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A B S T R A C T

Efficient signal transduction that mediates mitochondrial turnover is a strong determinant of metabolic health in
skeletal muscle. Of these pathways, our focus was aimed towards the enhancement of antioxidant capacity,
mitophagy, and mitochondrial biogenesis. While physical activity is an excellent inducer of mitochondrial
turnover, its ability to ubiquitously activate and enhance mitochondrial turnover prevents definitive differenti-
ation of the contribution made by each pathway. Therefore, we employed three agents, Sulforaphane (SFN),
Urolithin A (UroA), and ZLN005 (ZLN), which are activators of important biological markers involved in anti-
oxidant signaling, mitophagy, and 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 Nuclear factor (erythroid-derived 2)-like 2 (Nrf-2) after 4 hour (h), with subsequent 2-
fold increases in the antioxidant enzymes Nicotinamide Quinone Oxidoreductase 1 (NQO1) and Heme-
Oxygenase-1 (HO-1) by 24 h and 48 h. Mitochondrial respiration and ATP production were significantly
increased by both 24 h and 48 h. UroA showed a 2-fold increase in AMP-activated Protein Kinase (AMPK) after 4
h, which led to a modest 30% increase in whole cell mitophagy markers p62 and LC3, after 48 h. This was
accompanied by a reduction in cellular Reactive Oxygen Species (ROS), detected with the CellROX Green reagent.
Mitophagy flux measurements showed mitophagy activation as both LC3-II and p62 flux increased with UroA at
24-h and 48-h time points, respectively. Finally, AMPK activation was observed by 4 h, in addition to a 2-fold
increase in Mitochondrial Transcription Factor A (TFAM) promoter activity by 24 h of ZLN treatment
following transient transfection of a TFAM promoter-luciferase construct. Mitochondrial respiration and ATP
production were enhanced by 24 h. Our results suggest that early time points of treatment increase upstream
pathway activity, whereas later time points represent the increased phenotypic expression of related downstream
markers. Our findings suggest that the spatiotemporal progression of these mechanisms following drug treatment
is another important factor to consider when examining subcellular changes towards mitochondrial turnover in
muscle.
1. Introduction

Mitochondria fuel energy-dependent processes in the cell and their
regulation and function depend on the cellular response to signal trans-
duction events to maintain cellular homeostasis. Metabolic de-
rangements in skeletal muscle, borne of aging, disuse, denervation, or
disease1 can be caused by impairments in intrinsic signal transduction
pathways that typically take place in healthy muscle.2,3 Despite the
activation of mechanisms dedicated to mitochondrial turnover with
exercise4–7 full restoration of optimal organelle function can be limited. 2
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While exercise is now known to effectively refresh the mitochondrial
pool, the redundancy of multiple pathway activation can blur the unique
character of the individual pathways that contribute to an improved
metabolic outcome. In this respect, nutraceutical and pharmaceutical
agents that have been developed over time for therapeutic intervention
can prove useful in identifying the activation of important cellular
mechanisms to illuminate their unique contributions to maintaining or
improving mitochondrial homeostasis.

Of interest in this respect are the agents that typically increase the
drive for mitochondrial biogenesis, mitochondrial autophagy (hereafter
referred to as mitophagy), and antioxidant capacity, likely in a time-
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List of abreviations

SFN Sulforaphane
UroA/UA UrolithinA
Nrf-2 Nuclear factor (erythroid-derived 2)-like 2
ARE Antioxidant Response Element
NQO1 Nicotinamide Quinone Oxidoreductase 1
HO-1 Heme-Oxygenase-1
ATP Adenosine triphosphate
AMPK AMP-activated Protein Kinase
P62 Sequestosome-1 (SQSTM1)
LC3 Microtubule-associated proteins 1A/1B Light Chain 3A
ROS Reactive Oxygen Species
TFAM Mitochondrial Transcription Factor A
Keap1 Kelch-like ECH-associated protein

PGC-1α Peroxisome proliferator-activated receptor (PPAR) γ
coactivator 1 alpha

BafA Bafilomycin A
IDP Intrinsically Disordered Proteins
NRF1 Nuclear Respiratory Factor-1
NRF2 Nuclear Respiratory Factor-2
NuGEMPs Nuclear Gene-encoding Mitochondrial Proteins
COX IV Cytochrome oxidase subunit IV
COX I Cytochrome oxidase subunit I
VDAC Voltage Dependent Anion Channel
H2B Histone H2B
pGL3 promoter-reporter Luciferase
EV Empty Vector
FITC Fluorescein isothiocyanate
OCR Oxygen Consumption Rate
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dependent manner. 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 Sulfo-
raphane (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 Nuclear factor (erythroid-derived 2)-
like 2 (Nrf-2)- Kelch-like ECH-associated protein (Keap1)-Antioxidant
Response Element (ARE) antioxidant axis which governs the transcrip-
tional regulation of phase II detoxification enzymes for cytoprotection.
Available in cruciferous vegetables, this isothiocyanate and phytochem-
ical is deemed to be one of the most 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 mus-
cle.8,20 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 based on in vitro studies as
well as those conducted in human subjects11–15 and has been identified as
a mitophagy activator. This ellagitannin has been reported to restore
mitophagy starting at the upstream activating kinase, AMP-activated
Protein 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 direct effects
of UroA on mitophagy in muscle are not overly convincing, upon close
inspection. Therefore, our goal was to characterize this agent by inves-
tigating its time-dependent ability to induce mitophagy in our in vitro
model of skeletal muscle myotubes.

The small synthetic molecule, ZLN005 has been reported to activate
Peroxisome proliferator-activated receptor (PPAR) γ coactivator 1 alpha
(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 hypothesized that it would be a suitable candidate as an
activator of the expansion of the mitochondrial reticulum in skeletal
muscle.

Countless pharmacological agents have been considered as research-
based interventions that improve skeletal muscle health. 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. While we limit our study
to these three agents, we wished to 1) examine the integrity of these
agents as activators of divergent, yet cooperative mitochondria-related
pathways in C2C12 myotubes, and 2) expand on the characterization
17
of these mechanisms and their unique cascade by examining the dose-
and time-dependent changes of their relevant biochemical effects.

2. Materials & methods

2.1. 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 myo-
tubes was induced by switching the medium to DMEM supplemented
with 5% heat-inactivated horse serum (HS) and 1% P/S. Between day
5–6 of differentiation, cells were treated with vehicle (DMSO) or
differing concentrations of Sulforaphane (5 μM, 10 μM) (MedChemEx-
press), Urolithin A (20 μM, 50 μM, or 100 μM) (MedChemExpress), or
ZLN005 (10 μM, 20 μM). Drug treatments were followed by 4 h, 24 h, or
48 h of incubation time to examine their time-dependent effects.

2.2. Immunoblotting

Cells were lysed and proteins were extracted with 1 � passive lysis
buffer diluted from a 5� stock (Promega), 1 x phosphatase cocktails, and
1� protease inhibitor (Millipore-Sigma). Protein concentrations for each
sample were determined via Bradford concentration assay. Protein
samples (15–25 μg) 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 h. Western blot analyses were performed using primary
antibodies against Nrf-2 (ProteinTech), Keap1 (ProteinTech), Phospho-
AMPK (Cell 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.

2.3. Nuclear-cytoplasmic fractionation

Nuclear and cytoplasmic fractions were isolated as described by
Bhattacharya et al.22 Cells were harvested in cytoplasmic buffer con-
taining 0.2% phosphatase and protease inhibitors. Samples were incu-
bated on ice for 5 minutes (min) and centrifuged at 2 500 � g for 5 min.
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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 min of rocking in 4 �C, and 3 min
centrifugation at 3 200 � g. 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/μL of Benzonase nuclease was added to each
sample. The protein concentration was established via Bradford con-
centration assay followed by examination of content for each fraction
through immunoblot analysis.

2.4. Cytoplasmic-mitochondrial fractionation

We isolated cytoplasmic and mitochondrial fractions 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 h of treatment,
cells were washed and scraped with ice cold 1 x PBS. They then under-
went centrifugation at 1 400 � g for 5 min. The supernatant fraction was
then aspirated, and the 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 min prior to sonication.
The sonication protocol involved 2–3 repetitions of 3–5 seconds(s) son-
ication, with a minimum of 10 s rest between repetitions. Cells were
centrifuged at 1 000 � g for 10 min in 4 �C. The supernate was collected
and transferred to new tubes, and the pellet was discarded. It was then
centrifuged at 14 000� g for 15 min at 4 �C. The supernate following this
was collected and stored at �80 �C until use, as the cytoplasmic fraction.
Approximately 100 μL of resuspension buffer was then added to the
remnant pellet and resuspended prior to two more centrifugation periods
at 14 000 � g for 10 min, with new resuspension buffer added between
each spin. The supernate was then discarded, and 25–50 μL of resus-
pension 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 concentration was established via Bradford
concentration assay followed by examination of content for each fraction
through immunoblot analysis.

2.5. Promoter-reporter transient transfections

A promoter-reporter Luciferase (pGL3) construct for TFAM was used
to assess promoter activity for its transcription23 as an indirect indication
of activated and nuclear-localized PGC-1α following ZLN treatment.
C2C12 myoblasts were 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 re-
porter sequence in minimal DMEM (media that does not contain antibi-
otics or serum). Cells were incubated in this medium for 16–18 h and
then switched to regular growth media, as described.23 Once 80% con-
fluency was reached, cells were differentiated for 5–6 days prior to
desired treatments.

2.6. Mitochondrial respiration using seahorse analyses

Approximately 2 500 cells/well were seeded and grown in Seahorse
96-well plates and differentiated for 5 days as described above. On day 6,
myotubes were treated with either SFN, UroA or ZLN005 for 24 h and 48
h with the corresponding vehicle for each time point. Media was
replenished with either vehicle or drug at 24-h for 48-h analysis. The
Seahorse XF96 Mito Stress Test Kit (Agilent, Biosciences, 103015-100;
Seahorse XFe96 Analyzer, Agilent Biosciences) was performed accord-
ing to manufacturer’s instructions. Following the assay, myotubes were
stained with 100 nM MitoTracker Green (ThermoFisher, 62249) and 10
μM Hoechst (ThermoFisher, M7514) in phenol free media for 30 min at
37 �C. Fluorescence was measured using the Cytation5 plate reader
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(BioTek Instruments), and all Oxygen Consumption Rates (OCR) were
normalized to mitochondria and nuclei with MitoTracker Green and
Hoechst respectively to determine OCR per mitochondria per cell. Sea-
horse assay results were analyzed using the XF Wave software (Agilent,
Biosciences).

2.7. Flow cytometry

All flow cytometry experiments were completed using the Beckman
Coulter CytoFlex utilizing the CytExpert software. Myoblasts were seeded
in 6-well plates and differentiated as described above. Myotubes were
treated with either vehicle or 50 μM UroA for 4, 24 or 48 h. Following
treatment, myotubes were stained with 100 nM CellROX™ Green Re-
agent (ThermoFisher, C10444) in phenol free media for 30 min at 37 �C.
Following incubation, myotubes were washed with ice cold PBS then
trypsinized for 5 min at 37 �C. Cells were scraped then placed in
Eppendorf tubes before being centrifuged at 1 000 � g for 4 min. Each
cellular pellet was resuspended in ice cold PBS and analyzed. CellROX™
Green was gated using the FITC (Fluorescein isothiocyanate) channel.

2.8. Statistical analysis

All data were analyzed using Prism software (GraphPad) and were
summarized as Means þ 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-h time points. Two-way ANOVAs were used
to assess the 48-h time point. Statistical significance was set at p < 0.05.

3. Results

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

SFN is recognized for its role as an activator of the Nrf-2-Keap1
pathway. We used 5 μM and 10 μM of SFN to investigate changes at 4-,
24-, and 48-h time points in C2C12 myotubes. We hypothesized that an
early time point may demonstrate early activation of the Nrf-2 tran-
scription factor as it represents one of the initiating steps in this antiox-
idant 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 h (p
< 0.05) of SFN treatment at 10 μM concentration, an approximate 1.5-
fold increase by 24 h, but this effect dissipated at 48 h (Fig. 1A). A
main effect of time was observed, demonstrating the progressive resto-
ration of Nrf-2 content back to control levels (Fig. 1A). The corresponding
fold-change measured as the ratio of SFN over vehicle data was calcu-
lated to better observe this progression over time (Fig. 1C). Conversely,
changes to Keap1 showed a trending effect of time, where 24 h of
treatment showed decreased content that was restored after 48 h (p ¼
0.0558; Fig. 1B–D). To examine Nrf-2 nuclear localization with SFN, we
used cytoplasmic and nuclear fractions of C2C12 myotubes treated with
5 μM and 10 μM concentrations after 4 h. 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. 1E).

3.2. 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 Nicotinamide Quinone Oxidoreductase 1 (NQO1) and Heme-
Oxygenase-1 (HO-1) antioxidant enzymes (Fig. 2A and B). While NQO1
protein showed no change with SFN at either concentration (Fig. 2A),
HO-1 exhibited an early and marked elevation of 50%–60% with respect



Fig. 1. Upstream protein markers observed in the
Nrf-2-ARE antioxidant pathway following Sulfo-
raphane treatment. A: Progression of Nrf-2 content
with time at 10 μM SFN concentration at each time
point (n ¼ 7). One-way ANOVA, $p < 0.05, main ef-
fect of time; *p < 0.05, treatment vs. vehicle. B: Pro-
gression of Keap1 content with time at 10 μM SFN
concentration at each time point (n ¼ 3) One-way
ANOVA. C, D: Fold-change (SFN/VEH) for Nrf-2 and
Keap1 proteins, respectively, at each time point,
related to panels A and B, respectively; $ p < 0.05,
main effect of time. E: Nuclear localization analysis
using nuclear and cytosolic fractionation observing
Nrf-2 protein content with SFN treatment (n ¼ 3); *p
< 0.05, treatment vs. vehicle. VEH, Vehicle-treated
cells with DMSO; SFN, Sulforaphane-treated cells.
Nrf-2, Nuclear factor (erythroid-derived 2)-like 2.
ARE, Antioxidant Response Element. Keap1, Kelch-
like ECH-associated protein. Values are means � SEM.

N. Moradi et al. Sports Medicine and Health Science 7 (2025) 16–27
to both concentrations and this was maintained throughout the
remaining time points (Fig. 2B). NQO1 was increased by 2-fold at 24 h,
which was maintained at 48 h, with a main effect of treatment and time
(p < 0.05; Fig. 2A). 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.

3.3. Sulforaphane increases mitochondrial respiration and content by 48 h

Mitochondrial respiration was assessed using Seahorse, utilizing 10
μM SFN for all experiments. Basal respiration, maximal respiration, spare
respiratory capacity, and ATP production were all enhanced as early as
24 h (Fig. 3B–F). However, changes in mitochondrial content were not
observed until 48 h, where an approximate 40% increase occurred with
either concentration (p < 0.05; Fig. 3A), indicating there were no stark
differences between SFN concentrations during the time points where
elevations in content were observed.

3.4. 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.
To evaluate this possibility, we used 20, 50, or 100 μM concentrations of
UroA to investigate changes in proteins relevant to mitophagy and
19
autophagy at 4-, 24-, and 48-h time points. At 4 h 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 (Fig. 4A). However, this effect was no longer evident at
longer time points, indicating its transient activation (Fig. 4A). On the
other hand, p62 and total LC3, measured as the ratio LC3-II/I, showed a
main effect of treatment relative to control after 48 h in whole cell lysates
(p < 0.05; Fig. 4B and C). Interestingly, this was accompanied by a
reduction in cellular ROS by 24 h (p < 0.01; Fig. 4D), possibly indicating
induction of mitophagy to assist in the removal of dysfunctional
mitochondria.

To fortify whether UroA could activate mitophagy, we measured
mitophagy flux. Western blots of cytoplasmic and mitochondrial frac-
tions probing for p62 and total LC3 were conducted following 24 and 48
h of UroA-Bafilomycin A (BafA) or vehicle treatment (Fig. 5A and B). The
ratio of LC3-II/I for each condition at 24 and 48 h showed a main effect of
UroA, as well as an interaction effect between time, UroA, and BafA
(Fig. 5C). A marked 50% increase in mitophagy flux was evident at 24 h
(Fig. 5D). Interestingly, p62 mitochondrial localization was increased by
BafA and UroA, at 24 and 48 h (p < 0.05; Fig. 5E). However, the increase
in p62 flux as a result of UroA treatment was only apparent after 48 h
(Fig. 5F). Overall, the data show modest increases in whole cell
mitophagy markers, and considerable increases in mitophagy flux be-
tween 24 and 48 h of treatment.



Fig. 2. Downstream protein markers observed in Nrf-2-ARE antioxidant pathway following Sulforaphane treatment. Content of downstream proteins NQO1
(A) and HO-1 (B) respectively, typically targeted by Nrf-2-ARE mechanism, following each given time point. Time points 4 h (n ¼ 5) and 24 h (n ¼ 7) underwent one-
way ANOVA and 48 h (n ¼ 7) underwent two-way ANOVA, ¶p < 0.05, main effect of treatment relative to control; #p < 0.05, main effect of concentration; Ψp < 0.05,
interaction effect between treatment and concentration; *p < 0.05, treatment vs. vehicle. VEH, Vehicle-treated cells with DMSO; SFN, Sulforaphane-treated cells. Nrf-2,
Nuclear factor (erythroid-derived 2)-like 2. ARE, Antioxidant Response Element. NQO1, Nicotinamide Quinone Oxidoreductase 1. HO-1, Heme-Oxygenase-1. Values
are means � SEM.
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3.5. ZLN005 increases AMPK activation, TFAM promoter activity, and
mitochondrial respiration

ZLN005 has been reported to increase PGC-1α expression, and
therefore we speculated that it could induce mitochondrial biogenesis in
C2C12 myotubes. We used 10 or 20 μM concentrations to investigate
changes in relevant proteins at 24 and 48 h of treatment. In contrast to
previous reports,16,17 we were unable to confirm that ZLN could increase
PGC-1α or promote its nuclear localization at either 24 or 48 h (Fig. 6C).
However, both concentrations of ZLN enhanced AMPK activation by 4 h
which dissipated by 24 h and 48 h, demonstrating an alternative mech-
anism of ZLN mediated mitochondrial biogenesis (Fig. 6A and B). This
was fortified when investigating the promoter activity of TFAM,
following Lipofectamine-mediated transfection of a TFAM
promoter-luciferase reporter. After promoter transfection and 24 h 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. 6D). Addi-
tionally, luciferase content corrected for Empty Vector results
20
(PROM-EV) fortify the 40% increase that was observed (Fig. 6D). Mito-
chondrial respiration analysis demonstrated a moderate increase in basal
respiration, maximal respiration, spare respiratory and ATP production
by 24 h (Fig. 6E–I). However, there was a stark decline in these param-
eters by 48 h. Overall, while conclusive evidence that ZLN005 is an
activator of mitochondrial biogenesis in C2C12 myotubes has yet to be
uncovered, we believe that it shows promise as a result of its capacity to
increase mitochondrial respiration, TFAM promoter activity, and AMPK
activation in a time-dependent manner.

4. 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 cells by examining
the time-dependent changes in three important arcs of mitochondrial
phenotype. Those pertaining the present study include mitochondrial
biogenesis, mitophagy, and antioxidant capacity.1,24 Unlike the ubiqui-
tous capacity for exercise to simultaneously activate these pathways, we



Fig. 3. Mitochondrial content and respiration measurements following Sulforaphane treatment. COX IV protein content following 10 μM SFN treatment
following each given timepoint. Time points 4 h (n ¼ 5) and 24 h (n ¼ 7) underwent one-way ANOVA and 48 h (n ¼ 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, treatment vs. vehicle. (A). Oxygen consumption rates of treatment and
vehicle during basal respiration (B), ATP production (C), maximal respiration (D) and spare respiratory capacity (E) using seahorse and correcting for nuclear and
mitochondrial content to obtain a measure of mitochondrial function per cell (n ¼ 11). 24 h and 48 h Seahorse data underwent one-way ANOVA; *p < 0.05, **p <

0.01, treatment vs vehicle. Representative oxygen consumption tracing (F). VEH, Vehicle-treated cells with DMSO; SFN, Sulforaphane-treated cells. COX IV, Cyto-
chrome oxidase subunit IV; OCR, Oxygen Consumption Rate. Values are means � SEM.
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Fig. 4. Whole cell mitophagy markers and ROS following Urolithin A treatment. Content of downstream proteins AMPK (A), LC3 (B), and p62 (C) respectively,
typically involved in mitophagy mechanism, and cellular ROS detected with the CellROX Green reagent following each given time point (D). Time points 4 h and 24 h
underwent one-way ANOVA and 48 h underwent two-way ANOVA for the evaluation of mitophagy related proteins. CellROX Green data underwent an unpaired t-test
for each time point. ¶p < 0.05, main effect of treatment relative to control; *p < 0.05, **p < 0.01, treatment vs. vehicle. VEH, Vehicle-treated cells with DMSO; UroA,
Urolithin-A-treated cells. AMPK, AMP-activated Protein Kinase. LC3, Microtubule-associated proteins 1A/1B Light Chain 3A. Values are means � SEM.
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Fig. 5. Mitophagy flux following Urolithin A and
Bafilomycin A co-treatment. Western blots showing
cytoplasmic and mitochondrial fractions following
UroA (100 μM) and BafA (12 nM) co-treatment to
assess mitochondrial targeting after 24 h (A) (n ¼ 4),
and 48 h (B) (n ¼ 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
¼ 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. UroA, Urolithin-A-
treated cells. Baf A, Bafilomycin A; AMPK, AMP-
activated Protein Kinase. LC3, Microtubule-
associated proteins 1A/1B Light Chain 3A; VDAC,
Voltage Dependent Anion Channel; OCR, Oxygen
Consumption Rate. Values are means � SEM.
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used three different agents that have been reported to activate each
associated pathway separately in order to differentiate between the
cascading events that take place for organelle turnover during exercise.

Previous reports have found that SFN activated antioxidant enzymes
through the Nrf-2/Keap1/ARE pathway,8–10 leading to important find-
ings with chemoprevention and improvements to health within neuro-
degenerative diseases. Briefly, SFN aids in the cysteine modification of
multiple residues on the Keap1 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 HO-1, resulting in their tran-
scription.7 A growing body of literature has documented the use of SFN as
it improves insulin sensitivity and frailty with aging in skeletal muscle.20
23
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 Keap1 con-
tent, we did not expect any reciprocal events where an upregulation of
nascent Nrf-2 would result in a downregulation of Keap1. However, we
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 Keap1 degradation likely takes place through the
autophagy system,25,26 unlike Nrf-2 which is regularly degraded by the



Fig. 6. Analysing the impact of ZLN005 on the
drive for mitochondrial biogenesis and enhancing
mitochondrial function. A, B: Western blot investi-
gating whether the drive for biogenesis initiates with
AMPK shown at 4 (n ¼ 4), 24 (n ¼ 7) and 48 h (n ¼ 7)
with the corresponding quantifications of pAMPK/
AMPK ratio; One-way ANOVA, $ p < 0.05, main effect
of time. *p < 0.05, **p < 0.01, treatment vs. vehicle.
C: Western blot investigating nuclear PGC-1α
following ZLN treatment (n ¼ 5) with the corre-
sponding quantification of PGC-1α localization
following 24 and 48 h of treatment. D: ZLN inhibits
luciferase activity, thus requiring the assessment of
TFAM promoter activity to be assessed by probing for
luciferase protein content. Promoter-transfected cells
treated with ZLN after 24 h were assessed (n ¼ 4).
Corresponding Luciferase quantification; two-way
ANOVA,

R
p < 0.05, main effect of treatment; #p <

0.05, main effect of promoter; & p < 0.05, interaction
effect between promoter and treatment; *p < 0.05, t-
test between indicated conditions. Oxygen consump-
tion rates during basal respiration (E), ATP production
(F), spare respiratory capacity (G) and maximal
respiration (H) using seahorse (n ¼ 6). Representative
oxygen consumption tracing (F). Seahorse data un-
derwent a one-way ANOVA; *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001. AMPK, AMP-activated
Protein Kinase; PGC-1α, Peroxisome proliferator-
activated receptor (PPAR) γ coactivator 1 alpha;
H2B, Histone H2B; TFAM, Mitochondrial Transcrip-
tion Factor A. OCR, Oxygen Consumption Rate. Values
are represented as means � SEM.
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ubiquitin proteasome system. However, Nrf-2-mediated antioxidant
activation has been reported to initiate autophagy27 as well, which may
account for the partial declines in Keap1 content 24 h post-inductionwith
SFN. It is unclear whether this renders a positive feedback loop, where
autophagy-mediated degradation of inactive Keap1 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,28

suggesting a strong relationship between the antioxidant and autophagy
24
systems as a result of SFN action.
Nrf-2 is a transcription factor that directly regulates the expression of

antioxidant enzymes to promote the preservation of mitochondria. Thus,
following Nrf-2 nuclear localization, we expected changes in the anti-
oxidant enzymes NQO1 and HO-1. Consistent with the hypothesis sur-
rounding the effect of time on upstream and downstream protein content,
NQO1 increased in content starting at 24 h of treatment. Previous
studies29,30 have identified the role of NQO1 as a protective enzyme



Fig. 7. Mechanisms and stimuli that contribute to
mitochondrial turnover and homeostasis. Under
homeostatic conditions, Nrf-2 is sequestered in the
cytosol by its negative regulator Keap1.7 Sulforaphane
disrupts this interaction, leading to the accumulation
and nuclear localization of Nrf-2 by 4 h.7 Nrf-2 binds
to ARE elements found upstream of antioxidant pro-
moters HO-1 and NQO1,7 resulting in protein changes
by 24 h. These antioxidants mitigate excessive ROS,
thereby preserving mitochondrial content and func-
tion by 48 h. ZLN005 induces AMPK activation by 4 h,
and subsequent upregulation of TFAM transcription
by 24 h. TFAM binds mitochondrial DNA to activate
transcription and replication, thereby enhancing
mitochondrial biogenesis. UrolithinA enhances AMPK
activation by 4 h, resulting in the activation of
mitophagy machinery and reduction in cellular ROS
by 24 h. Nrf-2, Nuclear factor (erythroid-derived
2)-like 2. Keap1, Kelch-like ECH-associated protein.
HO-1, Heme-Oxygenase-1. NQO1, Nicotinamide
Quinone Oxidoreductase 1. AMPK, AMP-activated
Protein Kinase. TFAM, Mitochondrial Transcription
Factor A. ROS, Reactive Oxygen Species.
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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 posttranslational modifications that promote its nuclear
localization and activity. While we currently do not show direct evidence
to suggest that NQO1 carries out this protective function, we found that
by 24 h mitochondrial respiration was enhanced which was followed by
increased COX IV by 48 h, 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 AREs which are recognized by Nrf-2.31 Since NRFs are positive
regulators of nuclear gene-encoding mitochondrial proteins
(NuGEMPs),1,32,33 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 control34 and anti-in-
flammation,35 which were reported in the heart and vasculature. The
skeletal muscle-specific HO-1 knockout animal showed impairments in
aerobic performance, shifting towards a glycolytic phenotype. Additional
observations included reduced cross-sectional area due to increased
muscle atrophy, as well as increased mitochondrial fragmentation and
reduced citrate synthase activity, as an indication of mitochondrial
dysfunction.36 HO-1, in the context of skeletal muscle, sequesters free
heme and prevents its release into the cytoplasm or even leakage into
plasma following microtrauma. This action spares the potential for
ferroptosis-induced lipid peroxidation. 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.37 Our
data clearly show that increased HO-1 content is dependent on SFN
treatment, but further investigation is required to examine its relation-
ship 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 mito-
chondrial phenotype. Urolithin A has been shown to induce mitophagy in
an AMPK-dependent manner, followed by the induction of mitophagy-
25
related proteins including LC3-II and p62, in C. elegans, C2C12 myo-
blasts, rodent models, and middle-aged and elderly human subjects.11–15

However, some of these data 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 h of treatment (Fig. 5A), despite previous findings
after 24 h.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 in whole cells. 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 at 24 or at 48 h (Fig. 5B and C). Interestingly, this was accompanied
by a reduction in cellular ROS by 24 h (Fig. 5D). While additional
investigation is required to add to the efficacy of UroA, our data firmly
support the fact that UroA increases mitophagy flux, which results in a
reduction in cellular ROS.

As we have determined candidatemolecules that enhance 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 consul-
tation of the literature uncovered the small molecule, ZLN005.16 It has
been reported to activate the master regulator of mitochondrial biogen-
esis, PGC-1α, by facilitating its nuclear translocation through the up-
stream master regulator of cell metabolism, AMPK.16 We acknowledge
that ZLN and UroA have both been presented as activators of their
relevant pathways through AMPK but identified differently as contribu-
tors to cellular metabolism. PGC-1α has been shown to regulate mito-
chondrial 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.38 As a result, it is useful to
investigate the effects of these AMPK activators on other
mitochondria-related pathways to determine why they are recognized for
one particular function or mechanism. In line with this mechanism,
AMPK activation was observed at 4 h, with likely downstream conse-
quences, which dissipated by 24 and 48 h (Fig. 6A and B).

While we used nuclear fractions after 4, 24, and 48 h of ZLN treat-
ment, 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,39 as a surrogate measure of an
increased drive for mitochondrial biogenesis upstream, since PGC-1α
coactivates NRF-1 on the TFAM promoter. There was a marked 2-fold
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increase in luciferase content following a transient transfection with a
TFAM promoter within a 24-h time point (Fig. 6D). We hope to continue
fortifying the role of ZLN as an activator of mitochondrial biogenesis via
PGC-1α by adding downstream mitochondrial markers resulting from
TFAM transcription, such as COX subunit I.

5. Conclusion

Taken together, 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 ac-
tivity, whereas later time points represent the increased activity in their
associated downstream markers (Fig. 7). Continued characterization of
these agents in our in vitromodel is required to sufficiently report on their
specificity for mitochondrial biogenesis, mitophagy, or antioxidant ca-
pacity. 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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