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Sulforaphane treatment mimics contractile activity-induced mitochondrial
adaptations in muscle myotubes

Sabrina Champsi and © David A. Hood
Muscle Health Research Centre, School of Kinesiology and Health Science, York University, Toronto, Ontario, Canada

Abstract

Mitochondria are metabolic hubs that govern skeletal muscle health. Although exercise has been established as a powerful in-
ducer of quality control processes that ultimately enhance mitochondrial function, there are currently limited pharmaceutical
interventions available that emulate exercise-induced mitochondrial adaptations. To investigate a novel candidate for this role,
we examined sulforaphane (SFN), a naturally occurring compound found in cruciferous vegetables. SFN has been documented
as a potent antioxidant inducer through its activation of the nuclear factor erythroid 2-related factor 2 (Nrf-2) antioxidant
response pathway. However, its effects on muscle health have been underexplored. To investigate the interplay between
chronic exercise and SFN, C2C12 myotubes were electrically stimulated to model chronic contractile activity (CCA) in the pres-
ence or absence of SFN. SFN promoted Nrf-2 nuclear translocation, enhanced mitochondrial respiration, and upregulated key
antioxidant proteins including catalase and glutathione reductase. These adaptations were accompanied by reductions in cellular
and mitochondrial reactive oxygen species (ROS) emission. Signaling toward biogenesis was enhanced, demonstrated by
increases in mitochondrial transcription factor A (TFAM), peroxisome proliferator-activated receptor-gamma coactivator (PGC)-1a
nuclear translocation, PGC-1a. promoter activity, mitochondrial content, and organelle branching, suggestive of a larger, more
interconnected mitochondrial pool. These mitochondrial adaptations were accompanied by an increase in lysosomal proteins,
suggesting coordinated regulation. There was no difference in mitochondrial and antioxidant-related proteins between CCA and
non-CCA SFN-treated cells. Our data suggest that SFN activates signaling cascades that are common to those produced by con-
tractile activity, indicating that SFN-centered therapeutic strategies may improve the mitochondrial phenotype in skeletal muscle.

NEW & NOTEWORTHY Nrf-2 is a transcription factor that has been implicated in mitigating oxidative stress and regulating mito-
chondrial homeostasis. However, limited research has demonstrated how Nrf-2-mediated adaptations compare with those pro-
duced by exercise. To investigate this, we treated myotubes with Sulforaphane, a well-established Nrf-2 activator, and combined
this with stimulation-induced chronic contractile activity to model exercise training. Our work is the first to establish that sulfora-
phane mimics training-induced mitochondrial adaptations, including enhancements in respiration, biogenesis, and dynamics.

exercise; mitochondrial biogenesis; Nrf-2; PGC-1a,; skeletal muscle

INTRODUCTION

Skeletal muscle health is heavily influenced by the quantity
and quality of the mitochondria that reside within it. Loss of
mitochondria and excessive reactive oxygen species (ROS)
emission have both been linked to muscle atrophy, indicating
that mitochondria are tightly linked to muscle health (1, 2).
Mitochondria are exceedingly adaptable and are capable of
modulating their structure and molecular response to fulfill
the tissue’s energy demand (3, 4). The plasticity of this organ-
elle is exemplified during exercise, where several intracellular
signaling cascades are activated, which ultimately drive mito-
chondrial quality control processes, such as biogenesis (5).

Due to the presence of both nuclear and mitochondrial-
DNA encoded proteins, coordination of both genomes is
required to mediate this process (6, 7). The most prominent
regulator of biogenesis within the literature is peroxisome
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proliferator-activated receptor-gamma coactivator-lo. (PGC-1a1)
(8-12). PGC-10. mediates biogenesis by coactivating transcrip-
tion factors involved in the upregulation of nuclear genes
encoding mitochondrial proteins (13, 14). However, the core-
gulatory role of this protein is only activated upon a series of
posttranslational modifications (5). Specifically, acute exercise
enhances the activation of Ca?*/calmodulin-dependent pro-
tein kinase (CaMK) (15), p38 mitogen-activated protein kinase
(MAPK) (16, 17), and AMP-kinase (AMPK) (18, 19), which all
subsequently phosphorylate PGC-1a. and permit its nuclear
translocation (20). Within the nucleus, PGC-1a coactivates
nuclear respiratory factor 1 (NRF-1), a transcription factor
involved in the expression of mitochondrial transcription fac-
tor A (TFAM), the most important mediator of mitochondrial
DNA transcription and replication (21, 22).

In addition to the synthesis of new mitochondria, it is
essential that poorly functioning and damaged mitochondria
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are removed and broken down through lysosomal-mediated
mechanisms (23). This ensures that the quality of the mito-
chondrial pool is maintained or improved, preserving cellular
function (24). Chronic exercise has been reported to enhance
the capacity for mitochondrial removal through lysosomal
biogenesis, thereby better equipping the cell for mitochon-
drial turnover (24-26). A major regulator of this process is
transcription factor E3 (TFE3), which enhances the expression
of lysosomal and autophagy-related genes (27).

Training has also been reported to reduce ROS through
the upregulation of antioxidant proteins, such as glutathione
peroxidase-1 (28, 29) and glutathione reductase (29, 30).
Central to this axis, and mediator of these targets, is the tran-
scription factor nuclear factor erythroid 2-related factor 2
(Nrf-2) (31). Under basal conditions, Nrf-2 is sequestered
within the cytosol by its negative regulator Kelch-likeenoyl-
coA hydratase (ECH)-associated protein 1 (Keapl) (32). Keapl
acts as an adaptor for the E3 ubiquitin ligase complex cullin
3 (Cul3), permitting the ubiquitination and degradation of
Nrf-2, thus keeping protein levels extremely low (32). During
exercise, ROS modify sensitive cysteine residues on Keapl,
resulting in a reduction in Nrf-2 ubiquitination (33). Nrf-2 is
then able to accumulate, translocate to the nucleus, and het-
erodimerize with members of the small Musculo-aponeur-
otic fibrosarcoma protein family, permitting its binding to
antioxidant response elements (ARE) found upstream of tar-
get genes (34). Although this signaling cascade has been
reported to occur during exercise (35), it can be chemically
induced by the nutraceutical sulforaphane (SFN) (36). SFN
has proven to be an extremely strong inducer of the Nrf-2-
Keapl axis and therefore has been used in several studies to
examine the downstream effectors of this pathway (37-39).

SFN is a naturally occurring compound found in crucifer-
ous vegetables, such as broccoli and cauliflower (38, 40).
Although previous work has positioned SFN as a chemopre-
ventive agent (41), recent work has revealed that it may play
an important role in mitochondrial homeostasis. The most
convincing evidence is that Nrf-2 enhances the transcription
of NRF-1, which drives TFAM expression and mitochondrial
DNA copy number (42). Conversely, knockdown of Nrf-2
within skeletal muscle has been shown to reduce mitochon-
drial respiration, increase mitochondrial ROS emission, and
increase muscle fatigability (43), suggesting that Nrf-2 has a
direct influence on muscle health. Since SFN has been
described as among one of the most potent Nrf-2 activators
available, we chose to investigate the effects of SFN in C2C12
myotubes to elucidate if 1) Nrf-2 may be able to preserve or
enhance the mitochondrial content and function and if 2)
sustained Nrf-2 activation may augment mitochondrial
adaptations in response to exercise using an in vitro model
of CCA.

METHODS

Growth, Maintenance, and Differentiation of C2C12
Murine Skeletal Muscle Cells

C2C12 myoblasts (ATCC Catalog No.: CRL-1772; RRID:
CVCL_0188), an established cell line, were grown in Dulbecco’s
modified Eagle’s medium (DMEM; Wisent), supplemented
with 10% fetal bovine serum (FBS; Fisher) and 1% penicillin-
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streptomycin (P/S; Wisent) [growth medium (GM)]. Cells were
incubated at 37°C and 5% CO, and passaged upon 60% conflu-
ency to maintain their myoblast form. For subsequent treat-
ment and analysis of SFN on myotubes, C2C12 myoblasts are
seeded in 6-well cell culture plates supplemented with GM.
After reaching 80-90% confluency, GM was removed and
cells were washed with PBS before incubation with differen-
tiation media (DM), containing 5% heat-inactivated horse se-
rum and 1% P/S to promote differentiation. DM was replaced
daily to promote cell health and differentiation. After 6 days
of differentiation, myotube morphology was confirmed using
a phase contrast microscope before performing subsequent
treatment and analysis. All experiments were completed on
myotubes between passages 10 and 15.

Drug Treatments

A 10 mM stock solution of SFN (MedChemExpress) was
prepared using DMSO (Sigma) as the diluent. An intermedi-
ate stock of 2 mM was further produced using DMSO, and a
final working concentration of 10uM was obtained by adding
a portion of the 2 mM stock directly to DM and finally added
directly to the cells. Vehicle treatment was prepared by add-
ing the same volume of DMSO to DM. The proteasome inhib-
itor N-carbobenzoxyl-Leu-Leu-leucinal (MG132; Sigma) was
prepared as a 2 mM stock solution and was added to SFN or
vehicle-treated media to produce a final working concentra-
tion of 10uM. Cells were cotreated with SFN and MG132 for 6
h in phenol-free media before imaging. Positive and negative
controls for flow cytometry were prepared fresh and per-
formed every time a new vial of dye was used. The antioxi-
dant N-acetylcysteine (NAC; Sigma) was used as a negative
control for CellROX Green, as this agent reduces all ROS per-
mitting no CellROX Green signal. A 100 mM stock solution
of NAC was prepared using DMSO, and a final working con-
centration of 20 mM was used to treat myotubes for 24 h (18).
The ROS inducer menadione (Sigma) (44) was used as a posi-
tive control for CellROX Green. A 50 mM stock of Menadione
was prepared by resuspending the powder in DMSO, prior to
producing the final working concentration of 100uM and
treating for 1 h, as per the manufacturer’s instructions. For
mitochondrial ROS (mtROS) experiments using MitoSOX
Red, Rotenone, an inhibitor of complex 1 of the electron
transport chain was used. Inhibition of this complex induces
excessive mtROS emission, therefore serving as a positive
control for MitoSOX Red fluorescence. Rotenone was pre-
pared as a 1 mM stock solution and finally prepared as a
200 nM working concentration. To assess the efficacy of
MitoTracker Red (MTR), a detector of mitochondrial mem-
brane potential, the mitochondrial uncoupler carbonyl cya-
nide m-chlorophenylhydrazone (CCCP; Sigma) was used.
CCCP acts to dissipate membrane potential, thus ensuring
no MTR signal and serving as a negative control. A 100 mM
stock solution of CCCP was prepared, and finally a working
concentration of 25uM was produced and applied to cells for
30 min before flow experiments (45).

Whole Cell Isolation and Protein Extraction

Following treatment, media was aspirated, and cells were
rinsed twice with warm PBS. Cells were then trypsinized for
5 min at 37°C to permit cell detachment before being
scraped, collected, and spun down at 1,400 g for 4 min.
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Following centrifugation, the supernatant fraction was aspi-
rated, and the pellet was resuspended in ice-cold PBS. Cells
were spun down again at 1,400 g for 4 min and PBS was aspi-
rated. The pellet was placed on ice and resuspended in cell
extraction buffer containing 1X lysis buffer (Promega), phos-
phatase inhibitor cocktails (Sigma), and a protease inhibitor
(Sigma). Four freeze-thaw cycles were performed by flash-
freezing cells with liquid nitrogen then thawing them in a
37°C water bath. This procedure damages the cell membrane
and promotes cell lysis. Finally, cell lysates were centrifuged
at 2,500 g for 10 min at 4°C and the supernatant fraction was
collected and stored in -80°C for future use.

Nuclear-Cytoplasmic Fractionation

C2C12 myoblasts were seeded and differentiated in 15 cm?
cell culture plates before treatment with SFN or vehicle.
Whole cells were collected in cytoplasmic buffer, containing
phosphatase inhibitor cocktails (Sigma), and a protease in-
hibitor (Sigma). Samples were placed on ice for 5 min before
being rocked on the orbital shaker for 5 min at 4°C, then cen-
trifuged at 2,500 g for 4 min. The supernatant fraction was
collected and stored as the cytoplasmic fraction at —80°C for
future use. The remaining nuclear fraction was resuspended
with cytoplasmic buffer, rocked for 3 min at 4°C, and then
centrifuged at 3,200 g for 4 min before discarding the super-
natant fraction. This workflow was repeated 10-12 times to
ensure the purity of the nuclear fraction. After the final
cycle, 0.15 unit/uL of Benzonase (Sigma) was added to the
nuclear fraction and incubated on ice for 20 min before stor-
ing the samples at —80°C for subsequent Western blotting,.

Western Blotting

The protein concentration of each sample was determined
using the Bradford assay. Equal amounts of protein, ranging
from 15 to 30 pg depending on the protein targets, were pre-
pared for Western blotting. Briefly, equal amounts of crude
protein from whole cell extractions were combined with
Laemmli sample buffer. Laemmili buffer was prepared by
combining 9.375 mL 1 M Tris (pH = 6.8), 1.5 g SDS, and 1.2 mL
glycerol. This solution was mixed until fully homogenous at
40°C, prior to adding 2.25 mL B-mercaptoethanol and 7.5 mg
Bromophenol Blue and topping up to 25 mL with ddH,O.
Laemmili buffer was aliquoted and stored at —20°C until
ready to use. Samples were denatured at 95°C for 7 min and
topped up with cell extraction buffer. Samples were loaded
into 8-15% sodium dodecyl sulfate (SDS) polyacrylamide gels
and separated using electrophoresis. Following separation,
proteins were transferred onto nitrocellulose membranes and
washed with Ponceau S stain (Sigma) to confirm that transfer-
ring was successful. Membranes were labeled and cut at
the appropriate molecular weight for each target protein.
Ponceau S stain was washed off the membranes with 1X TBS-
T for 5 min before blocking for 1 h in 5% skim milk at room
temperature with light agitation. Afterward, primary antibod-
ies (see Table 1) were applied to membranes overnight at 4°C.
The following day, membranes were incubated with the corre-
sponding secondary antibody for 1 h at room temperature.
Equal portions of Clarity Max Enhanced Chemiluminescence
(ECL; BioRad) substrates were combined and applied to mem-
branes for 4 min before being imaged using the iBright
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Imaging System (Thermo Fisher). Optical density was quanti-
fied using ImageJ software (ver. 1.53) for subsequent quantifi-
cation using GraphPad Prism Software (ver. 8.2.1). All protein
targets, apart from nuclear-cytosolic fractions, were normal-
ized to their corresponding GAPDH following imaging. Due to
the similar molecular weights of target proteins, membranes
were stripped and reprobed with the appropriate primary
antibody in the presence of sodium azide to avoid cutting
blots too closely. This process removes any horseradish perox-
idase (HRP) from the secondary antibody. Stripping was only
completed on blots with different secondaries to avoid resid-
ual signals from the previous target. Western blotting for nu-
clear and cytosolic fractions was normalized to Ponceau,
given that Histone 2B (H2B) did not fit on the gel percentage
for each target. H2B and a-tubulin were used to demonstrate
fraction purity. It should be noted that Cathepsin B exhibits
two bands, a smaller band depicting the cleaved, mature pro-
tease, and a larger band demonstrating the premature, non-
cleaved band. As there is more mature Cathepsin B protein
relative to premature, a long exposure is required to visualize
the premature band, rendering the mature band overexposed
as shown in red (Fig. 7).

Flow Cytometry

Myoblasts were proliferated and differentiated in a 6-well
cell culture plate, before treatment with SFN and vehicle.
Cells were stained with 100 nM MitoTracker Green (MTG;
Fisher), 100 nM MitoTracker Red (MTR; Fisher) 5 mM
CellROX Green (Fisher), or 15 uM MitoSOX Red (Fisher) in
phenol-free media (Life Tech) for 30 min at 37°C. Following
incubation, myotubes were washed with warm PBS, trypsi-
nized for 5 min at 37°C, and then scraped for collection and
centrifugation at 1,400 g for 4 min. Pellets were washed and
then resuspended in roughly 250 uL of ice-cold PBS before
being analyzed on the Flow Cytometer (Beckman, CytoFlex).
Resuspension of cells in a large volume of PBS was performed
to avoid clogging of the cytometer’s tubing system. MTG and
CellROX Green were evaluated using the fluorescein isothio-
cyanate (FITC) filter, while MTR and MitoSOX Red were
assessed using the phycoerythrin (PE) filter, both using the
488 nm laser. Unstained, single stains, and double-stained
samples were produced for each experiment to generate accu-
rate gating for dot plots. Compensation was performed when
applying more than one dye to correct for spectral overlap,
thereby providing a more accurate fluorescence intensity for
each dye (Supplemental Fig. S1). For each biological replicate,
three technical replicates were produced, and the fluorescent
reading was averaged upon reading on the flow cytometer.
For each technical replicate, 40,000 events were recorded to
ensure that the same number of cells were evaluated for each
condition. To avoid clogging and accurate fluorescent read-
ings, the sample flow rate was not permitted to exceed 3,000
events/s, ensuring the sample volume did not exceed 10ulL.
Daily quality control (QC) was performed before every experi-
ment to confirm that the instrument was working correctly
and providing adequate signal strength and provision. Briefly,
a small aliquot of the CytoFlex ready-to-use QC fluorospheres
(Beckman; C65719) was added to an Eppendorf tube, vortexed,
and subjected to a QC experiment. Results are expressed as
mean peak fluorescence intensity.
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Antibody Manufacturer Catalog No. Molecular Weight, kDa [1°Ab] [2°Ab]
Nrf-2 Cell Signaling 12721S 100 1:500 1:1,000
P62 (SQSTM1) Cell Signaling 5114S 62 1:1,000 1:1,000
Keap1 ProteinTech 10503-2-AP 74 1:1,000 1:2,000
H2B Cell Signaling 2934S 15 1:1,000 1:1,000
o-tubulin Millipore Sigma CPO6- 100UG 50 1:1,000 1:1,000
GAPDH Abcam ab9485 37 1:100,000 1:5,000
TFAM Abcam ab176558 24 1:500 1:1,000
COX| Abcam ab14705 39 1:500 1:1,000
MFN2 Abcam ab50843 86 1:1,000 1:1,000
Glutathione Reductase Santa Cruz sc-133245 55 1:2,000 1:1,000
G6PD Cell Signaling 8866S 58 1:1,000 1:1,000
NQO1 Abcam ab34173 31 1:1,000 1:1,000
Catalase Cell Signaling 14097S 60 1:2,000 1:1,000
GPX-1 Abcam Ab22604 22-24 1:1,000 1:1,000
SP1 Santa Cruz SC-420 92 1:1,250 1:1,000
CREB1 Santa Cruz SC-058 43 1:1,000 1:1,000
ATF-2 Cell Signaling 20F1 65-75 1:1,250 1:1,000
USF-1 Santa Cruz sc-8983 44 1:1,000 1:1,000
TFES Sigma HPA023881 73 1:500 1:1,000
UQCRC2 Abcam ab14745 48 1:1,000 1:1,000
VDAC Abcam ab14734 33 1:500 1:1,000
VATPase Santa Cruz sc-55544 50 1:1,000 1:1,000
Cathepsin B Cell Signaling 31718S 24-44 1:1,000 1:1,000
HO-1 Abcam ab13248 32 1:1,000 1:1,000
Drp-1 BD BioSciences 611738 27 1:1,000 1:1,000
P-AMPK (Thr172) Cell Signaling 2535S 64 1:1,000 1:1,000
AMPK Cell Signaling 2532S 64 1:1,000 1:1,000
P-JNK (Thr183, Tyr185) Cell Signaling 4668S 37-54 1:1,000 1:1,000
T-JNK Cell Signaling 9252T 37-54 1:1,000 1:1,000
P-P38 MAPK (Thr180/Tyr182) Cell Signaling 9211S 43 1:1,000 1:1,000
P38 MAPK Cell Signaling 9212S 40 1:1,000 1:1,000
P-CAMKII-o. (Thr286) Cell Signaling 3361S 50 1:1,000 1:1,000
T-CAMKIl-o Cell Signaling 3362S 50-60 1:1,000 1:1,000
P-GSK-3B Cell Signaling 9322S 46 1:1,000 1:1,000
T-GSK-3B Cell Signaling 9832S 46 1:1,000 1:1,000
Anti-Mouse HRP-linked 2° Cell Signaling 7076S
Anti-Rabbit HRP-linked 2° Cell Signaling 7074S

H2B, Histone 2B; Nrf-2, nuclear factor erythroid 2-related factor 2; TFAM, mitochondrial transcription factor A.

Assessment of Mitochondrial Content, Morphology, and
PGC-1a via Confocal Microscopy

Following either SFN alone, MG132 treatment, or CCA,
C2C12 myotubes were stained as described above with 10 uM
Hoechst (Fisher), and either MTG or MTR in phenol-free
DMEM immediately before imaging. Myotubes were imaged
with the confocal microscope using a Nikon Eclipse TE2000-
U Fluorescence microscope coupled to a Nikon C2 micro-
scope. All image analysis was performed using ImageJ (ver.
1.53), ensuring fully visible myotubes were traced (i.e., mini-
mum 2 nuclei per cell). To measure dye intensity, images
were processed using “unsharp mask” (radius = 1.0 pixel,
mask = 0.60) and “median” (radius = 2.0 pixels) filter tools.
Images were made “binary” and “skeletonized” before meas-
uring the integrated density (fluorescence intensity) of each
channel. To assess the colocalization of MTG and MTR or
Hoechst and GFP, the plugin JACop (https://github.com/
fabricecordelieres/IJ-Plugin_JACoP) was used (46). Costes’
automatic threshold was used to determine Mander’s coeffi-
cient for each overlapping fraction. To assess mitochondrial
morphology, the Mitochondria Analyzer Toolset, available
as a plugin on ImageJ (https://github.com/AhsenChaudhry/
Mitochondria-Analyzer), was used according to the provided
user manual (47, 48). Briefly, following imaging of the

mitochondrial network via MTR staining, images were
obtained and plugged into ImageJ. Images were processed
as described above within the methods for dye intensity,
made “binary” and “skeletonized” before being imported
into the Mitochondria Analyzer software. Three images were
analyzed for each n (n = 5), ensuring that at least two myo-
tubes were fully visible for each image. The Analyzer menu
was opened and a two-dimensional (2-D) analysis was com-
pleted for each image, ensuring that various networking
analyses were completed on the 2-D stack. Analysis was com-
pleted on a per-mitochondria basis, displaying results such as
branch length and the number of branch junctions per mito-
chondria. Branch length refers to how long the mitochondrial
branches are, whereas branch junction refers to points in the
reticulum where two or more branches meet. Both length and
intersectionality are parameters indicative of mitochondrial
connectivity, therefore providing meaningful and relevant in-
formation about shifts in mitochondrial populations from
fragmented to more reticular-like formation.

Mitochondrial Respiration

Mitochondrial respirometry was assessed using the
Seahorse XF96 Cell Mito Stress Test Kit (Agilent). Myoblasts
were seeded at a density of 2,500 cells per well and subse-
quently differentiated in a Seahorse cell microculture plate
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(Agilent) before treatment with SFN and vehicle for 24 h and
48 h. Each condition was plated in 23 replicate wells across the
microplate and averaged for each condition (n = 1). This
experiment was completed five times on separate plates (n =
5). The Seahorse assay offers real-time analysis of oxygen con-
sumption rate (OCR) following the addition of various electron
transport chain inhibitors to extract various respirometry pa-
rameters in vitro. First, the XF96 Extracellular Flux Cartridge
was used to measure OCR during basal respiration, followed by
ATP-linked respiration after adding oligomycin, an inhibitor of
ATP synthase. Subsequently, carbonyl cyanide-p-trifluoro-
methoxyphenylhydrazone (FCCP) was added to induced
membrane uncoupling and evaluated maximal uncoupled
respiration. Finally, rotenone and antimycin A, inhibitors
of complexes one and three respectively, were added to
measure spare respiratory capacity. After the assay was
completed, cells were washed with phenol-free DMEM
(Wisent; 319-065-CL) supplemented with glucose and gluta-
mine, then incubated with 10 uM Hoechst (Thermo; 33342) and
100 nM MitoTracker Green (Thermo) for 30 min at 37°C to stain
nuclei and mitochondria, respectively. Following incubation,
fluorescence was measured on the BioTek Cytation 5 plate
reader. MitoTracker Green was normalized to Hoechst to
obtain a measurement of mitochondria per cell. These values
were used to normalize the OCR obtained per well to nuclei
and mitochondrial content, to better represent mitochondrial
respiration per cell. This workflow was completed using the XF
Wave Software (Agilent), measuring the area under the curve
for each respiration parameter.

Chronic Contractile Activity

Following differentiation and confirmation of appropri-
ate morphology, myotubes were electrically stimulated, as
previously described (10, 49, 50). Briefly, the plastic lids
corresponding to 6-well cell plates were retrofitted with
two platinum electrodes that span the length of the well.
Before stimulation, cells were washed and supplemented
with 4.5 mL of fresh media per well, ensuring each elec-
trode was fully submerged. Myotubes were subjected to
electrical pulse stimulation (EPS) at 5 Hz and 18 V for 3 h,
followed by a 21-h recovery period where cells were sup-
plemented with either vehicle or SFN. Visual confirmation
of myotube contraction was confirmed for every bout and
monitored periodically to ensure that sustained contrac-
tion was achieved (Supplemental Video S1). Stimulation
was repeated for 4 days, and cells were collected for analy-
sis after the last recovery period (Fig. 7A).

Acute Contractile Activity

Myotubes were subjected to the same contractile model as
described above; however, only underwent a single bout of
EPS which lasted 3 h, to model acute contractile activity
(ACA). Cells were collected immediately following stimula-
tion and were treated with either SFN or vehicle during the
bout. Unstimulated cells were treated for 3 h and collected at
the same time as the cells subjected to contractile activity.

Promoter-Reporter Transient Transfections

A custom PGC-1a promoter-firefly-luciferase-reporter con-
struct was purchased from Applied Biological Materials, Inc.
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(Richmond, BC, Canada), containing 4 kb of the mouse PGC-
1o promoter region. For DNA amplification, the plasmid was
transformed into competent Escherichia coli cells, which
were incubated on ice for 30 min. Following incubation, cells
were heat-shocked for 30 s and then placed back on ice for
5 min before adding 475 uL of outgrowth media (New
England) and placed on a shaker plate at 37°C and 250 rpm for
1 h. Cells were inoculated on agar plates supplemented with
the corresponding antibiotic (Kanamycin or Ampicillin).
Following overnight incubation, single colonies were selected
and amplified in luria broth (LB) media overnight on the
shaker (250 rpm), followed by plasmid isolation using the
HiSpeed Plasmid Maxi Prep Kit (Qiagen). The following day,
2.0 ug DNA/well of PGC-1a plasmid was cotransfected with a
0.05 ug DNA/well cytomegalovirus (CMV)-promoter-pRL3-re-
porter vector (Promega), expressing renilla luciferase, which
served as a control for transfection efficiency. Similarly,
2.0 uyg DNA/well of empty vector (EV; Promega), matching the
PGC-1a plasmid, was cotransfected with 0.05 ug DNA/well of
PRL3 vector to provide a baseline of luciferase activity,
accounting for any nonspecific activity, which contributes to
the background signal. At 40% confluency, cells were trans-
fected with the plasmids and Lipofectamine2000 (Fisher) in
serum-free DMEM. Following 17 h of transfection, myoblasts
were washed with PBS, proliferated, differentiated, and
treated with SFN or vehicle for 24 h. Following treatment,
whole cells were collected, and luciferase activity was deter-
mined using the Steady-Glo Luciferase Assay System
(Promega; 72530). Similarly, cells were transfected with a
CMV-promoter-GFP-PGC-la-reporter plasmid using the same
transfection procedure as described above. This is a constitu-
tively active plasmid, expressing PGC-1a bound to GFP, per-
mitting the observation of PGC-1a localization.

Statistical Analysis

All graphs were produced, and statistics were analyzed
using the GraphPad Prism software (ver. 8) and represented
as means * SE. For comparisons between vehicle and SFN
with respect to nuclear-cytosolic fractions, confocal imaging,
and certain whole cell analyses as specified within figure
captions, a two-tailed unpaired ¢ test was performed, assum-
ing normal parametric distribution. A two-way analysis of
variance (ANOVA) was completed followed by a Tukey’s post
hoc test for the analysis of oxygen consumption, PGC-1a pro-
moter activity, reactive oxygen species measurements,
MG132 treatment, and protein analysis following chronic
contractile activity, and rotenone treatment. Data were con-
sidered significant when P < 0.05.

RESULTS

Sulforaphane Increases Nrf-2 Accumulation and
Nuclear Localization

SFN has been well documented as a potent inducer of the
Nrf-2-ARE axis by directly modifying Keapl, the negative
regulator of Nrf-2. To examine the upstream activation of
this pathway, myotubes were treated with SFN for 24 h and
collected. Whole cell lysates revealed a sixfold increase in
Nrf-2 protein (P < 0.0001) relative to vehicle-treated cells,
indicating Nrf-2 accumulation (Fig. 1, A and C). To determine
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whether this transcription factor was translocating to the nu-
cleus to enhance the upregulation of target genes, nuclear-cy-
tosolic fractions were prepared, which demonstrated an 11-fold
increase in nuclear Nrf-2 (Fig. 1, B and C; P < 0.0001). This was
accompanied by a reduction in Keapl (P = 0.0129) and a two-
fold increase in p62 (P = 0.0051), an autophagy receptor that
facilitates the removal of cellular cargo (Fig. 1, A and C).

Sulforaphane Enhances Mitochondrial Content and
Respiration

Nrf-2 has been reported to increase mitochondrial biogene-
sis through its own action, as well as via its downstream effec-
tors, including NQO1 and HO-1. To evaluate if SFN may be
able to augment Nrf-2-mediated biogenesis within skeletal
muscle cells, Western blotting and flow cytometry experi-
ments were performed to detect changes in mitochondrial
content following treatment. After 24 h, there was a sevenfold
increase in TFAM (P = 0.0099), an important mediator of
mtDNA replication. This was accompanied by a 1.5-fold
increase in COX I (P < 0.0095), a subunit of Complex IV of the
electron transport chain (ETC), and a 1.6-fold increase in
MFN2 (P < 0.0476), a key protein involved in mitochondrial
fusion, by 48 h (Fig. 2, A and B). At the same time point,
flow cytometry revealed a 12-fold increase in mitochondrial
mass and a 1.3-fold increase in membrane potential using
MitoTracker Green (P = 0.0013) and MitoTracker Red (P =
0.0041), respectively (Fig. 2, C and D). Assessment of mito-
chondrial respiration parameters, including basal respiration
(SFN P < 0.0001), ATP-linked respiration (SFN P < 0.0001),
uncoupled respiration using FCCP (SFN P = 0.0006), and
spare respiration (SFN P = 0.0006) demonstrated a main
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effect of treatment. No effect of time was observed, revealing
the same enhancement in respiration at both 24 h and 48 h
(Fig. 3A). Furthermore, confocal imaging corroborated the
flow cytometry data, demonstrating a significant increase in
mitochondria with their membrane potential intact, evident
through enhanced colocalization of Mitotracker Green and
MitoTracker Red (Fig. 3, B and C; P < 0.0001).

Sulforaphane Pretreatment Blunts Rotenone-Induced
Oxidative Stress through the Activation of Antioxidant
Enzymes Related to the Nrf-2-ARE Axis

After observing an 11-fold increase in nuclear Nrf-2, we
sought to evaluate if SFN may be able to enhance the activa-
tion of downstream antioxidant proteins related to the Nrf-2-
ARE axis and confer cellular and mitochondrial protection
against oxidative stress. Cells were pretreated with SFN for
24 h, followed by a 24-h cotreatment with rotenone, an in-
hibitor of Complex I of the ETC (Fig. 4A). Previous reports
have shown that rotenone is a powerful inducer of mito-
chondrial-mediated oxidative stress, leading to cellular dys-
function (51). Following SFN treatment, Western blotting
revealed a significant increase in glutathione reductase
(GR; SFN P = 0.0008), glucose-6-phosphate-dehydrogenase
(G6PD; SFN P = 0.0003), NAD(P)H Quinone Oxidoreductase
(NQO1; SEN P < 0.0001), catalase (CAT; SFN P < 0.0001) and
glutathione peroxidase-1 (GPX-1; SFN P = 0.0160) protein
(Fig. 4, B and C). CAT (ROT P = 0.0015) and GPX-1 (ROT P =
0.0136) were both upregulated following rotenone, while an
interaction effect was observed when combining ROT and
SFEN for CAT (SFN x ROT P = 0.0255) and GPX-1 (SFN x ROT
P =0.0228; Fig. 4, Band C).
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Figure 1. Expression of upstream proteins involved in the Nrf-2-ARE antioxidant axis following 24-h SFN treatment. A and C: representative Western
blots and quantifications of Nrf-2 (****P < 0.0001), p62 (**P < 0.01), and Keap1 (*P < 0.05), normalized to the corresponding GAPDH in whole cell
lysates (n = 6). Negative (—) indicates cells were treated with vehicle. B and C: representative nuclear (N)-cytosolic (C) Western blot of Nrf-2 (¥***p <
0.0001) and corresponding quantification. Nrf-2 was normalized to H2B for the nuclear fraction, and purity was evaluated with a-tubulin. An unpaired
two-tailed t test was performed for each graph (n = 6), and all values are represented as +SE. ARE, antioxidant response element; H2B, Histone 2B; Nrf-
2, nuclear factor erythroid 2-related factor 2; SFN, Sulforaphane; VEH, vehicle.
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Figure 2. Mitochondrial content following SFN. A: representative Western blots of TFAM following 24-h SFN, as well as mitochondrially encoded COX |,
and the fusion-related protein MFN2 following 48-h SFN, resupplemented at 24 h. B: Western blot quantifications of TFAM (n = 4, **P < 0.01), COX |
(n =4, *P < 0.05),and MFN2 (n = 4, *P < 0.05). All targets were normalized to GAPDH. C and D: representative histogram and corresponding quantifi-
cation of MitoTracker Green, for a measure of total mitochondrial content (n = 4, **P < 0.01) and MitoTracker Red, as a functional measurement. Three
technical replicates were completed for each n. An unpaired two-tailed t test was performed for each graph. All values are represented as + SE. SFN,

Sulforaphane; VEH, vehicle; TFAM, mitochondrial transcription factor A.

To determine if alterations in antioxidant proteins may be
able to provide a rescue effect in terms of ROS, cellular and
mitochondrial ROS were detected with CellROX Green and
MitoSOX Red, respectively, along with MitoTracker Red
(MTR) to evaluate membrane potential. Although SFN treat-
ment did not significantly alter cellular ROS basally (P =
0.051; Fig. 4D), there was a 27% reduction in mitochondrial
ROS (SFN P = 0.0008; Fig. 4E) and 24% increase in mito-
chondrial with their membrane potential intact (SFN P =
0.0112; Fig. 4F). Rotenone induced a 1.3-fold increase in
cellular (ROT P = 0.0037; Fig. 4D) and 1.8-fold increase in
mitochondrial (ROT P < 0.0001; Fig. 4E) ROS emission,
along with a 23% reduction in membrane potential (ROT P =
0.0474; Fig. 4E). However, this oxidative stress was blunted
with SFN pretreatment, evident through a 27% reduction in
cellular ROS (SFN x ROT P = 0.0257; Fig. 4D) and 43% reduc-
tion in mitochondrial ROS (SFN x ROT P < 0.0001; Fig. 4E),
as indicated through an interaction effect.

Sulforaphane Enhances PGC-1a Promoter Activity,
Protein Accumulation, and Nuclear Localization

To evaluate the molecular mechanisms underpinning Nrf-
2-mediated mitochondrial biogenesis, PGC-1o. promoter activ-
ity was assessed to determine if there was an enhanced tran-
scriptional drive for this regulator of mitochondrial biogenesis
(Fig. 5A). Following transfection of a PGC-la-promoter-

AJP-Cell Physiol « doi:10.1152/ajpcell.00669.2024 . www.ajpcell.org

luciferase-reporter plasmid, there was approximately a 15-fold
increase in luciferase activity (PROM P < 0.0001) compared
with the empty vector. After transfection of this plasmid and
24 h of SFN treatment, there was a 1.5-fold increase in promoter
activity, evident through an interaction effect when combining
the PGC-1o. promoter plasmid with SFN (PROM + SFN P =
0.0006; Fig. 5B). To determine what may be causing an
increase in promoter activity, transcription factors previously
reported to enhance PGC-1o transcription were measured in
nuclear and cytosolic fractions at the same timepoint pro-
moter activity was observed (Fig. 5, C and D). SFN treatment
enhanced the nuclear accumulation of SP1 (P = 0.0012) and
CREBI1 (P = 0.0070) by 1.8-fold and 1.7-fold, respectively,
relative to vehicle-treated cells; however, no change was
detected in USF-1(P = 0.117) or ATF-2 (P=0.103) protein.

To determine the subcellular localization and accumulation
of PGC-1o, a CMV-promoter-GFP-PGC-la-reporter construct
was used. Following transfection, cells were cotreated with
MGI132, a proteasome inhibitor, to assess how treatment may
augment PGC-1o. accumulation (Fig. 6A). PGC-1o protein is
very low basally; therefore, MG132 was required to begin with
a larger pool of PGC-1a protein to assess any effect of SFN. We
observed a main effect of SFN on PGC-1a accumulation (SFN
P = 0.0002; Fig. 6B) and nuclear localization (SFN P = 0.0059;
Fig. 6C) basally. However, this was not significant following
the post hoc test, despite a 1.9-fold increase in PGC-1o.. Upon
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Figure 3. Mitochondrial respiration and functional parameters following SFN treatment. A: representative Seahorse oxygen consumption rate (OCR) tracing
following the addition of substrates as shown, and the corresponding graphical quantifications following 24-h and 48-h SFN treatment. Cells were resupple-
mented with treatment at 24 h. Basal respiration, uncoupled respiration, ATP-linked respiration, and spare respiratory capacity were normalized to mitochon-
drial content and nuclei to obtain respiration per cell. A two-way ANOVA was performed for each graph to determine the effect of SFN and time (n = 5; ***P <
0.001, and ****P < 0.0001). “SFN” indicates a main effect of SFN; *P value of SFN; 23 technical replicates were completed for each n and performed across
five independent experiments. B and C: representative confocal microscopy images of MitoTracker Green and Red following 48-h SFN or vehicle treatment
(x60 magnification). Colocalization was determined using Mander’s overlap coefficient (****P < 0.0001), evaluating the fraction of MitoTracker red localized
to MitoTracker Green (n = 9; 2 to 3 myotubes perimage). A two-tailed unpaired t test was performed. All values are represented as + SE. SFN, Sulforaphane.

cotreatment with MGI132, SFN elicited a 1.9-fold increase in
PGC-1a accumulation (SFN + MG132 P = 0.0041; Fig. 6B) and
a twofold increase in PGC-la translocation to the nucleus
(SFN + MGI132 P = 0.0021; Fig. 6C). Although MG132 treat-
ment elicited a sixfold increase in PGC-laaccumulation
(MG132 P < 0.0001; Fig. 6B), this did not result in its nuclear
localization (P = 0.9858; Fig. 6C).

Next, to evaluate if there was any synergistic or additive
effect of SFN treatment when combined with “exercise,” an in
vitro model of CCA was used (Fig. 7A), as previously outlined
(10, 49, 50). Mitochondrial and lysosomal adaptations have
been well documented both in vivo and in vitro, demonstrating
that chronic muscle use enhances the synthesis of new mito-
chondria and lysosomes (24). Consistent with previous reports,
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our CCA model elicited a marked increase in TFAM (CCA P =
0.0075; Fig. 7, B and C) and TFE3 (CCA P = 0.0002; Fig. 7, B
and C). There was a main effect of SFN (SFN P < 0.0001; Fig. 7,
B and C) treatment alone, as well as an interaction effect
(SFN + CCA P = 0.0066; Fig. 7, B and C) on TFAM protein
expression. There was a significant increase in TFE3 protein
relative to untreated cells (P = 0.0033; Fig. 7, B and C), which
was accompanied by an increase in mitochondrial and lysoso-
mal-related proteins. There was a main effect of CCA and SFN
on mitochondrial markers including COX I (CCA P = 0.0037,
SFN P < 0.0001), UQCRC2 (CCA P = 0.0246, SFN P = 0.0026),
and VDAC (CCA P = 0.0305, SFN P < 0.0007), as well as
Mature Cathepsin B, a lysosomal protease that cleaves cellular
cargo (CCA P = 0.0345, SFN P = 0.0035). To evaluate lysosomal
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Figure 4. Antioxidant proteins and ROS with SFN pretreatment followed by rotenone. A: schematic depicting treatment. Myotubes were pretreated with
SFN or vehicle for 24 h before coincubation with 150 nM rotenone (ROT), a complex 1 inhibitor, for 24 h to induce oxidative stress. B and C: representa-
tive Western blots and corresponding quantifications of Glutathione Reductase (GR), Glucose-6-Phosphate Dehydrogenase (G6PD), NAD(P)H Quinone
Oxidoreductase (NQO1), Catalase (CAT), and Glutathione Peroxidase-1in whole cell lysates. All targets were normalized to GAPDH (n = 6). D—F: repre-
sentative histograms and mean fluorescence intensity quantifications of CellROX Green, MitoSOX Red, and Mitotracker Red detected via flow cytometry
(n = 6). Three technical replicates were completed for each n. A two-way ANOVA was performed for all graphs to determine the effect of SFN and ROT.
Statistics are shown as follows: “SFN” is the main effect of SFN, “ROT” is the main effect of rotenone “SFN x ROT” reflects an interaction effect between
SFN and ROT; *P value for each effect. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. All values are represented as + SE. ROT, rotenone;

SFN, Sulforaphane; VEH, vehicle.

degradation capacity, and therefore assess lysosomal function,
a ratio of mature:premature Cathepsin B was determined fol-
lowing interventions. This functional metric revealed that CCA
promoted lysosomal function by 22% relative to unstimulated
cells (CCA P = 0.052), consistent with previous reports (26, 49).

AJP-Cell Physiol « doi:10.1152/ajpcell.00669.2024 . www.ajpcell.org

Furthermore, the lysosomal membrane protein vATPase, used
as a measure of lysosomal mass, was also enhanced following
SEN treatment (SFN P = 0.0001; Fig. 7, B and C).

Chronic exercise has been shown to enhance the levels of
antioxidant proteins, which are essential for the reduction in

C343

Downloaded from journals.physiology.org/journal/ajpcell at Y ork Univ Libraries (130.063.132.139) on January 22, 2025.


http://www.ajpcell.org

()) SULFORAPHANE AND CONTRACTILE ACTIVITY ON MUSCLE MITOCHONDRIA

AT — / 2 — B ‘ **PROM, ***SFN, **PROM+SFN
PGC-1a- '

6(anrol [ PRL3 Renilla Flr(,f];,x N pRL3 Renilla dskok

\ /’ ‘&u('it(\mso lucif(‘my \I,\U(‘ir(‘my 80—

\\,_, - \\,,,, e g ] VEH °

£ O SFN
L | < E 60 N
=
Transfection 2% °
E & 40+
Luciferase E =} .
Assay e ¥ = g
— n 20
/ Q
g
oL —a2% _efes, :
EV PROM
C VEH SFN VEH SFN D
NCNCNCNC S 159 —
” sk < E
e “war < = ok
SP1[+: s oi ew fo2 S )
= o= Ceoe = ‘.'1
2 1.0 - £ =
CREBI[*™ ®8 = e |4 = . = £ w0 ==
: A . = .
=t =
(?_3 0] :TL,_ S 0.5 1‘_

Ponceau |#he 55 G " &% S5 o 2 . 5
E} E .

z 0.0 T T Z 0.0 T T

VEH SFN VEH SFN

ATF-2 [ 08 &4 W -7

3 157 P=0.117 S 157 _
USF-1 | == & - - 44 2 Z P=0.103

= ° = .

4 £ 10 ° B £ 10
.0 2 1.

Ponceau |y % &= - £ - £ . —
— . Q (] .
= == > L oalys
7] . . =) a "

H2B | o o8 ®@ |-15 = %° S oS .

g g

= i - =] >
a-tubulin — - “n - |- 50 2 oo : : E o0 . :
VEH SFN VEH SFN

Figure 5. Transcriptional drive toward PGC-1a following SFN treatment. A: graphical representation of plasmids used for transfection and subsequent lucif-
erase assay. Myotubes were transfected with either an empty vector (EV) or a PGC-1a-promoter-firefly-luciferase-reporter plasmid. In both instances, cells
were cotransfected with a CMV-promoter-renilla-luciferase-reporter plasmid (pRL3) to control for transfection efficiency. B: PGC-1a promoter activity was
measured as relative light units (RLU), normalized to Renilla Luciferase (n = 5). Two technical replicates were completed for each n. A two-way ANOVA was
performed to determine the effect of the PGC-1o. promoter and SFN. Statistics are shown as follows: “PROM” is the main effect of PGC-1o. promoter, “SFN” is
the main effect of SFN, “PROM + SFN” is the interaction effect between PGC-1a promoter and SFN treatment. *P value for each effect. **P < 0.01, ***P <
0.001, and ****P < 0.0001. C and D: representative nuclear (N)-cytosolic (C) Western blots and corresponding quantification of SP1 (**P < 0.01), CREB1
(**P < 0.01), USF-1 (P = 0.117), and ATF-2 (P = 0.103). All targets were normalized to ponceau, and purity was evaluated with H2B and a-tubulin (n = 6).
Significance was determined with a two-tailed unpaired t test for each graph. All values are represented as + SE. H2B, Histone 2B; SFN, Sulforaphane.

ROS observed with training (52). We were able to confirm
that our model of CCA, and SFN, elicited an accumulation
of antioxidant proteins, including NQO1 (CCA P < 0.0001,
SFN P < 0.0001; Fig. 8, A and B), GR (CCA P = 0.0289, SFN
P = 0.0003; Fig. 8, A and B), and GPX-1 (CCA P = 0.0063,
SFN P < 0.0001; Fig. 8, A and B). SFN also elicited a robust
enhancement in CAT (SFN P < 0.0001; Fig. 8, A and B) and
G6PD (SFN P < 0.0001; Fig. 8, A and B) protein, whereas an
interaction effect was observed for NQO1 (SFN + CCA P <
0.0001; Fig. 8, A and B), HO-1 (SFN + CCA P = 0.0067; Fig. 8,
A and B), and GPX-1 protein (SFN + CCA P = 0.0024; Fig. 8, A
and B) when combining the two interventions. These protein
changes had direct functional consequences on cellular and
mitochondrial ROS, evident through 38 and 36% reductions
in cellular ROS following CCA and SFN, respectively (CCA
P = 0.0017, SFN P = 0.0035; Fig. 10C). Similarly, mitochon-
drial ROS was reduced by 23 and 22% with CCA and SFN,
respectively (CCA P = 0.0028, SFN P = 0.0040; Fig. 8D).
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Furthermore, upon combining CCA and SFN, there was an
11% greater reduction in mitochondrial ROS relative to vehi-
cle-treated stimulated cells (Fig. 8D).

Effects of Sulforaphane on Mitochondrial Morphology
When Combined with CCA

Since our data revealed an effect of SFN on mitochondrial
content (Figs. 2 and 7), we sought to investigate if mitochondrial
dynamics may be altered as well. To examine this, mitochon-
drial morphology was observed via confocal microscopy, and
images were skeletonized to visualize mitochondrial length,
branching, and interconnectedness, as well as Western blotting
to examine fusion and fission-related proteins. Although
Western blotting did not reveal any difference in MFN2 (SFN
P = 0.2368; Fig. 9, A and B), a fusion-related protein, there were
significant alterations to DRPI, a protein recruited to the mito-
chondria for fission-related processes (SFN P < 0.0001; Fig. 9, A
and B). Indeed, a two-way ANOVA revealed a main effect of
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Figure 6. PGC-1o. accumulation and nuclear localization following SFN. A: representative confocal images (x20 magnification) of vehicle (VEH), sulfora-
phane (SFN), VEH + MG132, and SFN+ MG132 treated myotubes following 6 h of treatment. Cells were immediately stained with Hoechst and
MitoTracker Red (n = 5; roughly 15-20 myotubes per image). Hoechst and PGC-1a overlay along with an inset enlarged by x2.8 are provided to offer
better visualization of nuclear PGC-1a indicated by white arrows. B: mean fluorescence intensity of GFP was detected to measure PGC-1o accumulation.
C: colocalization of GFP to Hoechst was determined using Mander’s overlap coefficient. A two-way ANOVA was performed to evaluate the effect of SFN
and MG132. Statistics are as follows: “SFN” is the main effect of SFN, “MG132” is the main effect of MG132, and “SFN + MG132” is the interaction effect
between SFN and MG132. *P value for each effect. **P < 0.01, ***P < 0.001, and ****P < 0.0001. All values are represented as + SE.

SFN (SFN P < 0.0001; Fig. 9, A and B) and CCA (CCAP <
0.0001; Fig. 9, A and B), along with an interaction effect
between the two variables (SFN + CCA P < 0.0001; Fig. 9,
A and B). Mitochondrial length (SFN P < 0.0001; Fig. 9, C
and D) and the number of branch junctions (SFN P <
0.0001; Fig. 9, C and E) were also enhanced by 3- and 2.2-
fold, respectively, following SFN treatment.
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Sulforaphane Transiently Increases Cellular ROS and
Activates Upstream Kinases Consistent with Acute
Contractile Activity

To elucidate the precise mechanisms underlying Nrf-2 acti-
vation and alterations in mitochondrial content, ROS were
evaluated following 3 h of SFN treatment. We were able to
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detect a significant increase in cellular ROS (P = 0.0018;
Fig. 10A) with no change in mitochondrial ROS (P = 0.3130;
Fig. 10B). Interestingly, this alteration appeared to be tran-
sient, as cellular ROS was no longer elevated by 24 h (Fig. 8C).
To determine what kinases may be responsive to this tran-
sient increase in ROS, an acute bout of contractile activity was
performed to evaluate the expression of ROS-sensitive kinases
involved in mitochondrial biogenesis and Nrf-2 activation.
AMPK (ACA P < 0.0001; Fig. 10, C and D) and JNK (ACA P <
0.0001; Fig. 10, C and D), two kinases that have been well
documented to be upregulated with acute exercise, were sig-
nificantly activated with our model of acute contractile activ-
ity. Other upstream kinases, including CAMK (ACA P <
0.0001; Supplemental Fig. S2) and P38 MAPK (ACA P <
0.0001; Supplemental Fig. S2) were also upregulated, demon-
strating the sensitivity of these kinases to exercise-induced
secondary messengers. Interestingly, we observed a fivefold
increase in AMPK activation (SFN P = 0.0312; Fig. 10, C and
D) and a fourfold increase in JNK1 activation (SFN P = 0.0115;
Fig. 10, C and D), activation following 3 h of SFN treatment
alone (Fig. 10).

DISCUSSION

Mitochondria are critical organelles that play a pivotal
role in the maintenance of skeletal muscle cellular homeo-
stasis (5, 23, 52). However, mitochondrial profiles in muscle
can be altered under a variety of disease conditions as well
as with age (5, 52), thereby highlighting the importance of
investigating novel approaches to refresh and enhance the
mitochondrial pool. The purpose of this study was to investi-
gate the potential role of the natural plant compound SFN in
improving the mitochondrial phenotype through the activa-
tion of mitochondrial biogenesis and by increasing organelle
antioxidant capacity. To further examine if the signaling cas-
cades activated in response to SFN were common to those
typically activated by exercise, we combined SFN treatment
with a model of CCA of myotubes, which typically results in
beneficial mitochondrial adaptions (25, 49).

Previous work has shown that SFN increases the expres-
sion of antioxidant enzymes by activating the Nrf-2-Keapl
axis (31, 38). Upon SFN-mediated modifications to Keapl,
Nrf-2 accumulates and translocates to the nucleus to bind to
ARE regions upstream of target genes (36, 38, 39). We found
that SFN induced a robust accumulation of whole cell as well
as nuclear-localized Nrf-2 protein, likely mediating the up-
regulation of antioxidant proteins observed. Cytosolic Kki-
nases AMPK (53) and JNK (54) have been reported to
phosphorylate Nrf-2 and permit its release from Keapl. In
both instances, these phosphorylation events enhance the
translocation and nuclear retention of Nrf-2. To evaluate the
activation of these kinases and determine if they may be

implicated in Nrf-2’s mechanism of action, we evaluated
ROS content and kinase phosphorylation after 3 h of treat-
ment. Interestingly, we observed an elevation in cellular
ROS and activation of AMPK and JNK1, similar to others (55,
56). Given that ROS have been reported to activate both
AMPK and JNK, this suggests the possibility that SFN transi-
ently increases ROS, driving kinase activation, which may
subsequently phosphorylate Nrf-2 and permit its release
from Keap-1 for nuclear translocation. In addition, Nrf-2 nu-
clear translocation coincided with a marked reduction in
Keapl and an increase in p62 protein. Other groups have
shown that Keapl is removed through autophagy-mediated
mechanisms (57, 58) and that Nrf-2 signaling enhances
autophagy initiation (59, 60). These changes in protein levels
suggest that Nrf-2 may elicit a p62-dependent positive feed-
back loop, to further confer Nrf-2 accumulation and signal-
ing through the removal of Keapl via autophagy (61, 62).

Nrf-2 regulates antioxidant enzyme expression by directly
increasing target gene transcription. To investigate if this
may have functional consequences on mitochondrial preser-
vation, cells were pretreated with SFN, followed by a cotreat-
ment with rotenone to induce mitochondrial dysfunction
and oxidative stress. Consistent with this signaling axis, Nrf-2
enhanced the expression of several antioxidant enzymes
such as catalase and glutathione reductase. Interestingly,
these protein changes were sustained under rotenone-
induced oxidative stress and served to blunt excessive cellular
ROS. Importantly, this was accompanied by a reduction in
mitochondrial ROS and an increase in membrane potential,
together suggesting that SFN can protect mitochondrial func-
tion under oxidative stress, highlighting the therapeutic
potential of this agent. These functional enhancements were
further exemplified when examining respiration, which dem-
onstrated an increase in basal oxygen consumption occurring
after only 24 h, which persisted by 48 h. Confocal microscopy
corroborated these functional enhancements, demonstrating
an increase in the colocalization of MitoTracker Green and
MitoTracker Red, suggesting that there was a greater amount
of mitochondria present that also had an intact membrane
potential following SFN. As mitochondrial fusion can lead to
functional improvements, we sought to evaluate whether
mitochondrial morphology may be driving the changes
observed. Although we were unable to detect any difference
in MFN2, a pro-fusion protein, we observed a significant
reduction in the pro-fission protein Drp-1. Furthermore, con-
focal microscopy revealed greater mitochondrial length and
number of junctions per mitochondria with treatment, to-
gether suggesting that SFN enhances the interconnectedness
of the mitochondrial reticulum by reducing fission processes.
Indeed, previous studies have shown that SFN reduces Drp-1
protein (63) and recruitment to the mitochondria (64), further
suggesting that this axis exists.

Figure 7. Mitochondrial and lysosomal-related proteins following CCA. A: schematic demonstrating the “exercise-in-a-dish” experimental model.
Myoblasts were plated and differentiated into myotubes. Following differentiation, myotubes were subjected to 3 h of electrical pulse stimulation (EPS)
followed by a 21-h recovery, where they were supplemented with either vehicle or SFN. B: representative Western blots and corresponding quantifica-
tions of TFAM, COX |, TFE3, UQCRC2, VDAC, vATPase, and Cathepsin B. All targets were normalized to GAPDH. The ratio of mature Cathepsin B to pre-
mature was assessed as an indication of lysosomal function. A two-way ANOVA was performed for all graphs to determine the effect of SFN and CCA.
Statistics are shown as follows: “SFN” is the main effect of SFN, “CCA” is the main effect of CCA, and “SFN + CCA” is the interaction effect between
SFN and CCA. *P value for each effect. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; $Post hoc analyses indicating significance to the cor-
responding group; $$P < 0.01. All values are represented as + SE (n = 6). CCA, chronic contractile activity; SFN, Sulforaphane; TFAM, mitochondrial tran-

scription factor A.
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Figure 8. Antioxidant proteins and ROS following CCA. A and B: representative Western blots and the corresponding quantification for NQO1, heme oxygen-
ase-1(HO-1), catalase (CAT), glutathione reductase (GR), glucose-6-phosphate-dehydrogenase (G6PD), and glutathione peroxidase-1 (GPX-1) following CCA.
All targets were normalized to GAPDH (n = 6). C and D: CellROX Green and MitoSOX Red mean fluorescence intensity was detected via flow cytometry, as
shown with representative histograms and graphical quantifications (n = 5). Three technical replicates were completed for each n. A two-way ANOVA was
performed for all graphs to determine the effect of SFN and CCA. Statistics are shown as follows: “SFN” is the main effect of SFN, “CCA” is the main effect of
CCA, and “SFN + CCA” is the interaction effect between SFN and CCA. *P value for each effect. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
$$$ < 0.001, $$$$ <0.0001. All values are represented as + SE. CCA, chronic contractile activity; ROS, reactive oxygen species; SFN, Sulforaphane.
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Figure 9. Mitochondrial dynamics following CCA. A and B: representative Western blots and corresponding quantifications of Mitofusin 2 (MFN2) and
Dynamin-related protein-1 (Drp-1), both normalized to GAPDH (n = 6). C: representative confocal images (x60 magnification) of myotubes stained with
MitoTracker Red, subsequently skeletonized using ImageJ to illustrate mitochondrial morphology. Two insets numbered 1 and 2 are enlarged by x2.6
for each image to better visualize branching. D and E: quantifications of mitochondrial branch length and the number of branch junctions per mitochond-
rion. One branch junction is defined as a point in the reticulum where three or more branches meet (n = 5). Three images were analyzed for each n. A
two-way ANOVA was performed for all graphs to determine the effect of SFN and CCA. Statistics are shown as follows: “SFN” is the main effect of SFN,
“CCA” is the main effect of CCA, and “SFN + CCA” is the interaction effect between SFN and CCA. *P value for each effect. *P < 0.05 and ****P <
0.0001. All values are represented as + SE. CCA, chronic contractile activity; SFN, Sulforaphane.

Alongside functional and morphological improvements, we
observed an increase in mitochondrial content and the signal-
ing toward biogenesis, evident from an increase in TFAM and
several mitochondrial-related proteins such as UQCRC2 and
VDAC. This elevation in content is likely mediated in part by
direct binding of Nrf-2 to ARE elements found upstream of
NRF-1, a transcription factor well known for its role in TFAM
expression (42), as well as other nuclear genes encoding mito-
chondrial proteins (65). Furthermore, overexpression of the

AJP-Cell Physiol « doi:10.1152/ajpcell.00669.2024 . www.ajpcell.org

downstream Nrf-2 target HO-1 has also been shown to increase
PGC-1a and TFAM protein (66), whereas knockout significantly
reduced total mitochondrial content and respiration (67),
together suggesting that Nrf-2 signaling may play a role in
mitochondrial biogenesis. To determine if Nrf-2-directed
mitochondrial biogenesis was mediated by PGC-1a, a PGC-
lo-promoter-luciferase-reporter construct was used. Our
results demonstrated an increase in promoter activity fol-
lowing SFN treatment, indicating a strong drive toward
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Figure 10. ROS and upstream kinase activation in response to acute contractile activity (ACA). A and B: representative histogram and quantification of
CellROX green and MitoSOX Red following 3 h of treatment (n = 4). Three technical replicates were completed for each n. Significance was determined
using a two-tailed unpaired t test. C and D: representative Western blots and corresponding quantifications of phospho-AMPK, total-AMPK, phospho-
JNK, and total-JNK. All targets were normalized to GAPDH (n = 6). To obtain a measure of kinase activation, phosphorylated targets were normalized to
the total kinase protein present. A two-way ANOVA was performed for all graphs to determine the effect of SFN and ACA. Statistics are shown as fol-
lows: “SFN” is the main effect of SFN and “ACA” is the main effect of ACA. *P value for each effect. *P < 0.05, **P < 0.01, and ****P < 0.0001. All val-
ues are represented as + SE. ACA, acute contractile activity; SFN, Sulforaphane.

biogenesis. Isolation of nuclear fractions revealed a marked
increase in Nrf-2 as noted above, which likely binds to puta-
tive ARE sites within the PGC-1a promoter. Furthermore, SFN
elicited an increase in the nuclear retention of transcription
factors that have both been previously reported to bind and
enhance PGC-1a promoter activity including Sp1 (50, 68) and
CREB (15, 69), suggesting that SFN mediates biogenesis
through multiple mechanisms.

To assess if PGC-1a was entering the nucleus to coactivate
transcription factors involved in the expression of mitochon-
drial-related genes, a CMV-promoter-GFP-PGC-1o. reporter
plasmid was used. As PGC-1a has been classified as an intrinsi-
cally disordered protein (70), it is routinely targeted toward the

C350

proteasome for destruction, maintaining extremely low levels
basally. To evaluate PGC-1o. accumulation and to ensure the
reliability of our PGC-1o. measurements, the proteasome inhibi-
tor MG132 was used. MG132 treatment resulted in an increase
in whole cell PGC-1a levels as expected, whereas nuclear trans-
location remained unchanged, suggesting that PGC-1a levels
are tightly regulated by proteasome activity. Interestingly, SFEN
enhanced PGC-1o nuclear translocation in the presence of
MGI132. This suggests that SFN may help attenuate PGC-1a
decay possibly through the induction of NQOI1 (see Fig. 4), a
well-documented downstream target of Nrf-2 (58), which has
been shown to bind to PGC-1a and protect it from the 20S pro-
teasome, thereby increasing its half-life (70). NQO1 also
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physically associates with the 20S proteasome, where it blunts
proteolytic activity, therefore further reducing PGC-1a degra-
dation (70, 71). These modifications could permit a high con-
centration gradient and sufficient time for SFN-induced AMPK
phosphorylation of PGC-1a, permitting its nuclear localization;
however, the precise mechanisms underlying this finding
must be further evaluated.

Exercise training in vivo and CCA in animal and cellular
models have been reported to enhance the expression of
antioxidant proteins, increase mitochondrial content, and
reduce mitochondrial ROS emission (24, 28). To determine
the potential additive effects of SFN when combined with
exercise, C2C12 myotubes were chronically stimulated
and supplemented with SFN during their recovery period
between bouts of contractile activity. As expected, and as
shown previously, we established that our CCA model
was effective in enhancing exercise-induced adaptations,
including an increase in mitochondrial, lysosomal, and
antioxidant-related proteins (24-26, 49). However, CCA
did not further enhance SFN-mediated adaptations. There
was no statistical difference between nonstimulated and
stimulated cells treated with SFN for most proteins examined,
with a few exceptions. This strongly suggests that SFN acti-
vates signaling pathways that are similar to those induced by
exercise and warrants further investigation with an in vivo
model of exercise.

SFN treatment also increased the levels of lysosomal-
related proteins TFE3, Cathepsin B, and vATPase (72). It is
important to note that the relationship between SFN and the
lysosome has been significantly underexplored, especially
within the content of skeletal muscle. However, two studies
have reported that SFN enhanced lysosomal area and lysoso-
mal proteins (73, 74). Furthermore, Nrf-2 overexpression
resulted in a marked increase in lysosomal biogenesis, sug-
gesting that Nrf-2 may indeed regulate lysosomal content
(75). Interestingly, this may be driven by the ARE site found
within the TFE3 promoter region (76), which may mediate the
enhancement in lysosome content observed. Together, this
suggests that SFN increases cellular degradation capacity,
which is useful for enhancing mitochondrial turnover to
ensure the quality of the mitochondrial pool.

Although limited literature has examined the role of SFN
when coupled with exercise, there is evidence to suggest SFN
may support muscle health. Indeed, SFN pretreatment has
been reported to blunt exercise-induced muscle damage, evi-
dent through a reduction in plasma creatine phosphokinase
(CPK) relative to nontreated exercised rats (77). Similar results
have been observed in human skeletal muscle, where 4 wk of
SFN ingestion reduced CPK release and the proinflammatory
cytokine IL-6 following high-intensity exercise (78). However,
to our knowledge, there are currently no studies examining
the effect of SFN when coupled with chronic exercise. When
considering the therapeutic potential of this agent within
skeletal muscle research, 12 wk of SFN treatment was reported
to enhance mitochondrial respiration, improve grip strength,
and time to exhaustion in aged mice (79). Similarly, SFN
restored lean muscle mass and grip strength in diabetic mice
(80), together suggesting that SFN may hold therapeutic pros-
pects in various models of skeletal muscle dysfunction.

In conclusion, our results indicate that SFN increases lysoso-
mal, mitochondrial, and antioxidant-related proteins similar
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to our in vitro model of chronic contractile activity. These
changes are likely facilitated by Nrf-2, which translocates to
the nucleus and enhances the expression of target genes.
Although further investigation is required to elucidate the
precise mechanisms underlying these pathways, this study
demonstrates that SFN can dramatically enhance the mito-
chondrial phenotype within skeletal muscle cells.
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