents, either alone or in combination, to improve 

mitochondrial homeostasis in muscle.  
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1.0 The Role of Mitochondria in Skeletal Muscle 

Cellular respiration is an evolutionarily conserved process carried out by virtually all 

known eukaryotic organisms to sustain their function, maintain homeostasis, and adapt to the 

energy demands brought on by metabolic or environmental stressors. The mitochondrion is the 

exceptional organelle responsible for this stunning yet complex procedure, using anaerobic 

(pyruvate, TCA cycle) and aerobic systems (oxidative phosphorylation) to generate adenosine 

triphosphate (ATP), the metabolic currency that drives a plethora of cellular processes for 

survival. ATP fuels most of the biological pathways that sustain broad and important functions, 

such as muscle contraction, neural action potential propagation, photosynthesis, and protein 

synthesis [1-5]. Therefore, the mitochondrial phenotype can differ between cell or tissue types 

as the volume of ATP required changes with respect to functional and metabolic demands [5-

6]. 

While the organelle can differ in size, morphology, and content between tissues [5,7-9], 

mitochondrial plasticity is arguably most animated in skeletal muscle, owing to the varying 

energy demands from movement and locomotion. Further, the mitochondrial profile observed 

in skeletal muscle is a direct determinant of not only its endurance capacity, but also its 

capability to adapt to the metabolic or environmental insults against the cell [10-12]. 

Exceptional and unfaltering research has shown that regular endurance exercise can enhance 

the mitochondrial pool in skeletal muscle to 1) develop a reticular morphology that is higher in 

content compared to untrained muscle [13-15], 2) tightly couple oxidative phosphorylation 

(OXPHOS) with ATP generation [16-17], and 3) attain physical proximity to other 

mitochondrial reticula and myofibres for efficient substrate exchange [18-19]. Together, these 

equip the cell with the metabolic foundation to effectively perform under duress and achieve 

enhanced basal respiration and homeostasis at rest. Meanwhile, physical inactivity and aging 

have been found to impair the signaling cascades that govern mitochondrial dynamics and 



 3 

turnover, thus compromising the reticulum, impairing function, and shifting the cell’s 

equilibrium to favour a catabolic phenotype [5,8-9,13,20-22].  

While it is important to acknowledge the integral role of mitochondria in all cell and tissue 

types within the eukaryotic domain, this review of literature will focus on mammalian skeletal 

muscle mitochondria and discuss the shifts in their milieu following exercise and aging. The 

review will also explore some nutraceutical and pharmaceutical agents that have been 

developed and enhanced to target important pathways that govern the mitochondrial profile in 

skeletal muscle. Together, these discussions may illuminate the portrayal of the mechanisms 

and targets of redundant signaling pathways to rescue skeletal muscle health during conditions 

that require therapeutic interventions. 

1.1 Mitochondrial Turnover 

The primary systems which contribute to the refreshment of the mitochondrial pool are 

mitochondrial biogenesis, mitochondrial autophagy (hereafter referred to as mitophagy), and 

antioxidant capacity. In the following section, an overview of their relevant signaling pathways 

with respect to endurance exercise and skeletal muscle will take place. Changes to their efficacy 

following signaling enhancements or impairments will be discussed in a later section (See 

Section 1.2). 

1.1.1. Mitochondrial Biogenesis 

Under healthy conditions, a series of events dedicated to the transcription, translation, 

import, and correct assembly of specific proteins upon the call for mitochondrial production 

takes place, referred to as mitochondrial biogenesis [23-25]. The physiological or 

environmental stimuli that may trigger biogenesis at the transcriptional level include exercise, 

cold temperatures, or cellular stress [26-29]. These primary signals can activate second 

messengers such as calcium (Ca2+), ATP, NAD+, cyclic AMP (cAMP), and reactive oxygen 
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species (ROS), which can initiate the cascade of different molecular transducers, such as 

signaling kinases, that will prompt the nuclear localization of transcriptional coactivators and 

transcription factors for the genetic transcription of nuclear genome-encoded mitochondrial 

proteins (NuGEMPs) [5]. These kinases converge and contribute to the activation of the 

meticulously studied peroxisome proliferator-activated receptor gamma co-activator 1-alpha 

(PGC1α), an integral responder to physiological signals for energy demand, predominantly 

with exercise [5,26,30]. This master regulator of mitochondrial biogenesis undergoes many 

transcriptional, subcellular, and post-translational modifications in skeletal muscle. Those 

concerning energy deprivation, however, are its direct phosphorylation by the 5' adenosine 

monophosphate-activated protein kinase (AMPK) [31] and deacetylation by the NAD+-

dependent protein deacetylase, Sirtuin 1 (SIRT1) [32]. Respectively, these enable the nuclear 

localization of PGC-1α whilst maximizing its transcriptional coactivation capabilities.  

A plethora of transcription factors can associate with PGC-1α to relay the signal cascades 

dedicated to thermogenesis in adipose tissue, gluconeogenesis in the liver, and fibre-type 

switching in skeletal muscle [26]. However, those pertaining mitochondrial bioenergetics, and 

specifically biogenesis, include mitochondrial transcription factor A (TFAM), nuclear 

respiratory factor (NRF)-1 and NRF-2, and estrogen-related receptor alpha (ERRα) [26,33-34], 

which transcribe mitochondrially committed mRNA. Indeed, mitochondria contain their own 

circular DNA (mtDNA), which are predominantly transcribed by TFAM, a regulator of 

mtDNA transcription. Despite its obvious contribution to mitochondrially-related gene 

transcription, mtDNA contributes less than 1% of the total mitochondrial proteins, with 37 

genes comprising 13 essential respiratory chain components along with 22 tRNAs and 2 

rRNAs, [35]. Therefore, the mechanism by which mitochondrial proteins are transcribed and 

translated is regulated through the collaboration of both the mitochondrial and nuclear 

genomes, with the majority of proteins originating from outside of the mitochondrion. Thus, 
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handling of these precursor proteins is integral to the expansion of the mitochondrial pool, with 

the remainder provided by the nucleus. There exists a complex cascade of events that allow the 

products of either genome to shuttle to, and integrate within, the mitochondrion to facilitate in 

reticular expansion of the organelle. Following translation in the cytosol of the transcribed 

mRNA, and depending on their intended function, the unfolded precursor proteins cross the 

mitochondrial membranes by interacting with protein translocases. While integral in their 

contribution to mitochondrial biogenesis, discussions surrounding the ATP-dependent protein 

import machinery (PIM) are beyond the scope of this review. However, two recent and 

excellent reviews on this subject have been made available by Wiedemman et al. [36] and 

Kummer et al. [37]. Altogether, these mechanisms expand the mitochondrial network in 

skeletal muscle through the recruitment of mitochondrial fusion proteins Opa1 and Mfn1/2 and 

a concomitant reduction in fission protein Drp1 and Fis1 [5,18,22,38], thus creating a 

proportionate capacity for energy supply following greater energy demand. 

While the dependence and focus on PGC-1α within the context of exercise-induced 

mitochondrial changes are evident in many studies, some have challenged its requirement for 

mitochondrial biogenesis. Often using knockout models, some studies have reported that 

changes to the mitochondrial pool can occur with exercise even in the absence of PGC-1α [39]. 

A potential confounding variable for these interpretations may be how knockouts are generated 

as residual splice variants of PGC-1α may be left intact to perform auxiliary functions [40]. 

With the advent of gene editing technology, it may now be possible to tailor specific deletions 

to PGC-1α, its isoforms, and family members to uncover their specific roles or possible 

redundancies that may influence these contradictory observations. 

Indeed, it is imperative to acknowledge that other regulatory markers contribute to 

mitochondrial biogenesis in tandem with PGC-1α, especially considering that its functions in 

certain respects can be redundant. One example is the master regular of cellular antioxidant 
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response, nuclear factor erythroid 2-related factor 2 (Nrf-2), which will be discussed in detail 

pertaining to its mechanism and relevant antioxidant capacity in Section 1.1.3). In this context, 

however, Nrf-2 is also capable of binding to antioxidant response element (ARE) regions of 

NuGEMP promoters, including that of the NRF-1 gene [41,42] and potentially TFAM gene 

[41,43]. A recent study also demonstrated that Nrf-2 deficiency in middle aged and old mice 

showed significantly lower mRNA expression for NRF-1, TFAM, and PGC-1α, but no 

significant changes in young knockout mice [44]. A shift in mitochondrial dynamics to favour 

fission and fragmented reticula via increased Drp1 content also occurred under these 

conditions. Finally, reduced SDH staining as an indication of impaired complex I activity 

alongside reduced mtDNA copy number demonstrated the functional impact on mitochondria, 

as well [44]. Together, these fortify the relationship between not only Nrf-2 as a regulator of 

mitochondrial biogenesis signaling, but also the accelerated decline of important mitochondrial 

markers following Nrf-2 deficiency with age, despite the presence of PGC-1α. 

Indeed, mitochondrial biogenesis is an invaluable contributor to the turnover, maintenance, 

and regulation of mitochondria in skeletal muscle. The pillars underneath this arc include 

mitochondrial content, composition, and dynamics, which can be improved or impaired, 

depending on the stimulus. The optimization of this mechanism relies on the availability of 

redundant markers as well as the tight regulation between the other arcs dedicated to 

mitochondrial turnover, thus beginning the next discussion on the efficient removal of 

suboptimal mitochondria. 

1.1.2 Mitophagy: The Autophagosome-Lysosome Pathway 

The next integral contributor to mitochondrial homeostasis is the selective degradation 

of dysfunctional mitochondria, termed mitophagy [5]. In addition to impaired biogenesis, 

aging, disuse, or myopathies exemplify the incapacity to clear poor functioning mitochondria. 
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This leads to toxic levels of ROS in these poorly respiring mitochondria, increased oxidative 

stress, and further to the impairment of skeletal muscle health, reduced protein synthesis 

[5,8,18,22]. Beneficial stimuli such as exercise, however, can enhance mitophagy in a skeletal 

muscle system [45,46] as this relieves the insult from ROS and enables refreshment of the 

mitochondrial pool. The following section will describe the mitophagy pathway and highlight 

important takeaways from the literature that demonstrate its relationships with PGC-1α and its 

roles beyond mitochondrial biogenesis. 

In addition to its many roles in cellular metabolism, AMPK is also an activator of 

mitophagy through the phosphorylation of the outer membrane receptor, Mitochondrial Fission 

Factor (MFF), thus recruiting Dynamin Related Protein 1 (Drp1) and Fission Protein 1 (Fis1), 

to facilitate mitochondrial fragmentation, and subsequently proceed through the mitophagy 

system [8,45,47]. In healthy, unstressed mitochondria, PTEN-induced kinase-1 (PINK1) is 

regulated post-translationally by translocating across the mitochondrial membranes with the 

help of PIM, where PINK1 is cleaved in the matrix by mitochondrial processing peptidase 

(MPP) and presenilin-associated rhomboid-like protein (PARL) in the inner mitochondrial 

membrane (IMM). The cleaved PINK1 then dissociates from the mitochondrion and heads for 

rapid degradation by the ubiquitin-protease system. Disruption and reduction of mitochondrial 

membrane potential (∆Ψ), however, promotes stabilization of PINK1 on the outer 

mitochondrial membrane (OMM) through its interaction with translocase of the outer 

membrane (TOM), without interacting with the MPP-PARL cleaving complexes. PINK1 can 

then homodimerize and autophosphorylate to serve as an active kinase capable of 

phosphorylating and activating Parkin, an E3 Ubiquitin Ligase, as well as Ubquitin (Ub), a 

mitochondrial tag, to the targeted mitochondrion. Parkin attains full activation upon binding to 

phospho-Ub and executes its role in building poly-Ub chains on other target proteins on the 

OMM [5].  
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The adaptor protein, sequestosome 1 (SQSTM1) or p62, plays an important role in the 

recognition of, and binding to, ubiquitinated cargos. This occurs alongside simultaneous 

autophagosomal development by way of PI3K-mediated activation of PI3P, which activates 

the two Ub-like systems: Atg8 and Atg12 conjugating systems, forming a growing vesicular 

phagophore/autophagosome. Embedded in this double-membrane vesicle is one of several 

Atg8 family proteins: microtubule-associated protein 1A/1B-light chain 3 (LC3)-II. Following 

lipidation of its inactive precursor LC3-I, LC3-II anchors to p62 and facilitates the engulfment 

of the Ub-tagged mitochondrion [47-49]. Microtubules then facilitate the occupied 

autophagosome’s transportation to the lysosome for fusion and organelle degradation [49]. 

Autophagosome-lysosomal fusion occurs by way of Rab and Arf small GTPase protein 

families. Their GTP-bound active membrane state (compared to their GDP-bound cytosolic 

state) enables recognition by effector proteins such as SNAREs, SM (Sec1/Munc-18) proteins, 

coat proteins, and motors to facilitate fusion [49]. In other types of autophagy pathways, such 

as with chaperone mediated autophagy, the transmembrane protein lysosome-associated 

membrane proteins (LAMP)-1 and -2 are said to aid in entry of the target protein into the 

lysosome for degradation. The product of autophagosome-lysosomal fusion is termed the 

autolysosome [50,51].  

Alternatively, mitophagy can be initiated independent of PINK1 and Parkin, in receptor 

mediated pathways. BCL2/ adenovirus E1B interacting protein (BNIP3) and NIX are both 

receptors found on the outer mitochondrial membrane, previously described for their roles in 

apoptosis, have recently been shown to flag dysfunctional organelles for degradation [5,50]. 

Both BNIP3 and NIX contain LC3 interacting domains, which allow the engulfment of the 

damaged organelle by the growing autophagosome [51]. Therefore, mitophagy is a complex 

process that can be initiated by several independent pathways that strives to recycle 

dysfunctional mitochondria and ideally preserve the mitochondrial reticulum.  
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Similar to mitochondrial biogenesis, mitophagy can be stimulated during various 

external or environmental stressors. Exercise for example, can induce both mitochondrial 

biogenesis as well as mitophagy. In this context, the depletion of energy alters the ADP:ATP 

ratio thereby activating AMPK. Recently, it has been proposed that PGC-1α and TFEB (a 

member of the MiT regulatory family that promote lysosomal biogenesis) are correlated, thus 

likely coordinating and regulating their expression and activity [52]. A whole-body KO model 

of PGC-1α in mice not only showed reductions in mitochondrial biogenesis but also attenuated 

mitophagy flux when paired with denervation, thus reducing the capacity for targeting and 

removing dysfunctional mitochondria. Additionally, while LC3-II and p62 mitochondrial 

localization were reduced, PGC-1α overexpression still increased lysosomal capacity. This 

suggests that the two dichotomous processes that regulate mitochondrial turnover are highly 

correlated and coordinated at the upstream signaling levels that typically lead to mitochondrial 

biogenesis and mitophagy [52]. Furthermore, recent evidence showed that PGC-1α 

overexpression via in vivo transfection in young female mice following remobilization after 

two weeks of immobilization resulted in improved fusion and reduced ROS, despite attenuated 

levels of mitophagy proteins [53]. The coordination between PGC-1α and markers of 

mitophagy appears to be bidirectional, as Parkin overexpression in young and old mice has 

been found to increase PGC-1α content, mitochondrial density, reduce oxidative stress, and 

even induce hypertrophy [54]. Finally, the exercise-induced improvements in mitochondrial 

regulation, flux, and content were all attenuated in PGC-1α KO mice [52], fortifying the 

crosstalk that occurs between these markers of mitochondrial turnover. 

The fascinating coordination that occurs bidirectionally between PGC-1α and markers 

of mitophagy suggest that its roles as a master regulator exceed those of just biogenesis as it 

contributes ubiquitously to mitochondrial homeostasis. While its absence does not abolish the 

signaling pathways for mitophagy, it is evident that these conditions can nevertheless disrupt 
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the efficiency of mitochondrial turnover, thus impacting the tight-knit regulation between 

biogenesis and mitophagy in healthy skeletal muscle. Whilst the utility of mitophagy is 

indisputable, the electrochemically coupled system integrated in the electron transport chain 

(ETC) concentrates the hub of ROS accumulation. Therefore, it is possible that triggering 

mitophagy each time there is a sign of elevated ROS can exhaust the cell and perhaps render 

inefficient mitochondrial regulation. Thankfully, intrinsic scavengers and antioxidant 

mechanisms are in place to attenuate elevated ROS under conditions where the mitochondrion 

is salvageable. 

1.1.3 Mitochondrial Preservation via Antioxidant Response 

Excessive electron backpressure and overwhelmed chemiosmotic gradients at the 

electron transport chain delegate the production of free radicals that, at toxic levels, can disrupt 

efficient OXPHOS, induce lipid peroxidation, and damage DNA and proteins, thus severely 

compromising cellular homeostasis and viability [55]. Mitochondria are primary sources of 

intracellular ROS production, as well as the culprits for the intracellular damage borne of 

excess ROS. Interestingly, and perhaps paradoxically, moderate levels of ROS are essential for 

the maintenance of cellular homeostasis [56-57], owing to their capacity to trigger antioxidant 

pathways that can attenuate intracellular damage, and preserve mitochondrial function. In fact, 

many disease states are borne of excessively suppressed ROS, thus requiring caution within 

the medical field when developing mitochondrially targeted therapeutics [58-60]. 

The ETC of the mitochondrion is comprised of five enzyme complexes and two electron 

carriers. The designations of the complexes are: Complex I, or NADH: ubiquinone reductase; 

Complex II, or FADH: succinate ubiquinone reductase; Complex III, or cytochrome c 

reductase; Complex IV, or cytochrome c oxidase, or NADH dehydrogenase; and Complex V, 

or F0F1ATP synthase [61-62]. Metabolism of free fatty acids (FFA) or glucose for bulk energy 
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production occurs at this formidable assembly, located on the inner mitochondrial membrane. 

Prerequisite steps to metabolize these fuels take place via fatty acid oxidation or glycolysis, the 

remaining substrates for which then localize to the mitochondrial matrix via carriers specific 

to each fuel type. Here, FFAs can undergo further processing via β-oxidation. These 

biochemical reactions ultimately produce the key intermediate, Acetyl-CoA, which can enter 

the tricarboxylic acid (TCA) cycle, or Krebs’ Cycle to produce NADH and FADH2. These 

substrates donate their electrons to the ETC at Complex I or II, respectively, upon which a 

cascade of redox reactions coupled with proton pumping take place to build the protonmotive 

force and potential energy that drives ATP synthesis. Excellent reviews from 2019 and 2021 

describe the biochemical redox reactions that occur between and within each complex [61-62].  

Mitochondria respond very well to ATP demand, driven by the presence of the rate-

limiting substrate, free ADP (ADPf). Alongside inorganic phosphate (Pi), it is liberated from 

the reaction that breaks down ATP, which takes place in the cytoplasm from varying ATPases 

including the Na+/K+ ATPases in cell membranes, sarcoplasmic reticulum ATPases that help 

in Ca2+ reuptake, and myosin ATPases following muscle contraction. The F0F1ATP synthase 

or Complex V responds strongly to a demand for ATP, as ADPf must be present in the matrix 

for the enzyme to carry out its function. Therefore, under conditions where there is a low 

demand for ATP, as a result of reduced muscle contraction, loss of substrate, or poor signaling, 

the remaining complexes in the ETC will continue to conduct their electron transfer and build 

the proton gradient without its main source of dissipation, thus inducing “backpressure” [63] 

upon the ETC and inhibiting efficient coupled respiration [63]. Leaky uncoupling proteins can 

help dissipate the potential energy to generate heat and can allow for a slowed rate of oxygen 

consumption, but do not produce ATP. Therefore, the slower moving electrons can heighten 

the possibility of their escape from the ETC to instead react with electrophilic superoxide 

anions, ultimately forming ROS.  
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Although there are few explanations as to what threshold of ROS, or duration of ROS 

exposure, warrants mitophagy or even apoptosis, it is important to acknowledge that ROS 

production in skeletal muscle represents a continuum, wherein oxidative stress is continually 

present [64]. Therefore, it would be reasonably counterproductive to trigger extreme forms of 

mitochondrial quality control and disrupt the mitochondrial reticulum during reversible 

conditions of moderately-increased ROS levels, particularly given that they bode certain 

benefits to cell survival. These can activate redox signaling pathways that aid in the 

preservation of the mitochondria during conditions of elevated metabolic stress. 

Moderate levels of ROS can promote proliferation, differentiation, and angiogenesis, 

alongside the activation of redox-sensitive antioxidants. While other processes that mitigate 

ROS-induced genomic instability, inflammation, or hypoxia are indispensable, this review will 

focus on the antioxidant response mediated by Nrf-2 and the Keap1/ARE axis as the 

predominant regulator of redox homeostasis at the transcriptional level. During homeostatic 

cellular conditions, the transcription factor Nrf-2 is sequestered in the cytoplasm by its negative 

regulator and homodimer, Kelch-like ECH-associated protein 1 (Keap1). Keap1 binds with an 

E3 ligase, Cullin3 (Cul3) and operates as the adaptor for the Cul3-Rbx1 ligase-mediated 

ubiquitination of Nrf-2. The transcription factor contains six distinct domains, which contribute 

differently towards its binding, transactivation, or functional repression. The domain 

concerning the predominant regulation of Nrf-2 activity is the Neh2 domain, containing an 

array of seven lysine residues upon which strong Ub-tagging takes place for its proteasomal 

degradation. The Neh2 domain is also characterized by its low affinity DLG motif and high 

affinity ETGE motif, which are bound to either molecule of the Keap1 dimer. The 

intermolecular affinities between Keap1 and Nrf-2 depend on these motifs as the hydrophobic- 

and hydrogen-binding DLG presents a lower affinity to the Keap1 double glycine (DC) COOH 

domain, compared to the strong hydrogen binding alone that occurs at the ETGE.  
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The Keap1-Nrf-2 complex serves as an electrophile sensor and antioxidant effector, 

respectively. Indeed, elevated ROS affect the integrity of the intermolecular bond between the 

Keap1 DC domains and the Nrf-2 Neh2 domain, thus inducing conformational changes upon 

the Keap1 homodimer that will allow Nrf-2 to carry out its response to a stressed cell. These 

occur by modifying the highly reactive cysteine residues on Keap1, particularly C151, which 

are sensitive to redox disturbance. These reactions preserve Nrf-2 binding at the high affinity 

ETGE motif but compromise it at the DLG motif, thus coining the “hinge and latch” concept, 

respectively. This ceases the Keap1-mediated sequestration and ubiquitination of nascent Nrf-

2, thus bypassing Keap1, and enabling its accumulation in the cytoplasm and translocation to 

the nucleus. Obligatory heterodimerization with small Musculo-aponeurotic fibrosarcoma 

(sMaf) proteins take place with Nrf-2 to secure DNA binding at the ARE regions of promoters 

found upstream of phase II detoxification enzymes, including Nicotinamide Quinone 

Oxidoreductase 1 (NQO1) and Heme Oxygenase-1 (HMOX1, HO-1). Their gene expression is 

potently upregulated following elevated ROS and subsequent Nrf-2 activation [65-66]. In fact, 

NQO1 is especially dependent on Nrf-2-mediated signaling, as KO models of the transcription 

factor abolish its protein content [67]. Evidently, the Nrf-2-ARE pathway earns its position 

among mitochondrial biogenesis and mitophagy as a major contributor to mitochondrial 

turnover due to its complex and dynamic provision of antioxidant-mediated mitochondrial 

protection.  

Interestingly, the contributions of Nrf-2-related antioxidant enzymes within skeletal 

muscle mitochondria may be more indirect than anticipated, despite their importance in 

preventing many disease states including type II diabetes and metabolic syndrome borne of 

mitochondrial dysfunction [68-69]. For example, examination of subcellular localization of 

NQO1 and HO-1 are scarce in the literature, although some have pointed to their cytosolic 

residence [70-71]. In other words, these markers do not appear to partake in feedback 
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mechanisms that directly target elevated intramitochondrial ROS levels. This is perhaps due to 

the sufficient scavenging and neutralizing capacities of markers including superoxide 

dismutase (SOD), catalase, and glutathione peroxidase (Gpx) [72]. Thankfully, recent literature 

point to the preserving roles of the antioxidants on upstream regulators that govern 

mitochondrial turnover and maintain oxidative fibre types in skeletal muscle, thus refining the 

mitochondrial pool for cellular survival and ultimately reducing ROS.   

Alongside the brief discussion that revealed a correlation between Nrf-2 and PGC-1α 

content (Section 1.1.1), previous literature posits NQO1 as the protector of this transcriptional 

coactivator from proteasomal degradation by default (Ub-independent), thus proceeding with 

its co-regulatory roles. A 2013 study [32] showed that PGC-1α is an intrinsically disordered 

protein which does not contain complex tertiary or quaternary structures in its active form. The 

20S proteasome, lacking a 19S subunit, targets unfolded proteins to undergo degradation by 

default, and PGC-1α is no exception. Interestingly, NQO1 binds to PGC-1α in an NADH-

dependent manner, allowing it to bypass the 20S proteasome and undergo the AMPK/SIRT1-

mediated post translational modifications that prime its regulatory roles [32]. A later study in 

2021 [73] showed that NQO1 also directly binds SIRT1 to support its function as a deacetylase, 

as NQO1 depletion resulted in its reduced function. Although thorough evidence of the 

mechanistic activities that favour SIRT1-NQO1 binding have yet to emerge, a possible 

explanation provided points to NAD+ hydrolysis being an essential step in the SIRT1 

deacetylation reaction. Indeed, as an oxidoreductase, NQO1 is highly active in high 

concentrations of NAD(P)H, which can be oxidized to NAD(P)+, thus providing the necessary 

substrate for SIRT1-mediated deacetylation [73]. 

Heme oxygenase-1 or HO-1 is an integral enzyme that safely metabolizes free heme 

released intracellularly as a result of the microtraumas that can occur in skeletal muscle during 

and following aerobic exercise [74]. Free heme is capable of single-electron reduction thus 
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synthesizing ROS including semiquinones and electrophiles, leading to cytotoxicity if in 

excess. The serum heme scavenger Hemopexin 1 and HO-1 localize and metabolize free heme 

in skeletal muscle, respectively, to avoid toxic levels of heme production, and control ROS 

production. It is, therefore, fitting that an HO-1 KO model impairs heme metabolism and 

elevates ROS, in addition to the induction of muscle atrophy and altered motor performance, 

in young mice [75]. Mitochondrial function and fatigue resistance were also impaired, owing 

to the shift from an oxidative to a glycolytic phenotype in these skeletal muscle mitochondria. 

Finally, satellite cell recruitment, cell differentiation, and structural integrity sealed the 

accelerated muscle wasting phenotype under these KO conditions [75]. Altogether, the Nrf-2-

ARE mechanism evidently contributes to mitochondrial preservation and turnover in a much 

more ubiquitous manner to monitor and refine the mitochondrial pool at the transcriptional 

signaling level, in tandem with the direct ROS targeting factors that perform their acute 

intramitochondrial functions. 

1.2 Mitochondrial Signaling Enhancements and Impairments 

In healthy muscle, the presence of redundant mechanisms can preserve or modify the 

signaling required to maintain homeostasis or at least prevent a steep shift in the equilibrium 

that may favour a catabolic phenotype. Indeed, the fundamental determinants that govern these 

metabolic decisions are the ratio between energy supply versus energy demand, followed by 

the adequate signaling that can honour the appropriate metabolic response. The following 

section will discuss exercise, aging, and pharmacological interventions as they induce a 

metabolic response by influencing these fundamentals. 

1.2.1 Exercise: The Ultimate Stimulus for Redundant Pathway Activation 

Over 55 years of research has unanimously uncovered that exercise is muscle 

mitochondrial medicine. Some of the pioneering work was initiated by the late Dr. John O. 

Holloszy who published a ground-breaking paper in 1967 showing that endurance training 
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increased muscle oxygen consumption as a result of mitochondrial biogenesis [75]. Over time, 

it has also been shown that engaging in regular aerobic exercise improves insulin sensitivity, 

maintains muscle mass, regulates cardiovascular health, and even rescues the crosstalk between 

important mechanisms of mitochondrial turnover that are otherwise compromised with aging, 

disuse, or disease [5,46,76-77].  

During aerobic exercise, ATP is metabolized to support the physical activity that is 

taking place, including muscle contraction and oxidative phosphorylation. This elicits a 

growing volume of ATP demand by the physiological system in order to continually support 

the exercise for the duration that it is conducted. Depending on the type, intensity, duration, 

frequency, and length of a training paradigm [78], this can result in adaptations that can endure 

a higher energy demand. 

Patterns of metabolism as exercise adaptations continue to develop over a given period 

also evolve as the mitochondrial pool becomes better sensitized to exercise signals. That is, 

training requires less of a metabolic disturbance to achieve the same volume of ATP as 

sedentary cohorts [79]. The tight-knit coordination that comes about with increased and better 

respiring mitochondria allows for the sparing of metabolites such as phosphocreatine and 

glycogen, reduced AMP requirements, and improved lactate threshold. Indeed, increases in 

mitochondrial content are partnered with denser cristae and more ETCs to attain this metabolic 

efficiency. Changing and maintaining a tight mitochondrial composition requires formidable 

amounts of training to achieve, but it warrants appreciating the difference in fitness between 

individuals with a high mitochondrial content alone and those with a denser composition, as 

well [80-81].  

Exercise is a major activator of all three mechanisms discussed in this review, with a 

particular emphasis on its ability to enhance the drive for mitochondrial biogenesis. 
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Interestingly, mitochondrial content was preserved in a skeletal muscle specific double (D)KO 

of PGC-1α and β in muscle tissue and cultured myotubes, but respiratory capacity is impaired 

as significant reductions in complexes I-V content and capacity were observed [82]. Electron 

microscopy (EM) images surprisingly showed preserved cristae density with the DKO [82], 

although they appear disorganized, which may have implications for impaired ETC assembly, 

as well. As such, marked reductions in the mRNA expression and protein content of the ETC 

subunits were paired with significant declines in maximum oxygen consumption rate [82]. 

Subjecting the DKO mice to an exhaustive exercise protocol showed incredible reductions in 

time, work, and distance to exhaustion. Therefore, it is becoming increasingly recognized that 

mitochondrial function, and potentially composition, can be changed without influencing 

mitochondrial content. These go hand-in-hand with increased ROS levels with exercise. ROS 

are key stimulants of exercise-induced skeletal muscle adaptations due to the activation of 

integral antioxidant enzymes and PGC-1α, Nrf-2, and NF-kB [83]. Consequently, redox 

sensitive kinases including AMPK and p38 MAPK can initiate these antioxidant responses 

with a particular emphasis on Nrf-2-mediated signaling. Nrf-2 KO mice showed not only 

impaired PGC-1α expression, but also reductions in the expression of intramitochondrial ROS 

scavengers including SOD2 and catalase [43]. 

Acute exercise can also increase mitophagy and mitophagy flux, thus contributing to 

the efficient clearance of fragmented mitochondria in the cell.  It is important to note that 

mitophagy can be activated in receptor dependent and independent manners. The 

PINK1/Parkin system has occupied the spotlight, but a growing body of literature surrounding 

the latter mitophagy system shows interesting implications for stress-dependent exercise-

mediated mitochondrial clearance. For example, a more moderate bout of acute exercise-

induced mitophagy was recently found to not involve PINK1 in the skeletal muscle of young 

sedentary mice, despite successful mitochondrial clearance [84]. However, studies that 



 18 

chronically administered their exercise protocol showed PINK1 stabilization and subsequent 

mitophagy [85,86]. Interestingly, with chronic training, the increase in PGC-1α that is typically 

observed in wild type mice was blunted with a Parkin KO, despite increased mitochondrial 

content [8], further suggesting the presence of redundant mechanisms to compensate for 

impaired transcriptional signaling. However, mitochondrial respiration was also blunted, and 

training could not attenuate ROS production. While acute exercise increases mitophagy flux, 

chronic training results in an adaptive response that attenuates the magnitude of mitochondrial 

targeting that is required due to the enhanced regulation of mitochondrial turnover. The Parkin 

KO, however, maintained elevations in mitophagy flux despite chronic training, likely due to 

elevated ROS [8]. Further to the importance of upstream signaling kinases that govern 

mitochondrial turnover, it was recently uncovered that specific isoforms of AMPK directly 

bind to the OMM (mitoAMPK) in skeletal muscle to mediate mitophagy [45]. In fact, acute 

exercise following competitive inhibition of mitoAMPK resulted in mitochondrial reticulum 

expansion but blunted mitophagy, suggesting a regulatory role of mitoAMPK that is specific 

to mitophagy [45]. While the signaling activity with endurance exercise is well established in 

healthy muscle, continued investigations are underway to characterize how exercise-induced 

preservation or rescuing takes place under conditions of altered redox sensing with aging, 

disuse, or disease. 

1.2.2 The Decline in Mitochondrial Health with Aging 

A plethora of metabolic signaling pathways contribute and compensate to refreshing 

the mitochondrial pool, attributing to the plasticity of the organelle. With aging, however, these 

mechanisms are often downregulated or impaired, thus compromising mitochondrial function, 

and overall skeletal muscle health. Sarcopenia is a typical characteristic of aging in skeletal 

muscle that manifests as a result of the intrinsic decrements in signal transduction, as well as 

physical inactivity or hospitalization, leading to progressive skeletal muscle loss and weakness 
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[5,87,88]. With aging, the progressive skeletal muscle wasting phenotype represents vast 

deviations from the tightly regulated cellular and molecular systems that typically equilibrate 

mass and strength in young muscle. Indeed, mitochondria are central culprits to the catabolic 

shifts in aged skeletal muscle, not only due to their reduction in content, but also the overall 

decline in respiratory capacity in the mitochondrial pool that remains, due to compromised 

turnover [88-89]. As mitochondrial derangements play a key role in the progression of 

sarcopenia, it is important to understand these shifts in mitochondrial regulation and the 

processes that determine the changes in content and function within muscle with age.  

Electron micrographs from aged rodent muscle reveal that SS and IMF mitochondrial 

contents are both reduced and fragmented [90]. In aged human muscle, these decrements are 

reflected by changes in maximal oxygen uptake and oxidative enzyme activities [91]. 

Progressive declines in mitochondrial energy metabolism and mitochondrial dynamics at both 

the transcript and protein levels have also been observed [90,92-93]. These changes were 

highly associated with a reduction in muscle mass due to increased emission of pro-apoptotic 

factors and myonuclear decay, highlighting a role for mitochondrially-mediated muscle 

atrophy [94]. Further, aged skeletal muscle results in impaired ADP sensitivity, causing 

increased ROS emission [95].  

Aging and its associative decline in muscle mass is largely due to the tissue’s inability 

to adapt and respond to stimuli as effectively as young muscle [95]. Equally debatable is the 

capacity of aged muscle and mitochondria to adapt to exercise training paradigms. Endurance 

training was able to rescue most of the downregulated proteins associated with energy 

metabolism and ameliorate the decline in ATP synthesis noted with aging. Part of this reversal 

in gene expression with exercise can be attributed to PGC-1α [93,96]. Recent work has revealed 

that the overexpression of PGC-1α in aged muscle leads to molecular changes that resemble 

the patterns observed in muscle of younger mice [97]. Interestingly, an important part of the 
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intrinsic aging phenotype is faster rate of decay of important markers including PGC-1α [93].  

Moreover, defects are not observed in the mitochondrial protein import machinery with age, 

but precursor proteins are more rapidly degraded in the cytosol, despite the same capacity for 

import [98]. Furthermore, aged mice with Nrf-2 KO exhibited accelerated frailty and atrophy, 

alongside a reduction in PGC-1α and TFAM mRNA expression as well as impaired 

fission:fusion dynamics [99]. Finally, mitophagy has been reported to increase with age due to 

the catabolic shift that leads to increased fission and ROS emission [83,100], as well as poor 

signal transduction to sufficiently activate sensors of cellular distress such as AMPK [101]. 

Additionally, the same exercise stimulus that is applied to young versus aged muscle results in 

lower metabolic improvements with the latter [102], demonstrating retained but diminished 

mitochondrial plasticity with aging. However, rigorous intervention via chronic contractile 

activity through surgical implantation of a stimulator is capable of restoring ROS emission to 

control levels and improving mitochondrial content and function [100]. Furthermore, PGC-1α 

overexpression attenuates the accelerated recruitment of mitophagy and apoptosis in aged mice 

[103]. Overall, the metabolic derangements and shortcomings with age that lead to persistent 

mitochondrial dysfunction and suboptimal restoration highlights this inherent aging deficit that 

is not solely attributed to physical inactivity [5]. 

Although aging is not a reversible process, its impact on skeletal muscle health can be 

controlled by re-establishing the upstream signaling factors that can activate important 

mechanisms of mitochondrial turnover. While exercise indeed induces a ubiquitous effect on 

mitochondrial health, varying training paradigms elicit varying restorative capacities.  

1.2.3 Metabolic Mimicry: Nutraceutical and Pharmaceutical Agents 

Disruption of mitochondrial homeostasis in the cell has been implicated in chronic muscle 

disuse, disease, and aging. Therefore, the availability of numerous divergent pathways, as well 
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as multiple stimuli that can activate a common pathway, together contribute to cell survival 

and longevity [5,41]. Examples of stimuli capable of activating redundant mechanisms include 

exercise or pharmacological compounds, which can target cascading events dedicated to 

guarding mitochondrial health and equilibrium within the cell [41]. This is the premise behind 

exercise mimetics, which can serve as alternatives to physical activity given their capacity to 

alter metabolic dynamics contributing to improving mitochondrial regulation, refining ATP 

production, and preserving muscle mass.  

Thorough reports have uncovered the complex metabolic improvements observed in the 

cell following acute and chronic exercise [104-105] but reaping the benefits of drug treatments 

through the optimization of their metabolic mimicry remains a challenge. Nonetheless, this is 

an important avenue to pursue as various conditions and physiological impairments encourage 

intervention via nutraceutical or pharmaceutical supplementation. Exercise in young and aged 

muscle has been shown to reverse this catabolic phenotype, which rescues mitochondrial health 

and preserves muscle mass [96,99]. The true mastery of metabolic control with exercise lies 

with its capacity to activate redundant signaling pathways simultaneously, which all converge 

toward the goal of physiological sustainability in an environment of high energy demand [106]. 

Inducers, however, are comparatively limited as their designated function may follow with 

additional peripheral metabolic outcomes that complicate their characterization and true 

therapeutic benefits to mitochondrial health. Nonetheless, three candidates have gained 

considerable attention in recent literature for successful metabolic restoration in cell culture 

and animal models. The first agent, Sulforaphane (SFN), is a potent nutraceutical that activates 

the Nrf-2-antioxidant response element (ARE) pathway, which mitigates excessive ROS 

production [57,68,99]. The second nutraceutical, Urolithin A (UroA), has been reported to 

restore mitophagy, thus preventing the accumulation of unhealthy mitochondria in the cell 

[107-111]. Finally, the synthetic small molecule ZLN005 [112-113], activates the master 
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regulator of mitochondrial biogenesis, PGC-1α, which targets a series of transcription factors 

associated with nuclear genes encoding mitochondrial proteins, to replenish the mitochondrial 

pool. The integral regulator of metabolic homeostasis, AMPK, is another noteworthy marker, 

as reports indicate that UroA and ZLN005 activate this upstream kinase with respect to their 

contribution to mitochondrial turnover. Together, these agents contribute to the pillars of 

mitochondrial homeostasis (Figure 1,2). 

Sulforaphane (SFN) is a potent nutraceutical that activates the Nrf-2-Keap1-ARE 

pathway (Section 1.1.3), which governs the transcriptional regulation of phase II detoxification 

enzymes for cytoprotection [57]. Available in cruciferous vegetables, it is deemed to be one of 

the most important potent cellular defense compounds readily available in natural diets. SFN 

is an isothiocyanate and phytochemical which has been shown to preserve the metabolic 

function within neurological diseases including Parkinson’s and Huntington’s and is a 

dominating agent for cancer therapeutics. Within skeletal muscle research, SFN has also been 

positioned as a potent metabolic preserver. Type II diabetic mice treated with the agent had 

restored grip strength and muscle mass, alongside the downregulation of inflammatory markers 

owing to its ability to increase NQO1 and HO-1 activity [114]. While it may not reverse the 

etiology of type II diabetes in the animals, it can mitigate some of the detrimental effects on 

skeletal muscle as a result of impaired insulin sensitivity and glucose uptake. Acute exhaustive 

exercise can induce skeletal muscle damage, which can be regulated through various 

antioxidant systems. With SFN pre-treatment, the exercise-induced muscle damage in rats was 

attenuated as a result of the upregulated Nrf-2-mediated factors as well as increased levels of 

lactate dehydrogenase and creatine phosphokinase [115]. Induced oxidative stress in cultured 

C2C12 myotubes also showed attenuated atrophy and atrophy-related markers with SFN pre-

treatment [116]. While its cytoprotective effects are versatile, SFN appears to be highly specific 
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to Nrf-2-mediated signaling, which can uncover the pathway-specific benefits towards skeletal 

muscle (Figure 1, 2 A).  

The ellagitannin, Urolithin A (UroA), has been reported to restore mitophagy starting 

at the upstream activating kinase, AMPK, thus preventing the accumulation of unhealthy 

mitochondria in the cell [107]. It gained its fame in the literature as a useful agent that restores 

mitochondrial clearance in aged skeletal muscle, thus promoting healthy aging of the cell. 

Many publications within the same groups have consistently demonstrated increased 

mitophagy signaling and mitophagy-related proteins with UroA treatment in C. elegans, 

C2C12 myoblasts and myotubes, young and aged mice and rats, mice with muscular dystrophy, 

middle-aged and aged humans, and, most recently, primary chondrocytes from aged humans 

with osteoarthritis [107-111]. Others who have worked with the agent showed alleviated 

symptoms of type II diabetes when UroA was added halfway into a 16-week high fat/high 

sucrose diet in mice with insulin resistance [117]. Therefore, due to the improvements in health 

shown in the many models used for UroA experimentation, restoring cellular redox sensing in 

skeletal muscle directed towards rejuvenating the mitochondrial pool by mitophagy severely 

lightens the oxidative burden upon the cell (Figure 1, 2 B).    

Finally, the synthetic small molecule ZLN005 (ZLN) [112-113], activates the master 

regulator of mitochondrial biogenesis, PGC-1α, to replenish the mitochondrial pool. The 

integral regulator of metabolic homeostasis, AMPK, is another noteworthy marker, as reports 

indicate that ZLN (like UroA) activates this upstream kinase with respect to its contribution to 

mitochondrial turnover. Together, these agents uniquely contribute to the pillars of 

mitochondrial homeostasis. In the context of skeletal muscle mitochondria, few publications 

exist as the agent is quite novel in the field. Nonetheless, confirmation of its contributions to 

skeletal muscle came in 2013 where PGC-1α mRNA levels, glucose uptake, and FFA oxidation 
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were all improved. Furthermore, type II diabetic mice with ZLN administration also showed 

improved glucose tolerance, pyruvate tolerance, and insulin sensitivity [112] (Figure 1, 2 C).  

Countless pharmacological agents have entered the circuit for research-based 

interventions that improve skeletal muscle health, some of which are characterized in Table 1. 

Over time, continued elucidation around skeletal muscle cellular modulation adds information 

to the pharmacological blueprints that can refine drug function and improve their metabolic 

mimicry. Since different cell lines, animals, genotypes, training paradigms, and other variables 

can result in varying conclusions in research, the agents that are developed to induce a 

metabolic change target upstream redundant signaling factors that can affect multiple 

mechanisms. It is likely that most agents in circulation perform secondary and tertiary functions 

to the cell that are unrelated or unintended, and this is potentially unavoidable. Of course, this 

is not necessarily a con since exercise behaves in the same fashion. However, assuming that 

half-life, duration, and concentration were determined, most pharmacological agents 

apparently do not exhibit a potent metabolic response that matches the magnitude or duration 

of improvement that is achieved with exercise [118]. Nevertheless, while the mechanistic 

changes with exercise continue to be elucidated today, its benefits to skeletal muscle health are 

undeniable, thus warranting the tireless efforts to mimic its influence on a physiological system 

through pharmacological interventions.  
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Figure 1. Mechanisms and stimuli that contribute to mitochondrial turnover and 

homeostasis. Mitochondrial homeostasis (depicted by the central mitochondrion) is governed 

by pathways that contribute to their production, degradation, and preservation. These are 

mitochondrial biogenesis (left), mitophagy (right), and antioxidant capacity/response (bottom). 

Exercise represents a strong stimulus that activates these redundant mechanisms, all of which 

converge towards homeostasis. The ever-expanding development of nutraceutical and 

pharmaceutical agents may elicit similar metabolic responses to exercise. Within this vast 

arena, recent literature has focused on the agents Sulforaphane, Urolithin A, and ZLN005 in 

their capacity to activate certain upstream markers that contribute to their corresponding 

mechanism.  

 

 

Exercise

I
II IV V

mtDNA

CytCIIIUQ

II IV V

I CytC

UQ
III

Ub

PI
N
K
1

PA
R
K
INP

Ub

LC
3-I
I

p62
Ub

LC
3-
II

BNIP3

NIX/

BNIP
3L

LC
3-
II

ROS

ROS
ROS

II IV V

I CytC

UQ
III

Ub

PI
N
K
1

PA
R
K
INP

Ub

LC
3-I
I

p62
Ub

LC
3-
II

BNIP3

NIX/

BNIP
3L

LC
3-
II

ROS

ROS
ROS

IIIVV ICytC

UQ
III

Ub

PI
N
K
1

PA
RK
IN P

Ub

LC
3-I

I
p62

Ub

LC
3-
II

BNIP3 NIX/
BNIP3L

LC
3-
II

ROS

ROS
ROS

I
II IV V

mtDNA

CytCIIIUQ

I
II IV V

mtDNA

CytCIIIUQ

I
II IV V

mtDNA

CytCIIIUQ

MitophagyMitochondrial Biogenesis ⇋
ROS

à

à

I
II IV V

mtDNA

CytCIIIUQ

ROS
ROS Sulforaphane

Urolithin AZLN005
Antioxidant
Response



 26 

 

Figure 2. Schematics summarizing the documented function of the agents [A] 

Sulforaphane, [B] Urolithin A, and [C] ZLN005.  
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Table 1. A few of many pharmaceutical and nutraceutical agents and their reported 

effects on mitochondria. Beyond and in addition to the three agents discussed in this review, 

more agents have been depicted in this table, each of which are complemented with 

characteristics, targets, action on mitochondria, and related models and pathologies. Some of 

these induce the same mechanisms, demonstrating the widespread thought, development, and 

continued efforts to refine compounds that suitably target the necessary marker(s) that can 

rescue metabolic health with respect to differing models, pathologies, and experimental 

conditions.    
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Table 1. (Continued) 
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RESEARCH OBJECTIVES 

Our research objectives are to: 

- Examine Sulforaphane in its capacity to activate the Nrf-2 antioxidant pathway in vitro; 

- Fortify Urolithin A in its capacity to activate mitophagy flux in vitro; 

- Investigate the potential of ZLN005 to activate PGC-1α nuclear translocation as an 

indication of increased drive for mitochondrial biogenesis in vitro; 

- Determine the time-dependent changes in the markers analyzed within each agent and 

its associated mechanism. 

HYPOTHESES 

We hypothesize that: 

1. Sulforaphane is capable of increasing Nrf-2 content as an upstream transcription factor 

that leads to the increase in NQO1 and HO-1 antioxidant enzymes, in a time-dependent 

manner; 

2. Urolithin A increases mitophagy flux via AMPK;  

3. ZLN005 allows for the nuclear translocation of PGC-1α, thus leading to the 

upregulation of TFAM expression, and downstream mitochondrial markers as an 

indication of mitochondrial biogenesis. 
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ABSTRACT 

Efficient signal transduction that takes place within and between important mechanisms 

to sustain mitochondrial turnover is a strong determinant of metabolic health in skeletal muscle. 

Of these pathways, our focus was aimed towards antioxidant capacity, mitophagy, and 

mitochondrial biogenesis. While physical activity is an excellent inducer of mitochondrial 

turnover and restoration of metabolic homeostasis, its ability to ubiquitously activate and 

enhance mitochondrial turnover prevents definitive differentiation of the contribution made by 

each. Therefore, we employed three agents, Sulforaphane (SFN), Urolithin A (UroA), and 

ZLN005 (ZLN), that are activators of important biological markers involved in the Nrf-2/ARE 

antioxidant system, mitophagy, or biogenesis, respectively. We investigated the time-

dependent changes in proteins related to each mechanism in C2C12 myotubes. SFN treatment 

resulted in increased nuclear localization of the transcription factor Nrf-2 after 4 hours, with 

subsequent 2-fold increases in the NQO1 and HO-1 antioxidant enzymes by 24 hours and 48 

hours. UroA showed a 2-fold increase in AMPK after 4 hours, which led to a modest 30% 

increase in whole cell mitophagy markers p62 and LC3, after 48 hours. Mitophagy flux 

measurements showed evidence of mitophagy activation as both LC3-II and p62 flux increased 

with UroA at 24 and 48-hour time points, respectively. Finally, a 2-fold increase in TFAM 

promoter activity was observed after 24 hours of ZLN treatment following transient 

transfection of a TFAM promoter-luciferase construct. While continued characterization of 

these agents in our in vitro model is required, our results suggest that early time points of 

treatment increase upstream pathway activity, whereas later time points represent the increased 

phenotypic expression of their related downstream markers. Examination of synergistic events 

following co-treatment with agent and contractile activity, or polypill combinations as a form 

of metabolic mimicry with exercise, are avenues of future work.  
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INTRODUCTION 

While the mitochondrion fuels energy-dependent processes in the cell, its regulation 

and function depend on sufficient signal transduction by and for this organelle, to govern the 

metabolic outcomes that maintain cellular homeostasis. Metabolic derangements in skeletal 

muscle, borne of aging, disuse, denervation, or disease [1] can be caused by impairments in 

intrinsic signal transduction that typically take place in healthy muscle [2,3]. Despite the 

activation of mechanisms dedicated to mitochondrial turnover with exercise [4-7] full 

restoration of optimal organelle function is limited [2]. While exercise effectively refreshes the 

mitochondrial pool, this ubiquitous stimulus can blur the unique characterization of the 

individual pathways that contribute to an improved metabolic outcome. In this respect, 

nutraceutical and pharmaceutical agents that have been developed overtime for therapeutic 

intervention can prove useful in identifying the activation of important cellular mechanisms 

and illuminating their unique contributions to refreshing the mitochondrial pool.  

We have gained interest in agents that target important markers that typically increase 

the drive for mitochondrial biogenesis, mitochondrial autophagy (hereafter referred to as 

mitophagy), and antioxidant capacity. Furthermore, we wished to investigate the time-

dependent changes in the upstream and downstream proteins related to each pathway as an 

added layer of characterization. Data mining revealed three agents that have gained 

considerable traction in the literature and that are relevant to our experimental goals. These 

include the two nutraceutical agents Sulforaphane (SFN) [8-10] and Urolithin A (UroA) [11-

15], alongside the third synthetic small molecule, ZLN005 [16-17].  

SFN is a potent activator of the Nrf-2-Keap1-ARE antioxidant axis which governs the 

transcriptional regulation of phase II detoxification enzymes for cytoprotection. Available in 

cruciferous vegetables, this isothiocyanate and phytochemical is deemed to be one of the most 
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important potent cellular defence compounds readily available in natural diets. While its 

therapeutic application originated in neurological disease and chemoprevention [18-19], SFN 

has also been positioned as a metabolic preserver in skeletal muscle [8,20]. While its 

cytoprotective effects are versatile, SFN appears to be highly specific to Nrf-2-mediated 

signaling, which can uncover the pathway-specific benefits towards mitochondrial 

preservation. 

UroA has gained a considerable reputation in the literature from in vitro studies to 

investigations in human subjects [11-15] and has been identified as a mitophagy activator. This 

ellagitannin has been reported to restore mitophagy starting at the upstream activating kinase, 

AMPK, thus preventing the accumulation of unhealthy mitochondria in the cell [11]. It gained 

its fame in the literature as a useful agent that restores mitochondrial clearance in aged skeletal 

muscle without direct targeting of mitochondrial biogenesis, thus promoting healthy aging of 

the cell. However, the data supporting the effects of UroA on mitophagy are not overly 

convincing, upon close inspection. Therefore, our goal was to characterize this agent by 

investigating its time-dependent ability to induce mitophagy in our in vitro model of skeletal 

muscle.  

The small synthetic molecule, ZLN005 has been reported to activate PGC-1α and 

relieve some of the symptoms of insulin resistance [16]. ZLN005 appears to stimulate the 

nuclear translocation of PGC-1α and therefore may upregulate the drive for mitochondrial 

biogenesis [21]. For this reason, we believed this would be a suitable candidate as an activator 

of the expansion of the mitochondrial reticulum in skeletal muscle.  

Countless pharmacological agents have entered the circuit for research-based 

interventions that improve skeletal muscle health. Over time, continued elucidation around 

skeletal muscle cellular modulation adds information to the pharmacological blueprints that 
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can refine drug function and improve their metabolic mimicry. While we limit our study to just 

these three agents, we wished to 1) examine the integrity of these agents as activators of 

different mitochondria-related pathways in C2C12 myotubes, and 2) expand on the 

characterization of these mechanisms and their unique cascade by examining the time-

dependent changes of their relevant proteins.   

METHODS 

Mammalian cell culture and drug treatments. C2C12 murine myoblasts were seeded on six-

well culture dishes (Fisher Scientific) in Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (P/S). At 

80-90% confluency, differentiation into myotubes was induced by switching the medium to 

DMEM supplemented with 5% heat-inactivated horse serum (HS) and 1% P/S. Between day 5 

to 6 of differentiation, cells were treated with vehicle (DMSO) or differing concentrations of 

Sulforaphane (5 uM, 10 uM) (MedChemExpress), Urolithin A (20 uM, 50 uM) 

(MedChemExpress), or ZLN005 (10uM, 20uM). Drug treatments were followed by 4, 24, or 

48 h of incubation time to examine their time-dependent effects.  

Immunoblotting. Cells were lysed and proteins were extracted with 1 x passive lysis buffer 

dilued from a 5X stock (Promega), 1 x phosphatase cocktails, and 1 x protease inhibitor 

(Millipore-Sigma). Protein concentrations for each sample were determined via Bradford 

concentration assay. Protein samples (15-25 ug) were then loaded and separated on SDS-PAGE 

gels followed by transfer to nitrocellulose membranes. Membranes were then washed in 

Ponceau stain and cut at an appropriate range according to the molecular weight of each protein 

of interest. Each blot was later blocked using 5% milk or 5% bovine serum albumin at room 

temperature for approximately 1 hour. Western blot analyses were performed using primary 

antibodies against Nrf-2 (ProteinTech), Keap 1 (ProteinTech), Phospho-AMPK (Cell 
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Signaling), AMPK (Cell Signaling), LC3 A/B (Cell Signaling), GAPDH (Abcam), 

SQSTM1/p62 (Abcam), PGC-1α (Millipore-Sigma), H2B (Cell Signaling), Luciferase 

(Millipore-Sigma), COX IV (Abcam), and α- tubulin (Calbiochem). Blots were imaged using 

ECL Clarity Substrates (BIO-RAD), Invitrogen Imaging instrument, and quantification takes 

place using the ImageJ software. Values were normalized to each protein’s corresponding 

loading control.  

Nuclear-Cytoplasmic Fractionation. The purpose for this protocol was to examine nuclear 

localization of different markers of interest that may be relevant to the mechanism associated 

with each agent. Thus far, this concerned Nrf-2 or PGC-1α nuclear localization with SFN or 

ZLN005, respectively. The solutions used in this protocol were described in the work by 

Bhattacharya et al. [22]. Cells were harvested in cytoplasmic buffer containing 0.2% 

phosphatase and protease inhibitors. Samples were incubated on ice for 5 minutes and 

centrifuged at 2500xg for 5 minutes. The supernatant fraction of each sample was collected as 

the cytoplasmic fraction. Following this, each nuclear pellet was washed and resuspended with 

cytoplasmic buffer, followed by 3 mins of rocking in 4°C, and 3 min centrifugation at 3200xg. 

The wash step was repeated 10-12 times to ensure thorough clearance of cytoplasmic fraction 

from the nuclear pellet. Then, the pellet for each sample was resuspended in nuclear buffer, 

and 0.15 unit/uL of Benzonase nuclease was added to each sample. The protein content for 

each fraction was assessed through immunoblot analysis.  

Cytoplasmic-Mitochondrial Fractionation. The purpose for this protocol was to examine the 

integrity of UroA as a mitophagy activator. Prior to fractionation, cells were co-treated with 

UroA and Bafilomycin A, an inhibitor of autophagosome-lysosome fusion [23]. Following 24 

or 48 hours of treatment, cells were washed and scraped with ice cold 1xPBS. They then 

underwent centrifugation at 1400xg for 5 minutes. The supernatant was then aspirated, and the 
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cells were resuspended with resuspension buffer with an arbitrary volume that is roughly 3-4 

times the pellet size. They were then transferred to smaller Eppendorf tubes for better handling 

and centrifugation. Cells were incubated on ice for 5 minutes prior to sonication. The sonication 

protocol involved 2-3 repetitions of 3-5 second sonication, with a minimum of 10 seconds rest 

between repetitions. Cells were centrifuged at 1000xg for 10 minutes in 4°C. The supernatant 

was collected and transferred to new tubes, and the pellet was discarded. It was then centrifuged 

at 14 000xg for 15 minutes at 4°C. The supernatant following this was collected and stored at 

-80°C until use, as the cytoplasmic fraction. Approximately 100 uL of resuspension buffer was 

then added to the remnant pellet and resuspended prior to two more centrifugation periods at 

14 000xg for 10 minutes, with new resuspension buffer added between each spin. The 

supernatant was then discarded, and 25 – 50 uL of resuspension buffer was added to the pellet 

to be resuspended. Samples were freeze-thawed on dry ice 2-3 times. Each sample was then 

stored at -80°C until use. The protein content for each fraction was assessed through 

immunoblot analysis.  

Promoter-Reporter Transient Transfections. A promoter-reporter Luciferase (pGL3) 

construct for TFAM was used to assess promoter activity for its transcription [23] as an indirect 

indication of activated and nuclear-localized PGC-1α following ZLN treatment. The procedure 

for this experiment was as described previously [23]. C2C12 myoblasts are transiently 

transfected at approximately 50% confluency with Lipofectamine 2000 and a pGL3-empty 

vector (EV), or the full TFAM promoter construct located upstream of a luciferase reporter 

sequence in minimal DMEM (media that does not contain antibiotics or serum). Cells were 

incubated in this medium for 16-18 hours and then switched to regular growth media as 

described earlier. Once 80% confluency was reached, cells were differentiated for 5 to 6 days 

prior to desired treatments.  
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Statistical Analysis. All data were analyzed using Prism software (GraphPad) and were 

standardized at Mean + S.E.M. Raw data were analyzed using a paired t-test to assess the 

differences between control and treated cells. One-way ANOVAs were used to assess the effect 

of time or concentration with treatments for the 4 and 24-hour time points. Two-way ANOVAs 

were used to assess the 48-hour time point as we did not take differing volumes of DMSO 

within each pair of concentrations into consideration when treatments were prepared. This led 

to each concentration having its own exclusive vehicle treatment. This was resolved for the 4- 

and 24-hour time points. Statistical significance was set at P<0.05. 

RESULTS 

Sulforaphane increases Nrf-2 nuclear localization at 4h, but effect dissipates by 24 and 48h. 

SFN is recognized for its role as an activator of the Nrf-2-Keap1 pathway (Fig. 1 A). We used 

5 µM and 10 µM of SFN to investigate changes at 4-, 24-, and 48-hour time points in C2C12 

myotubes. We hypothesized that an early time point may demonstrate early activation of the 

Nrf-2 transcription factor as it represents one of the initiating steps in this antioxidant axis, 

while later time points may show increased downstream antioxidant proteins borne of Nrf-2-

ARE-mediated antioxidant activation.  

A 2-fold elevation in Nrf-2 protein content was observed after 4 hours (P<0.05) of SFN 

treatment at 10 µM concentration, an approximate 1.5-fold increase by 24 hours, but this effect 

dissipated at 48 hours (Fig. 2 A-D). A main effect of time was observed, demonstrating the 

progressive restoration of Nrf-2 content back to control levels (Fig 2. A). The corresponding 

fold-change measured as the ratio of SFN over vehicle data was calculated to better observe 

this progression over time (Fig. 2 C). Conversely, changes to Keap 1 showed a trending effect 

of time, where 24 hours of treatment showed decreased content that was restored after 48 hours 

(P=0.0558; Fig 2. B, D). To examine Nrf-2 nuclear localization with SFN, we used cytoplasmic 
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and nuclear fractions of C2C12 myotubes treated with 5 µM and 10 µM concentrations after 4 

hours. A near 2-fold elevation in Nrf-2 nuclear content, compared to vehicle-treated cells 

occurred with SFN at 5 µM (P<0.05), confirming increased localization of the transcription 

factor to the nucleus (Fig 2. E).  

Sulforaphane induces time-dependent changes to antioxidant enzymes commonly related to 

the Nrf-2-ARE axis. Both concentrations of SFN were used to test the changes in protein 

content of NQO1 and HO-1 antioxidant enzymes, as well as a mitochondrial marker, COX IV 

(Fig. 3 A-C). While NQO1 and COX IV protein showed no change with SFN at either 

concentration, HO-1 exhibited an early and marked elevation of 50-60% with respect to both 

concentrations and this was maintained throughout the remaining time points (Fig. 3 B). NQO1 

was increased by 2-fold at 24 hours, which was maintained at 48 hours, with a main effect of 

treatment and time (P<0.05; Fig. 3 A). COX IV showed no changes in content until 48 hours, 

where an approximate 40% increase occurred with either concentration (P<0.05; Fig. 3 C). 

Overall, there appeared to be no stark differences between SFN concentrations during the time 

points where elevations in content were observed. Thus, SFN-mediated activation of the Nrf-

2-Keap1-ARE pathway was evident, with time-dependent changes in the effects of proteins, as 

well as in specific downstream targets. 

 

 

 



 54 

Fig 1. Schematic summarizing the documented function of Sulforaphane  

Under homeostatic conditions (left panel, grey), the transcription factor Nrf-2 is sequestered in 
the cytoplasm by its homodimeric negative regulator, Keap1. Under SFN-induced conditions 
(right panel, yellow), the sequestering capacity of Keap1 is disrupted, leading to the 
accumulation and nuclear localization of nascent Nrf-2. It binds to the antioxidant response 
element in the upstream promoters for genes including NQO1 and HMOX1. These eventually 
aid in the mitigation of excessive ROS, which can otherwise damage mitochondrial machinery 
and their function. Dotted lines signify additional steps to the pathway not shown. 
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Fig 2. Upstream protein markers observed in the Nrf-2-ARE antioxidant pathway 
following Sulforaphane treatment. A: Progression of Nrf-2 content with time at 10 µM SFN 
concentration at each time point (n=7). One-way ANOVA, $P<0.05, main effect of time; 
*P<0.05, treatment vs. vehicle. B: Progression of Keap1 content with time at 10 µM SFN 
concentration at each time point (n=3) One-way ANOVA, $P<0.05, main effect of time; 
*P<0.05, treatment vs. vehicle. C,D: Fold-change (SFN/VEH) for Nrf-2 and Keap1 proteins, 
respectively, at each time point, related to panels A and B, respectively. E: Nuclear 
localization analysis using nuclear and cytosolic fractionation observing Nrf-2 protein content 
with SFN treatment (n=3); *P<0.05, treatment vs. vehicle. VEH, Vehicle-treated cells with 
DMSO; SFN, Sulforaphane-treated cells. Values are means + SEM. 
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Fig 3. Downstream protein markers observed in Nrf-2-ARE antioxidant pathway 
following Sulforaphane treatment. Content of downstream proteins NQO1 (A), HO-1 (B), 
and COX IV (C), respectively, typically targeted by Nrf-2-ARE mechanism, following each 
given time point. Time points 4h (n=5) and 24h (n=7) underwent one-way ANOVA and 48 h 
(n=7) underwent two-way ANOVA, ∫P<0.05, main effect of treatment relative to control; 
#P<0.05, main effect of concentration; &P<0.05, interaction effect between treatment and 
concentration; *P<0.05, treatment vs. vehicle. VEH, Vehicle-treated cells with DMSO; SFN, 
Sulforaphane-treated cells. Values are means + SEM. 
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Urolithin A modestly increases AMPK-mediated mitophagy markers while markedly 

increasing mitophagy flux. UroA has been reported to be an activator of the mitophagy 

pathway (Fig. 1 B). To evaluate this possibility, we used 20, 50, or 100 µM concentrations of 

UroA to investigate changes in proteins relevant to mitophagy at 4-, 24-, and 48-hour time 

points. At 4 hours of treatment, a 2-fold increase (P<0.05) in activated AMPK, represented as 

the ratio of phosphorylated AMPK over total AMPK, was observed at 50 µM UroA 

concentration. However, this effect was no longer evident at longer time points, indicating its 

transient activation (Fig. 5 A). On the other hand, p62 and total LC3, measured as the ratio 

LC3-II/I, showed a main effect of treatment relative to control as some increases in content 

occurred after 48 hours (P<0.05; Fig. 5 B, C).  

To fortify whether UroA could activate mitophagy, we measured mitophagy flux.  

Western blots of cytoplasmic and mitochondrial fractions probing for p62 and total LC3 were 

conducted following 24 and 48 hours of UroA-Bafilomycin A or vehicle treatment (Fig. 6 A, 

B). The ratio of LC3-II/I for each condition at 24 and 48 hours showed a main effect of UroA, 

as well as an interaction effect between time, UroA, and BafA (Fig 6. C). A marked 50% 

increase in mitophagy flux was evident at 24 hours (Fig. 6 E). Interestingly, p62 mitochondrial 

localization was increased by BafA and UroA, at 24 and 48 hours (P<0.05; Fig. 6 D). However, 

the increase in p62 flux as a result of UroA treatment was only apparent after 48 hours (Fig. 6 

F). Overall, the data show modest increases in whole cell mitophagy markers, and considerable 

increases in mitophagy flux between 24 and 48 hours of treatment. 
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Fig 4. Schematic summarizing the documented function of Urolithin A. 

AMPK is activated to cause fission and separate the stressed and poorly functioning region of 
the reticulum. Briefly, the mitochondrion is ubiquitinated and targeted by the adaptor protein 
p62, alongside simultaneous autophagosomal development, forming a growing vesicular 
phagophore. Embedded in this double-membrane vesicle is LC3-II, which anchors to p62 and 
facilitates the engulfment of the Ub-tagged mitochondrion. Microtubules then transport the 
occupied autophagosome to the lysosome for fusion and organelle degradation. Dotted line 
signifies potential steps in the pathway that have yet to be elucidated 

 

 

 

 

 



 59 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4H 24H 48H 

A 

B 

C 
Vehicle UroA 20uM UroA 50uM

0.0

0.5

1.0

1.5

L
C

3I
I/

I P
ro

te
in

 (A
.U

.)

Vehicle UroA 20uM UroA 50uM
0.0

0.5

1.0

1.5

p6
2 

Pr
ot

ei
n 

(A
.U

.)

Vehicle UroA 20uM UroA 50uM
0.0

0.5

1.0

1.5

2.0

2.5

pA
M

PK
/A

M
PK

 (A
.U

.)

∫

*

Vehicle UA 20uM UA 50uM
0

2

4

6

pA
M

PK
/A

M
PK

 (A
.U

.)

20uM 50uM
0.0

0.5

1.0

1.5

pA
M

PK
/A

M
PK

 (A
.U

.) Vehicle

UroA

20uM 50uM
0.0

0.5

1.0

1.5

L
C

3I
I/

I P
ro

te
in

 (A
.U

.) Vehicle

UroA

∫

20uM 50uM
0.0

0.5

1.0

1.5

p6
2 

Pr
ot

ei
n 

 (A
.U

.)

Vehicle

UroA

∫

* *

Vehicle UroA 20uM UroA 50uM
0.0

0.5

1.0

1.5

2.0

p6
2 

Pr
ot

ei
n 

 (A
.U

.)

Vehicle UA 20uM UA 50uM
0.0

0.5

1.0

1.5

L
C

3I
I/

I P
ro

te
in

 (A
.U

.)

pAMPK
–50

VEH
UroA
20uM

UroA
50uM

–75

AMPK
–50

–75

GAPDH
–37

–50

VEH
UroA
20uM

UroA
50uM

–75

–50

–75

–37

–50

VEH
UroA
20uM

UroA
50uM –75

–50

–75

–37

VEH

LC3-I – –20
VEH

UroA
20uM

–37
GAPDH

UroA
50uM

LC3-II –

–20
VEH

UroA
20uM

–37

UroA
50uM

–37

VEH
UroA
20uM

UroA
50uMVEH

–20

–75
VEH

UroA
20uM

–37
GAPDH

UroA
50uM

p62

–75
VEH

UroA
20uM

–37

UroA
50uM

–37

VEH
UroA
20uM

UroA
50uMVEH

–75

Fig 5. Whole cell mitophagy markers following Urolithin A treatment. Content of 
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mitophagy mechanism, following each given time point. Time points 4h and 24h underwent 
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Fig 6. Mitophagy flux following Urolithin A and Bafilomycin A co-treatment. Western 
blots showing cytoplasmic and mitochondrial fractions following UroA (100 µM) and Baf 
(12 nM) co-treatment to assess mitochondrial targeting after 24 h (A) (n=4), and 48 h (B) 
(n=4). Mitophagy markers p62 (C) and LC3II/I ratio (D) alongside their respective p62 (E) 
and LC3-II (F) flux measurements were assessed to determine mitochondrial targeting for 
degradation (n=4) C, D: Three-way ANOVA between Time (T), Bafilomycin A (B), 
Urolithin A (UA) and E, F: Two-way ANOVA between Time (T) and Urolithin A (UA). C-
E: Main effects at P<0.05; ‘x’ between conditions signifies interaction effects. *P<0.05, t-
tests between indicated conditions. Values are means + SEM. 
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ZLN005 increases TFAM promoter activity, suggesting increased PGC-1α nuclear 

localization. ZLN005 has been reported to increase PGC-1α expression, and therefore we 

speculated that it could induce mitochondrial biogenesis in C2C12 myotubes (Fig. 1 C). We 

used 10 or 20 µM concentrations to investigate changes in relevant proteins at 24 and 48 hours 

of treatment.  

In contrast to previous reports [16-17], we were unable to confirm that ZLN could 

activate AMPK on increased PGC-1α at either 24 or 48 hours (Fig. 6 A-D). Nonetheless, the 

agent displayed some promise when we investigated the promoter activity of mitochondrial 

transcription factor A (TFAM), following Lipofectamine-mediated transfection of a TFAM 

promoter-luciferase reporter. After promoter transfection and 24 hours of ZLN treatment, a 

two-way ANOVA (P<0.05) revealed a main effect of both promoter and ZLN, as well as an 

interaction effect. This significance is attributed to the approximately 40% increase in 

luciferase protein content compared to that of empty vector-treated cells (Fig 6 E, F). 

Additionally, luciferase content corrected for empty vector results (PROM-EV) fortify the 40% 

increase that was observed (Fig. 6 G). Overall, while conclusive evidence that ZLN005 is an 

activator of mitochondrial biogenesis in C2C12 muscle and its time-dependent effects have yet 

to be uncovered, we believe that it shows promise as a result of its capacity to increase TFAM 

promoter activity.  
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Fig 7. Schematic summarizing the documented function of ZLN005.  

ZLN005 has been shown to increase PGC-1α nuclear localization. This initiates the 
transcriptional co-activation of nuclear genes encoding mitochondrial proteins, such as TFAM. 
Following their relevant translation and post-translational modifications, TFAM can thus bind 
to mtDNA to activate transcription of mitochondrially-encoded genes, which contribute to 
mitochondrial biogenesis. Dotted line signifies potential steps in the pathway that have yet to 
be elucidated. 
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DISCUSSION  

Mitochondria are vital for their roles in the maintenance of cellular metabolic 

homeostasis. The rationale for this study was to add to the continued characterization of 

important mechanisms dedicated to refreshing the mitochondrial pool in skeletal muscle by 

examining the time-dependent changes in three important arcs of mitochondrial turnover. 

These are mitochondrial biogenesis, mitophagy, and antioxidant capacity. Unlike the 

ubiquitous capacity for exercise to simultaneously activate these pathways, we used three 

different agents that have been reported to activate each associated pathway in order to 

differentiate between the cascading events that take place for organelle turnover: namely, 

Sulforaphane, Urolithin A, and ZLN005.  

Previous reports have found that SFN activated antioxidant enzymes through the Nrf-

2/Keap-1/ARE pathway [8-10], leading to important findings with chemoprevention and 

improvements to health within neurodegenerative diseases. Briefly, SFN aids in the cysteine 

modification of multiple residues on the Keap-1 homodimer, which enables nascent Nrf-2 to 

bypass its negative regulation and accumulate in the nucleus. Nuclear Nrf-2 then binds to ARE 

enhancer sequences on the promoter region of multiple target genes such as NQO1 and 

HMOX1, resulting in their transcription [7]. A growing body of literature is documenting the 

use of SFN as it improves insulin sensitivity and frailty with aging in skeletal muscle [20]. To 

explore the time-dependent changes in SFN-mediated Nrf-2-ARE activation in our in vitro 

model of skeletal muscle, we treated C2C12 myotubes with two concentrations of SFN and 

analyzed markers of the Nrf-2-ARE mechanism after 4, 24, and 48 h. Not only does SFN 

increase Nrf-2 protein content, but it also permits nuclear localization of the transcription 

factor, which likely initiates the cascading events for Nrf-2/ARE-mediated antioxidant 

capacity. With respect to Keap 1 content, we did not expect any reciprocal events where an 

upregulation of nascent Nrf-2 would result in a downregulation of Keap 1. However, we 
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observed a main effect of time, where reductions in content were observed at 24 h compared 

to the other time points. Previous studies have shown that Keap 1 degradation likely takes place 

through the autophagy system [25-26], unlike Nrf-2 which is regularly degraded by the 

ubiquitin proteasome system. However, Nrf-2-mediated antioxidant activation has been 

reported to initiate the autophagy system [27] as well, which may attribute to the partial 

declines in Keap 1 content 24 hours post-induction with SFN. It is unclear whether this renders 

a positive feedback loop, where autophagy-mediated degradation of inactive Keap 1 also 

results in further activation of nascent Nrf-2. However, SFN has been demonstrated to activate 

autophagy where p62 competes with Nrf-2-Keap1 binding [27], suggesting a strong 

relationship between the antioxidant and autophagy systems as a result of SFN action.  

Nrf-2 is a transcription factor that directly regulates the gene expression of antioxidant 

enzymes which promote the preservation of mitochondria. Thus, following Nrf-2 nuclear 

localization, we expected changes in the antioxidant enzymes NAD(P)H:quinone acceptor 

oxidoreductase (NQO1) and heme oxygenase-1 (HO-1). Consistent with the hypothesis 

surrounding the effect of time on upstream and downstream protein content, NQO1 increased 

in content starting at 24 h of treatment. Previous studies [28-29] have identified the role of 

NQO1 as a protective enzyme which adds complexity to “intrinsically disordered proteins” 

(IDP) that are regularly degraded by the 20S proteasomal system due to their intrinsic unfolded 

composition. PGC-1α has been identified as an IDP, and as a result, NQO1 in the presence of 

NADH can bind and allow the co-transcriptional regulator to bypass the proteasome and 

undergo the necessary post translational modifications that promote its nuclear localization and 

activity. While we currently do not show direct evidence to suggest NQO1 carries out this 

protective function, we found that by 48 hours, increased COX IV occurred, suggesting a 

crosstalk between the antioxidant and mitochondrial biogenesis mechanisms. Furthermore, it 

has been shown that Nuclear Respiratory Factors-1 (NRF1) and -2 (NRF2) contain promoter 
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AREs which are recognized by Nrf-2 [30]. Since NRFs are positive regulators of nuclear gene-

encoded mitochondrial proteins (NuGEMPs) [1,31,32], it is possible that SFN-induced Nrf-2 

activation may result in mitochondrial biogenesis via this mechanism.    

Additionally, HO-1 has been reported to mediate many protective mechanisms, 

including mitochondrial quality control [33, and anti-inflammation [34], which were reported 

in the heart and cardiovasculature. The skeletal muscle-specific HO-1 animal demonstrated 

impairments in aerobic performance in these rats as a glycolytic phenotype was reached. That 

is, reduced cross-sectional area as a result of increased muscle atrophy in addition to increase 

mitochondrial fragmentation and reduced citrate synthase activity as an indication of 

mitochondrial dysfunction [35]. HO-1, in the context of skeletal muscle, serves as a neutralizer 

of free heme released into the muscle and plasma following microtrauma. Interestingly, the 

response in HO-1 protein content came as early as 4 h of SFN treatment and was maintained 

at 24 and 48 h. This demonstrates that, while SFN increases in HO-1 content, it is possible that 

the early increase of this protein occurs through an Nrf-2/ARE-independent manner, the 

evidence for this is that when mutations in a repressor of the HO-1 gene, Bach1, were examined 

in an Nrf-2-null phenotype, these mice still showed increased HO-1 expression, suggesting that 

it can be reliant on other activators [36]. Our data clearly show that increased HO-1 content is 

dependent on SFN treatment, but further investigation is required to examine its relationship 

with Nrf-2-mediated transcription, its earlier expression, and its relevance to cytoprotection.  

The important complement to organellular production is also its efficient removal via 

mitophagy, to sustain a consistently healthy mitochondrial phenotype. Urolithin A has been 

shown to induce mitophagy in an AMPK-dependent manner, followed by the induction of 

mitophagy-related proteins including LC3-II and p62, in C. elegans, C2C12 myoblasts, rodent 

models, and middle-aged and elderly human subjects [11-15]. However, some of these data 



 67 

remain unconvincing with respect to mitochondria-specific (mitophagy) flux [11,15], an 

indicator of increased mitochondrial targeting for degradation. It is prudent to present strong 

data on this front to fortify the efficacy of UroA as a mitophagy activator. Beginning with 

whole cell examination, we observed increased phospho-AMPK after 4 hours of treatment (Fig. 

5 A), despite previous findings after 24 hours [11]. Further, while the downstream mitophagy 

markers p62 and LC3-II also increased significantly by 48 h, their change appeared modest 

compared to control levels. Through co-treatment with BafA followed by mitochondrial 

isolation, we were able to showcase its ability to activate mitophagy as we observed increased 

LC3-II and p62 flux. However, these increases occurred at 24 or at 48 hours, respectively (Fig. 

6). While additional investigation is required to add to the efficacy of UroA, we can plainly 

suggest that based on our findings, it can increase mitophagy flux.   

As we have determined candidates for antioxidant capacity and mitophagy, we wished 

to include an agent that might directly contribute to mitochondrial biogenesis, thus covering 

each approach towards mitochondrial homeostasis. Data mining and consultation of the 

literature uncovered the small molecule, ZLN005 [16]. It has been reported to activate the 

master regulator of mitochondrial biogenesis, PGC-1α, by facilitating its nuclear translocation 

through the upstream master regulator of cell metabolism, AMPK [16]. However, our data 

showed no significant changes with drug treatment, nor discernible differences with time with 

respect to phospho-AMPK activation. A 4-hour timepoint has not been used to investigate 

changes in AMPK as of yet. We acknowledge that ZLN and UroA have both been presented 

as activators of their relevant pathways through AMPK but identified differently as 

contributors to cellular metabolism. This master regulator of cellular homeostasis has been 

shown to regulate mitochondrial biogenesis, mitochondrial fission, and mitophagy activation 

[1]. Recent evidence has also shown that pools of AMPK bind to mitochondria directly as they 

modulate mitochondrial fate [37]. As a result, it is useful to investigate the effects of these 
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AMPK activators on other mitochondria-related pathways to determine why they are 

recognized for one particular function or mechanism. 

While we used nuclear fractions after 4, 24, and 48 hours of ZLN treatment, we were 

unable to establish its role as a PGC-1α activator within nuclear fractions. However, we used 

a promoter-reporter of TFAM, a known PGC-1α co-transcriptional target [38], as a surrogate 

measure of an increased drive for mitochondrial biogenesis upstream. Despite lack of changes 

observed with time following ZLN treatment on AMPK or PGC-1α, a marked 2-fold increase 

in luciferase content following a transient transfection with a TFAM promoter was observed 

within a 24-hour time point (Fig. 8 F, G). We hope to continue fortifying the role of ZLN as 

an activator of mitochondrial biogenesis via PGC-1α by adding downstream mitochondrial 

markers borne of TFAM transcription such as COX I or IV.  

CONCLUSIONS 

Altogether, our results indicate that the agents SFN, UroA, and ZLN increase proteins 

affiliated with the three overarching mechanisms of mitochondrial turnover in a time-

dependent manner. Early time points involve the activation of upstream mechanisms of action 

with respect to kinase phosphorylation, nuclear translocation, and transcriptional activity, 

whereas later time points represent the increased activity in their associated downstream 

markers. Continued characterization of these agents in our in vitro model is required to 

sufficiently report on their specificity for mitochondrial biogenesis, mitophagy, or antioxidant 

capacity. Overall, this research sets the stage for future work that can illuminate their utility as 

preservers of mitochondrial health in skeletal muscle.  
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FUTURE DIRECTIONS  

1. Inducing a knockdown or knockout model for upstream master regulators such as Nrf-

2, AMPK, and/or PGC-1α can determine whether the effect of their corresponding 

agent can be upheld.  

2. Investigating the crosstalk that may occur between pathways may demonstrate the 

secondary and tertiary effects of each agent. For example, given the report that NQO1 

protects PGC-1alpha from proteasomal degradation-by-default, it may be that SFN 

treatment induces mitochondrial biogenesis. Furthermore, AMPK has been reported to 

activate both mitophagy and mitochondrial biogenesis, which may suggest the 

possibility that UroA does not solely activate mitophagy. 

3. Despite the possibility of redundant activation of mechanisms that are secondary to 

those linked with each agent, combining them together in the form of a polypill may 

result in a wide-ranging approach to mitochondrial refreshment. 

4. Similar to the previous, comparing the functional enhancements with these agents to 

the known improvements observed with exercise can also elucidate their proximity to 

metabolic mimicry. Thus, it may be worthwhile to investigate whether synergistic 

outcomes take place alone or in combination with exercise.  
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APPENDIX A: SAMPLE DATA AND STATISTICAL ANALYSES 

Table 1 A – Whole cell Nrf-2 protein content following 4, 24, and 48 hours of SFN treatment 

 

 

Table 1 B – Corresponding Fold-Above-Control for whole cell Nrf-2 protein at each time 
point. 
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Table 2 – Nuclear Fraction of Nrf-2 measured after 4 hours of SFN treatment. 

 

 

Table 3 A – Whole cell Keap-1 protein content following 4, 24, and 48 hours of SFN 
treatment 

 

Table 3 B – Corresponding Fold-Above-Control for whole cell Nrf-2 protein at each time 
point 
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Table 4 – Example of calculations conducted for all 3 time points for proteins related to SFN, 
UroA, and ZLN treatment. Example procedure provided using NQO1.  

 

 

 

 

Table 5 A – Mitophagy Flux Data for p62 

 

 

Table 5 B – Mitophagy Flux Data for LC3-II 
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Table 6 – NTC- and EV-corrected data of ZLN-induced increases in TFAM promoter activity 
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APPENDIX B: SUPPLEMENTAL DATA 

Image – Crystal Violet Staining. Diagnostic of cell viability for each treatment and 
corresponding concentrations using crystal violet staining assay.  

 
Table 1 – Luminescence reading of dual luciferase reporter assay following treatment with 
SFN, UroA, and ZLN005. ZLN has been reported to inhibit luciferase activity. 
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APPENDIX C: LABORATORY METHODS AND PROTOCOLS 

Western/Immunoblotting Procedure        
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Isolating Cytoplasmic and Mitochondrial Fractions       
Materials Required: 

- Dry ice 
- Ice cold 1xPBS 
- Labelled 2 mL and 1.5 mL Eppendorf tubes 
- Ice 
- Cell scrapers (as many as conditions) 
- Sonicator 

Resuspension Buffer preparation: 

For 10 mL: 

- 100 mM KCl (0.075 g) 
- 10 mM MOPS (0.021 g) 
- 0.2% BSA (0.02 g) 
- Top up with ddH2O and mix thoroughly. 

Procedure: 
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1. Culture cells at appropriate density. High cell yield is recommended for this protocol. 
Use two 6-well plates or one 150mm x 20mm tissue culture dish per condition. 
(Myoblasts can be cultured at 4x104 in a 6-well plate or 8x104 in a dish, and then 
differentiated to myotubes once 80-85% confluency has been reached).  

2. After treatment, collect the cells with ice cold 1xPBS in 15 mL falcon tubes. Scraping 
the cells instead of trypsinizing helps maintain the pellet size. Use of trypsin-EDTA to 
collect cell pellet requires an additional washing step to remove the media from the 
suspension, which reduces pellet size and results in lesser mitochondrial yield.  

3. Centrifuge at 1400xg for 5 minutes, aspirate the supernatant.  
4. Resuspend each pellet with resuspension buffer at 4-5 times the size of the pellet 

acquired. 
5. Transfer the cell suspension to labelled 2 mL Eppendorf tubes. Incubate on ice for 5 

minutes.  
6. Sonicate each sample at 30-40% power output for 3-5 seconds. Repeat 3x per 

condition. Rest the sample on ice for at least 30 seconds between each rep. Clean the 
sonication wand between samples/conditions. 

7. Centrifuge samples at 1000xg for 10 mins at 4°C.  
8. Collect the supernatant and transfer to new labelled 1.5 mL Eppendorfs. Centrifuge at 

14 000xg for 15 min at 4°C. 
9. Collect the supernatant and transfer to a final new labelled set of 1.5 mL Eppendorfs 

to be stored at -80°C as the cytosolic fraction.  
10. Add 100-200 uL of resuspension buffer to the remaining pellet and centrifuge at 14 

000xg for 10 min at 4°C. Repeat this step twice, ensuring resuspension of the pellet 
prior to second round of centrifugation. 

11. Aspirate the supernatant and add 25-50 uL of resuspension buffer to each pellet and 
resuspend thoroughly. Transfer these samples to final new labelled set of 1.5 mL 
Eppendorfs.  

12. Freeze-thaw samples 2-3 times on dry ice.  
13. Store samples at -80°C as the mitochondrial fraction. 

 

Isolating Cytoplasmic and Nuclear Fractions        

Materials Required: 

- Ice cold 1xPBS 
- Labelled 2 mL and 1.5 mL Eppendorf tubes 
- Ice 
- Cell scrapers (as many as conditions) 

Stocks 

1 M Tris (200 mL) = 24.22 g 

1 M NaCl (200 mL) = 11.68 g 

250 mM EDTA (200 mL) = 18.61 g (Add NaOH pellets to dissolve) 

250 mM DTT (30 mL) = 1.92 g 
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1 M MgCl2 (50 mL) = 10.165 g  

 

Cytoplasmic Buffer (200 mL) 

 100 mM Tris à 2 mL from 1 M stock 

 10 mM NaCl à 2 mL from 1 M stock 

 3 mM MgCl2 à 600 uL from I M stock 

 0.5% NP-40 à 1 mL added directly 

Top up with ddH2O and mix thoroughly 

Working buffer must be prepared with Cocktail [Phosphatase (Cocktail 2, 3) and Protease] 
Inhibitors at 0.2% concentration for each. 

Nuclear Buffer (200 mL) 

 50 mM Tris à 10 mL from 1 M stock 

 5 mM MgCl2 à 1 mL from 1 M stock 

 0.1 mM EDTA à 80 uL from 250 mM stock 

 1 mM DTT à 800 uL from 250 mM stock 

 40% glycerol à 80 mL 

Top up with ddH2O and mix thoroughly 

Procedure: 

1. Prepare the working cytoplasmic buffer with appropriate concentrations of cocktail 
inhibitors. Place on ice.  

2. Culture cells at appropriate density. High cell yield is recommended for this protocol. 
Use two 6-well plates or one 150mm x 20mm tissue culture dish per condition. 
(Myoblasts can be cultured at 4x104 in a 6-well plate or 8x104 in a dish, and then 
differentiated to myotubes once 80-85% confluency has been reached).  

3. After treatment, collect the cells with ice cold 1xPBS in 15 mL falcon tubes. Scraping 
the cells instead of trypsinizing helps maintain the pellet size. Use of trypsin-EDTA to 
collect cell pellet requires an additional washing step to remove the media from the 
suspension, which reduces pellet size and results in lesser mitochondrial yield.  

4. Centrifuge at 1400xg for 5 min. Aspirate the supernatant. 
5. Resuspend the pellet in cytoplasmic buffer. Volume depends on pellet size, 3x the 

size is adequate.  
6. Incubate on ice for 5 min.  
7. Rock the samples at 4°C for 5 min.  
8. Centrifuge the samples at 2500xg for 5 min at 4°C. 
9. Collect the supernatant and transfer to properly labelled Eppendorf tubes to be stored 

as the cytoplasmic fraction at -80°C until use.  
10. Resuspend the remaining nuclear pellet with cytoplasmic buffer. 
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11. Rock the samples at 4°C for 3 min. 
12. Centrifuge the samples at 3200xg for 3 min at 4°C. 
13. Collect and discard supernatant.  
14. Repeat steps 10-13 approximately 10-12 times to ensure thorough washing and purity 

of nuclear pellet.  
15. Resuspend the final pellet following discarded cytoplasmic buffer with 150-200 uL of 

nuclear buffer. Transfer each sample to properly labelled Eppendorf tubes.  
16. Prepare 0.15 unit/uL of Benzonase (0.5 uL Benzonase in 7.83 uL of sterile H2O) 
17. Add 1.5 uL of Benzonase to each nuclear sample. Incubate on ice for 10-20 min.  
18. Samples are to be stored as the nuclear fraction at -80°C until use.  
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