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myogenesis via a TRPC1-mitochondrial axis: evidence
of a magnetic mitohormetic mechanism
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ABSTRACT: We show that both supplemental and ambient magnetic fields modulate myogenesis. A lone 10 min
exposure of myoblasts to 1.5 mT amplitude supplemental pulsed magnetic fields (PEMFs) accentuated in vitro
myogenesis by stimulating transient receptor potential (TRP)-C1–mediated calcium entry and downstreamnuclear
factor of activated T cells (NFAT)-transcriptional and P300/CBP-associated factor (PCAF)-epigenetic cascades,
whereas depriving myoblasts of ambient magnetic fields slowed myogenesis, reduced TRPC1 expression, and
silenced NFAT-transcriptional and PCAF-epigenetic cascades. The expression levels of peroxisome proliferator–
activated receptor g coactivator 1a, themaster regulator ofmitochondriogenesis, was also enhanced by brief PEMF
exposure. Accordingly, mitochondriogenesis and respiratory capacity were both enhanced with PEMF exposure,
paralleling TRPC1 expression and pharmacological sensitivity. Clustered regularly interspaced short palindromic
repeats–Cas9 knockdown of TRPC1 precluded proliferative andmitochondrial responses to supplemental PEMFs,
whereas small interfering RNA gene silencing of TRPM7 did not, coinciding with data that magnetoreception
didnot coincidewith the expressionor functionofotherTRPchannels. The aminoglycosideantibiotics antagonized
and down-regulated TRPC1 expression and, when applied concomitantly with PEMF exposure, attenuated
PEMF-stimulatedcalciumentry,mitochondrial respiration,proliferation,differentiation, andepigeneticdirective in
myoblasts, elucidatingwhy the developmental potential ofmagnetic fieldsmayhave previously escaped detection.
Mitochondrial-based survival adaptationswere also activated uponPEMF stimulation.Magnetism thus deploys an
authenticmyogenicdirective that relies onan interplaybetweenmitochondria andTRPC1 to reach fruition.—Yap, J.
L. Y., Tai, Y. K., Fröhlich, J., Fong, C. H. H., Yin, J. N., Foo, Z. L., Ramanan, S., Beyer, C., Toh, S. J., Casarosa, M.,
Bharathy, N., Kala,M. P., Egli, M., Taneja, R., Lee, C. N., Franco-Obregón, A. Ambient and supplemental magnetic
fields promote myogenesis via a TRPC1-mitochondrial axis: evidence of a magnetic mitohormetic mechanism.
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Skeletal muscle status determines whole-body metabo-
lism. Exercise metabolically activates muscle that, in turn,
stimulates muscle to produce and release myokines that
benefit systemic metabolism and cardiovascular function
(1, 2). Consequently, physical inactivity and the resultant
loss of skeletalmuscle is amajor determinant ofmorbidity
in aging populations.

Muscle physical andmetabolic adaptations largely rely
on calcium acquisition that is partially satisfied by
mechanically gated cation channels (3). Diverse transient
receptor potential (TRP) channel family members have
been implicated in numerous forms of cellular mechano-
sensation (4), and evidence exists that the mechanosensi-
tive currents detected in muscle (5) correspond to a
signaling complex containing TRPC1 (6). Accordingly,
TRPC1 has been implicated in load-dependent oxidative
muscle development (7, 8). Exercise promotes oxidative
muscle development, whereas inactivity results in the at-
rophy of oxidativemuscle. Oxidative fibers exhibit higher
resting calcium levels that diminish upon mechanical
unloading and precede a reversal in oxidative character
(3). TRPC1 expression is highest in oxidativemuscle fibers
(9) and wanes with disuse (8). Accordingly, silencing
TRPC1 expression results in oxidative muscle loss (8).
TRPC1-mediated calcium entry coactivates calcineurin
and the nuclear factor of activated T cells (NFAT) (8, 10)
that, in turn, sustains TRPC1 transcription (8, 11). In
a parallel manner, calcineurin/NFAT and TRPC1 lev-
els decrease upon mechanical unloading and revert
upon reloading (8, 12), mirroring decreases and in-
creases of oxidative muscle expression, respectively.
Ample evidence thus supports roles for TRPC1 and
calcineurin/NFAT in calcium-sensitive oxidative muscle
development.

Mitochondrial adaptations are central to muscular
and systemic metabolic homeostasis and are largely
reliant on the activity of the transcriptional coactivator,
peroxisome proliferator–activated receptor-g coactivator-
1a (PGC-1a) (1, 2). PGC-1a is a major determinant in oxi-
dativemuscledevelopmentandmaintenancebecauseof its
regulatory role overmitochondriogenesis that is necessary
to sustain the heightened mitochondrial oxidative respi-
ration of said muscle (13). In alignment with the calcium/
calcineurin dependency of oxidativemuscle development,
PGC-1a enhancement of oxidative muscle development
is enhanced by calcium/calcineurin (13). A calcium-
mitochondrial interplay is thus necessary for oxidative
muscle development.

Life evolved in a biosphere characterized by a standing
magnetic field. It thus stands to reason thatmagnetic fields
should impact development, an assumption increasingly
supported in the scientific literature. Nonetheless, the cel-
lular transduction apparatuses responsible for converting
magnetic fields into biochemical and genetic cellular re-
sponses and how they may be influenced by environ-
mental factors remain largely unexplored, altering the
efficacy of detected responses and causing discordance in
the field (14). Previous studies have shown that pulsed
magnetic fields (PEMFs) are capable of regulating myo-
blast calcium homeostasis, mitochondrial respiration, re-
sistance to oxidative stress (15), and expansion (16). Here

we provide evidence that TRPC1 is both necessary and
sufficient for magnetic fields, both ambient and supple-
mental, to promote both mitochondriogenesis and myo-
genesis (Fig. 1). Noteworthy, the conventional use of
aminoglycoside antibiotics, because of their propensity to
block TRPC1 (17), has likely masked the potential thera-
peutic value of magnetic fields in previous in vitro studies.
Finally,weprovide evidence for a host of other commonly
encountered circumstances that may have prevented
previous investigators from detecting magnetically in-
duced developmental responses and contributed to
slowing progress in this important area of study.

MATERIALS AND METHODS

Cell studies and analysis

Cell culture and pharmacology

C2C12 mouse skeletal myoblasts were obtained from American
Type Culture Collection (LGC Standards, Teddington, United
Kingdom) and cultured in growth medium (GM) consisting of
DMEM (Thermo Fisher Scientific, Waltham, MA, USA) and
supplemented with 10% fetal bovine serum (FBS; Biowest,
Nuaillé, France) and 2 mM L-glutamine (Thermo Fisher Scien-
tific) in a humidified incubator at 37°C in 5% CO2. Cells were
passaged every 48 h to maintain them below 40% confluence at
all times.Myoblastswere seeded into tissueculturedishes/flasks
at 3000 cells/cm2. Allowing myoblasts to become senescent by
overpassaging at high confluence greatly increased the incidence
of nonrespondent cultures. Analysis was hence restricted to low
passage (,6) myoblast cultures that were never allowed to ex-
ceed 50% confluence prior to exposure to PEMFs. Moreover, the
level of FBS supplementation, as it modulates time to reach
confluence (growth rate), influences sensitivity to PEMFs; with
few exceptions, FBS was kept at 10% for all experiments. Peni-
cillin and streptomycin were excluded from the culturing me-
diumas the aminoglycoside antibiotics blockTRPCchannels (17)
and, accordingly, negate the effects of the fields overmyogenesis.
When these criteria were adhered to, cells responded character-
istically to PEMFs. Proliferation was ascertained 24 h after ex-
posure to PEMFsunless otherwise indicated in the figure legends
or elsewhere.

Thedifferentiationofmyoblastswas inducedwitha change in
medium serum composition from 10% FBS to 2% horse serum
(HyClone; Thermo Fisher Scientific) at 24 h after plating at 6000
cells/cm2. For the determination of fusion index, cells were fixed
with 70% ethanol, 37% formaldehyde, and glacial acetic acid in a
ratioof 20:2:1 andhematoxylinandeosinstainingwasperformed
for the visualizing of the cytoplasm and nuclei. A series of 10
images with310 magnification was taken for each sample, and
myonuclei in myoblasts and myotubes were quantified using
ImageJ [Cell Counter plugin; National Institutes of Health
(NIH), Bethesda, MD, USA]. Fusion analysis was conducted
4–6 d postinduction.

2-Aminoethoxydiphenylborate (2-APB) and ruthenium red
(MilliporeSigma, Burlington, MA, USA) were administered to
cells 15–30 min before exposure to PEMFs at a working concen-
tration of 10 mM. Tetrodotoxin (TTX; Alomone Labs, Jerusalem,
Israel) was administered 10 min prior to PEMF exposure at a
working concentration of 1 mM. PEMF antagonism of TRPC1 by
aminoglycoside antibiotics was examined using 1% penicillin/
streptomycin (PS), which is composed of 100 U/ml penicillin
(;67 mg/ml) and 100 mg/ml streptomycin (Thermo Fisher Sci-
entific) or the pure aminoglycosides antibiotics streptomycin
(S9137;MilliporeSigma) or neomycin (N6386;MilliporeSigma) at
the concentrations indicated and were applied immediately
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before exposure. Cyclosporin A (CsA; MilliporeSigma) was ad-
ministered to cells 10min before exposure to PEMFs at aworking
concentration of 80 mM. Culture media containing either 2-APB,
CsA, or aminoglycoside antibiotics were summarily replaced
afterPEMFexposurewithmediumobtained fromnonstimulated
age-matched sister cultures.

DNA content measurement

Cells were seeded at 1500 cells/well in a 96-well plate in repli-
cates of 4. Twenty-four hours post-PEMF, cells were incubated
with 100 ul of CyQuant direct reagent (Thermo Fisher Scientific)
for 1 h before analysis at 480/535 nm using a Cytation5 (BioTek
Instruments, Winooski, VT, USA) plate reader.

Calcium imaging

In preparation for measuring changes in intracellular calcium in
response to PEMF treatment with flow cytometry, myoblasts
(50,000 cells) were spun down (1000 g; 5 min), resuspended in
2 ml of PBS, and loaded with 20 ml CalciumGreen-1, AM (50 mg
in 100ml DMSO;Molecular Probes, Eugene,OR,USA) for 30min
at 37°C in the dark. Following incubation, cells were washed

once, resuspended in500ml PBS, andplacedon icebefore registry
in a BD fluorescence-activated cell sorting (FACS) Aria Flow
Cytometer (FL1 channel; BD Biosciences, San Jose, CA, USA).

For plate reading assessment of intracellular calcium, myo-
blasts were plated into 96-well black-bottom polystyrene plates
(Thermo Fisher Scientific) at 10,000 cells/wells. Cultures were
washed once with PBS and supplied with 100 ml GM to which
CalciumGreen-1,AM(50mg in 100mlDMSO)hadbeen addedat
dilution of 1:1000. Myoblasts cultures were then incubated in a
standard tissue culture incubator for 30 min for the loading of
Calcium Green-1, AM and followed by addition of 100 ml of PS
and 2-APB inGM to aworking concentration of 1% and 100mM,
respectively. PEMF exposure (10 min) was given and then cal-
ciummeasurement was conducted using a Infinite 200 Pro Plate
Reader (Tecan, Zurich, Switzerland) with excitation wavelength
and emission wavelengths set to 500 and 535 nm, respectively,
and bandwidth excitation and emissionwavelengths set to 9 and
20 nm, respectively.

Western blots

Total protein extraction was carried out using RIPA lysis buffer
containing 50 mM NaCl, 1 mM EDTA, 50 mM Tris-HCl, 1%
Triton X-100, 0.05% SDS, 13 protease inhibitor (Thermo Fisher

Figure 1. Graphical abstract. Schematic repre-
sentation of how magnetic fields activate a
TRPC1-mitochondrial axis upstream of calci-
neurin/NFAT and PCAF genetic and epige-
netic pathways, promoting myogenesis and
mitochodriogenesis.
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Scientific), and 0.1% sodium deoxycholate (MilliporeSigma).
Lysates were collected using a cell scraper and incubated at 4°C
for 30 min before being spun at 12,000 rpm for 15 min at 4°C.
Protein samples with 13 loading dye were boiled at 95°C, re-
solved on SDS-PAGE, transferred to PVDF membrane (Thermo
Fisher Scientific), blocked with 5% low-fat milk, and probed
with anti–P300/CBP-associated factor (PCAF; Santa Cruz Bio-
technology, Dallas, TX, USA), anti-myoblast determination
protein 1 (MyoD; Santa Cruz Biotechnology), and anti–b-actin
(MilliporeSigma) antibodies. For TRPC1 and TRPM7 silencing
experiments, membranes were probed with anti-TRPC1 (Santa
Cruz Biotechnology), anti-TRPM7 (Alomone Labs), anti–
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and
anti-cyclin D1 (Proteintech, Rosemont, IL, USA) antibodies.
Other antibodies used were anti-TRPC3 (Santa Cruz Bio-
technology), and anti-TRPC6, anti-TRPV1, and anti-TRPV4were
from Alomone Labs. Anti–Mcl-1, anti-Bcl-xL, anti-Caspase 9,
anti-Caspase 7 anti–Caspase-3 were from Cell Signaling Tech-
nology (Danvers, MA, USA). All anti-Caspase antibodies detect
full length as well as cleaved forms of the proteins. For histone
protein extract, 13 Laemmli buffer containing 62.5 mMTris, pH
6.8, 10% glycerol, 2% SDS, and 13 protease inhibitor (Thermo
Fisher Scientific) was added to the cells and lysates collected.
Samples were heated for 10 min at 95°C then allowed to set to
room temperature. Samples were briefly sonicated and heated
for 5 min at 95°C in 53 loading buffer (Bio-Rad, Hercules, CA,
USA) before runningon SDS-PAGE. Proteinswere transferred to
PVDF membranes and immunoblotted with anti-H3K9ac and
anti-H3 antibodies (Abcam, Cambridge, United Kingdom).

For subcellular fractionation for the analysis of the nuclear-
cytoplasmic partitioning of NFATC1 and NFATC3 cells were
lysed in hypotonic buffer consisting of 250 mM sucrose, 20 mM
HEPES (pH7.4), 10mMKCl, 1.5mMMgCl2, 1mMEDTA, 1mM
DTT,and13protease inhibitor.Lysateswere centrifugedat 700g
for 5min, and the nuclear pellets were lysed in buffer containing
50 mM Tris-HCl (pH 8), 150 mM NaCl, 1% Triton X-100, 1 mM
EDTA, 1 mM DTT and 13 protease inhibitor. Proteins that
were resolved on SDS-PAGE gels were transferred onto PVDF
membranes and probed with anti-NFATC1 and anti-NFATC3
antibodies (Santa Cruz Biotechnology) and anti–lamin B1
(Proteintech).

Quantitative RT-PCR

Total RNA was harvested from C2C12 myoblasts at selected
time points using Trizol reagent (Thermo Fisher Scientific) and
0.5mgof totalRNAwas reverse transcribedusing iScript cDNA
Synthesis Kit (Bio-Rad). A total of 2 ng RNA was converted to
cDNA template for quantitative PCR reactions. Quantification
of mRNA expression was performed using Taqman Gene Ex-
pression Assays (Thermo Fisher Scientific) and SSoAdvanced
Universal SYBR Green (Bio-Rad) on the CFX Touch Real-Time

PCR Detection System (Bio-Rad). Relative mRNA expression
was determined by the 22DDCt method, normalized to b-2
microglobulin (B2M) mRNA levels and using the following
primer sets (Table 1).

TRP channel silencing

Dicer-substrate interfering RNAs Silencing of TRPC1was
performedusing2 independentdicer-substrate interferingRNAs
(dsiRNA) against TRPC1 (NM_011643). The 2 dsiRNAs target
the coding sequence of exon 3 (Dsi1) and untranslated coding
sequenceofexon13 (Dsi2). The silencingofTRPM7 (NM_021450)
was achieved by targeting the 39 UTR of TRPM7. The dsiRNAs
were acquired from Integrated DNA Technologies (Coralville,
IA, USA). Transfection of dsiRNAs at 10 nM was carried out
using Lipofectamine 2000 (ThermoFisher Scientific) according to
the manufacturer’s instructions. Briefly, cells were incubated
with transfectionmixture of Lipofectamine and dsiRNA for 24 h
prior to PEMF exposure, followed by cell counting andWestern
blot analysis 24 h later.

Clustered regularly interspaced short palindromic re-
peats/ CRISPR-associated protein 9 plasmid design, con-
struction, and transfection into C2C12 cells For the
selection of candidate single-guide RNAs (sgRNAs) for mouse
TRPC1 genome editing, the integral genomic sequence from the
first exon of TRPC1 (NC_000075.6) was submitted to the clus-
tered regularly interspaced short palindromic repeats (CRISPR)
design tool (http://crispr.mit.edu). The sgRNAs were designed to
flank the start codon of TRPC1 found in exon 1. Candi-
date sgRNAs of 20 nt length, CCACTCTGTCGTCCCCGGAC
and TTCTTGCTGGCGTGCGACAA, were cloned into PX458
(pSpCas9-P2A-GFP)andPX459 (pSpCas9-P2A-Puro), respectively.
Plasmids were digested with BbsI, and then the sgRNA oligonu-
cleotides were cloned into the plasmids according to previously
described protocols (18). Sequencing verified plasmids were
transfected into C2C12 myoblasts using Lipofectamine 3000
(Thermo Fisher Scientific) (Supplemental Fig. S9). Transiently
transfected myoblasts were single-cell green fluorescent protein–
sorted (SuperMACSTM II Separator) and subsequently selected
usingpuromycin (SantaCruzBiotechnology).GenomicDNAfrom
single-cell colonies was genotyped using PCR with the following
primer pairs: forward 59-GGATGACGTGAGGAGAAAGCC-39
and reverse 59-CAGAGGTGGGAATAGCCGC-39. GenomicDNA
fromsingle-cell colonieswere sequence-verified fordeletionofexon
1 (Supplemental data) as well as analyzed for TRPC1 protein ex-
pressionwithWesternblot analysis.Despite the successful deletion
of the standard initiation start codon in exon 1 of the TRPC1 gene,
residual TRPC1 protein expression that was observed can be
explained by the existence of several lower efficiency alternative 59
upstream non-AUG translational start sites spared by our pro-
cedure (19). Regardless, our TRPC1 knockdowns demonstrated
reduced magnetic sensitivity.

TABLE 1. Quantitative PCR primer sets

Primer sequence, 59–39

Gene Forward Reverse Taqman assay ID

B2M GATGTCAGATATGTCCTTCAGCA TCACATGTCTCGATCCCAGT
PPARGC1A CCCTGCCATTGTTAAGACC TGCTGCTGTTCCTGTTTTC
TERT ACTCCGTTGTCATCGAGCAG TGCGTATAGCACCTGTCACC
MYOD1 ATGGCATGATGGATTACAGCG TGGAGATGCGCTCCACTATG
MYOG CCAACCCAGGAGATCATTTGC AGTTGGGCATGGTTTCGTCT
TRPC1 TGGGCCCACTGCAGATTTCAA AAGATGGCCACGTGCGCTAAGGAG
B2M Mm00437762_m1
MEF2C Mm01340842_m1
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Cell cycle analysis

Cell cycle analysiswasperformedaspreviouslydescribed (6, 12).
Following random positioning machine (RPM) treatment (be-
low), cellswere fixed andstored at220°C in 70% ice-cold ethanol
for 12–18 h prior to staining. Cell cycle was analyzed based on
DNA content using a propidium iodide/RNase Staining Kit
(BD Biosciences) by flow cytometry.

Quantification of mitochondrial DNA

C2C12 myoblasts were seeded into T-75 tissue culture flasks at
3000 cells/cm2. Total cellular DNA was extracted 24 h
post-PEMF using GF-1 Tissue Blood Combi DNA Extraction
Kit (GF-BT-100; Vivantis Technologies, Selangor, Malaysia),
according to the manufacturer’s instructions. PCR was per-
formed for mitochondrial DNA-encoded cytochrome c oxidase
subunit II (COXII; forward 59-GCCGACTAAATCAAGCAAC-
A-39, reverse 59-CAATGGGCATAAAGCTATGG-39), mitochondrial-
encoded 16S rRNA (forward 59-CCGCAAGGGAAAGATGAAA-
GAC-39, reverse 59-TCGTTTGGTTTCGGGGTTTC-39), and nucleus-
encodedGAPDH (forward 59-TGACGTGCCGCCTGGAGAAA-39,
reverse 59-AGTGTAGCCCAAGATGCCCTTCAG-39) genes
using Rediant 23 PCR Master Mix (BIO-5185-200, first Base;
Alkali Scientific; Fort Lauderdale, FL, USA). The specificity
and quantity of the amplified PCR products were confirmed
by sample separation using 1.7% DNA agarose gel. The gel
electrophoresis imageswere capturedusingChemiDocTouch
Imaging System (Bio-Rad), and the mitochondrial DNA to
nuclearDNA ratiowas determinedusing Image Studio v.5.2.5
(Li-Cor Biosciences, Lincoln, NE, USA).

Metabolic flux and reactive oxygen species analysis

C2C12 myoblasts were seeded into Agilent Seahorse XFe24
plates in GM at a density of 20,000 or 30,000 cells/well for 20 h
before PEMF exposure. Following PEMF exposure (10 min),
myoblasts were allowed to stabilize for 2 h in a standard hu-
midified incubator at 37°C and 5% CO2. For the assessment of
contribution from TRPC1, SKF-96365 (50 mM; MilliporeSigma)
was added to theGMofmyoblasts cultures 10minprior toPEMF
exposure and replaced with GM from age-matched sister cul-
tures immediately afterward. In preparation for mitochondrial
assessment, theGMwas replacedwithXFBasemedium (Agilent
Technologies, Santa Clara, CA, USA) consisting of 10 mM glu-
cose, 1 mM sodiumpyruvate, and 2mMglutamine (pH 7.4) and
equilibrated in a non-CO2 environment at 37°C for 60min, as per
the manufacturer’s suggested protocol. Cellular respiratory ca-
pacitywas assayedusing theXFCellMito Stress TestKit (Agilent
Technologies). Briefly, the assay consists of repeated cycles of 3-
minmix, 2-minwait, and 3-minmeasurement cycles for baseline
andafter each injectionof oligomycin (1mM), carbonyl cyanide4-
(trifluoromethoxy) phenylhydrazone (FCCP, 1 mM), and rote-
none + antimycin A (0.5 mM). Oxygen consumption rate (OCR)
and extracellular acidification rate (ECAR), reflecting mitochon-
drial respiration and glycolysis, respectively, were measured si-
multaneously during each measurement period. Data analysis
was done using Seahorse Wave Desktop Software (Agilent
Technologies).

For reactice oxygen species (ROS) analysis by flow cytometry
(Fig. 6A, B), CellROXOrange Reagent (Thermo Fisher Scientific)
was added to C2C12 myoblasts in suspension at a density of
250,000 cells/ml to a final concentration of 750 nM just prior to
standardPEMFexposure.Cellswere then incubatedwith thedye
for an additional 1 h at 37°C before analysis using a FACS BD
LSRFortessaTM flow cytometer (absorption/emission maxima
of ;545/565 nm; BD Biosciences) as per the manufacturer’s

instructions. A measure of 400 mM tert-butyl hydroperoxide
(MilliporeSigma) was used as a positive control. Data analysis
was performed using FACSDiva v.6.2, Summit v.4.3, and Prism
v.5.0 (NIH).

For ROS analysis via plate reading, cells were seeded at 5000
cells/well in 96-well plates for 24 h. Prior to standard PEMF
exposure, cells were administered CellRox Orange Reagent
(Thermo Fisher Scientific) without or with 1% PS or SFK96365
(50 mM) for 10 min. Readings were made at 545/565 nm using a
Cytation5plate reader (Biotek Instruments). Forcell proliferation
analysis, 3000 cells/cm2 were seeded in 6-well plates for 24 h.
N-Acetylcysteine (5 mM; Santa Cruz Biotechnology) was added
to the GM 10 min prior to standard PEMF exposure and was
replaced with conditioned GM from age-matched sister cultures
that had not been exposed to PEMFs immediately thereafter.
Cells were enumerated using Trypan Blue 24 h later.

ATP detection

C2C12 myoblasts were seeded into clear 96-well plates at 5000
cells/well andexposed to PEMFs after 24 h of growth.Cellswere
harvested 30 min after exposure using Cayman Chemical ATP
Detection Assay Kit-Luminescence (700410; Ann Arbor, MI,
USA), according to themanufacturer’s instructions. The samples
were diluted 40 times in 13 ATP Sample Buffer before loading
them into a white opaque 96-well plate. The ATP concentration
was determined by luminescence reading using Cytation 5 Cell
ImagingMulti-ModeReader and its respectiveGen5 software for
analysis (BioTek Instruments). TRPC-dependent ATP pro-
duction was obtained by subtracting ATP signal in the presence
of SKF-96365 (50 mM) from PEMF-induced signals at 0 and 1.5
mT.

BrdU flow cytometric analysis

BrdU staining was performed according to BrdU staining kit for
flow cytometry FITC (Thermo Fisher Scientific). Briefly, C2C12
myoblasts were seeded at 6000 cells/cm2 into 6-well plates and
allowed togrowfor 40h. Immediatelyprior toPEMFexposure as
described next, the medium was changed to fresh medium con-
taining BrdU. Cells were allowed to incorporate BrdU labeling
after PEMF exposure for 6 h before fixation, DNase I treatment
and intracellular staining with anti-BrdU conjugated to FITC.
Cell washes between steps were done using Flow Cytometry
Staining Buffer (Thermo Fisher Scientific) at 400 g for 5 min.
Resuspended cells were subjected to flow analysis using FACS
BD LSR Fortessa (BD Biosciences).

Electromagnetic and simulated microgravity
exposure systems

PEMF device

The PEMF device used in this study has been previously de-
scribed (20, 21). Briefly, the device produces spatially homoge-
neous, time-varying magnetic fields, consisting of barrages of
203 150ms on and off pulses for 6ms repeated at a frequency of
15Hz. Themagnetic fluxdensity rose to predeterminedmaximal
level within ;50 ms (;17 T/s) when driving field amplitudes
between 0.5 and 3 mT. Unless explicitly noted, all samples were
exposed once for 10 min. All PEMF-treated samples were com-
pared with time-matched control samples (0 mT) that were ma-
nipulated in exactly the same way as experimental samples,
includingplacement into the PEMF-generating apparatus for the
designated time, except that theapparatuswasnot set togenerate
a magnetic field.
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m-Metal shielding of magnetic fields

After in-house designing the fabrication of a m-metal housing
to simultaneously shield 2 standard tissue culture plates from
exogenous magnetic fields was contracted from Amuneal
Manufacturing (Philadelphia, PA, USA).

Mechanical vibration

This inherent vibration of the PEMFcoil systemwasmeasuredwith
avibrationtransducerBU-21771-000(KnowlesElectronics, Itasca, IL,
USA) in a frequency range of 50–6000Hz. Culture dishes of C2C12
myoblastswerethenstimulatedwithamechanicalsignalmimicking
the vibration caused by the PEMF exposure systemwith a TV50018
Shaker System (Tira, Schaulkau, Germany).

Live cell imaging

Live cell imaging was conducted with a CytoSmart 2 Lux 10X
System(LonzaGroup,Basel, Switzerland)placedwithinaForma
Steri-Cycle i160 (ThermoFisher Scientific) standard tissue culture
incubator at 37°C in 5%CO2 andwas commencedwithin 20min
of PEMF exposure. Timelapse videos were downloaded via the
CytoSmart Connect Cloud as .avi files.

Simulation of microgravity

Simulated microgravity was achieved with an RPM as previ-
ously described (12). The RPM was kept in a temperature-
controlled room at 37°C. The calculated gravity exerted upon
cells on the RPM was below 0.02 g. Cells were seeded 15 h
prior to the start of the RPM experiment at 8000 cells/cm2. At
15 h, some samples were incubated with 5 mM CaCl2 for
10min,washed twicewith PBS, given aged-matchedGM, and
placed onto the RPM. Other samples were exposed to PEMFs
at 37°C (0.5 or 1.5 mT) for 10 min before being placed onto the
RPM. Samples were fixed after 2 h of growth in micrograms
for cell cycle analysis.

Statistical analyses

For the analysis of in vitro experiments involving more than 1
experimental condition, each experimental conditionwas directly
compared with a unique control scenario treated identically ex-
cept for the experimental intervention. For continuous data sets
comparing an experimental condition against its respective con-
trol, we utilized a 2-tailed Student’s t test to determine statistical
significance. Compared are the mean values of individual exper-
imental mean values each generated a minimum of biological
triplicates, unless otherwise stated in the figure legend. For the
analysis of distribution frequencies of nuclei within myotubes
with a 233 contingency table,with the rows representing control
or PEMF and columns depicting the distribution of nuclei: ,4,
5–8, .9 (Fig. 3H). For these data sets, a x2 test was performed.
Statistical significance for all data was set at P, 0.05 or P, 0.01.
All data are presented as means6 SD, unless specified otherwise.

RESULTS

PEMFs stimulate in vitro myogenesis

Brief exposure (10 min) of C2C12 myoblasts to PEMFs
(Supplemental Fig. S1A) augmented cytosolic calcium

levels [intracellular [Ca2+] concentration ([Ca2+]i), blue]
relative to unexposed myoblasts (red; Fig. 2A). The
PEMF-induced rise could be prevented by 2-APB (10mM;
Fig. 2B), implicating the involvement of TRPC channels
(22) in the early stages ofmyogenesiswhile excluding that
of voltage-gated calcium channels (6). Moreover, 2-
APB lowered [Ca2+]i to a common baseline whether in
PEMF-stimulated (gray) or control (blue gray)myoblasts,
indicating that TRP channels are instrumental in estab-
lishing resting [Ca2+]i. The red and blue shaded regions
depict increments in [Ca2+]i at rest and following mag-
netic exposure. These results indicate that the gating
mechanism of TRP channels is activated at ambient ther-
mal energy (kBT) and is reinforced by magnetism.

Fromhere onward, all data relating to PEMFexposures
between 1 and 1.5 mT at 24 and 48 h will be depicted in
blue and black, respectively, and their correspondent
control scenarios (0 mT) in red. Pale blue and hatched
conditionswill indicatePEMFamplitudesother than1–1.5
mT (off window) and pharmacological or environmental
interventions upon these conditions, respectively. Green
will denote auxiliary interventions.

TRPC1-mediated calcium entry supports the pro-
liferation of myoblasts (6, 12). Accordingly, the pro-
liferation of myoblasts was enhanced by 10 min exposure
to PEMFs (Fig. 2C, dark blue) and could be prevented
by both CsA (inset, calcineurin/NFAT inhibitor) and 2-
APB (Fig. 2C, hatched), confirming the involvement of
TRPC1 and associated calcineurin/NFAT-signaling cas-
cades (8–11). Kinetically, PEMF exposure accelerated the
onset and magnitude of early growth expansion (Supple-
mental Fig. S2 and Supplemental Videos S1A, B). The
greatest proliferative enhancement was obtained with 10
min exposures (Fig. 2C) to PEMFs at an amplitude range
between 1 and 1.5 mT (Fig. 2D), delimiting a magnetic
efficacy window wherein myoblasts are most responsive
to supplemental magnetic fields (Supplemental Fig. S3).
Differentiation was enhanced (Fig. 2E–I) by the same ex-
posure paradigm promoting proliferation (Fig. 2D) with
similar sensitivity to CsA (Fig. 2I).

In vitro, TRPC1 expression is initially high and recedes
after 48 h,whereas TRPM7 expression increases after 48 h,
coinciding with cell cycle withdrawal (6) (see also Sup-
plemental Fig. S4). The early expression pattern of TRPC1
agrees with reports of it playing a role in satisfying the
calcium requirement for myoblast expansion (23). We
compared the PEMF responses of paired myoblast cul-
tures at 24 and 48 h after seeding. Despite resting [Ca2+]i
beingdepressedat 48h (Fig. 3A), PEMFsremainedcapable
of augmenting [Ca2+]i to a comparable relativedegreeover
baseline (Fig. 3B), although smaller in overall magnitude.
Accordingly, PEMFs applied at 48 h produced less pro-
liferation enhancement (Fig. 3C). Plating myoblasts at
higher density quickens the onset of differentiation and,
accordingly, prevented response to PEMFs as early as 24 h
(Supplemental Figs. S3 and S5). Both cyclin D1 (Fig. 3D)
and MyoD (Fig. 3E) levels were increased by PEMF ex-
posure in low-density, but not high-density, cultures, in-
dicating that both proliferation and differentiation would
respond preferentially to early exposure (also see Sup-
plemental Fig. S6). Our described electromagnetic efficacy
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window (Fig. 2D–I) was also lost at higher myoblast
density (Supplemental Fig. S3E, F), indicating mitigation
of magnetic sensitivity instead of shift in sensitivity. TTX
did not uncover a response to PEMFs at 48 h (Fig. 3F, G) or
at high cell densities (Fig. 3G), indicating that the expres-
sion of voltage-gated sodium channels (linked with dif-
ferentiation) were not electrophysiologically masking an
effect of the fields. Alternatively, loss of PEMF response
may arise from the depletion of enabling trophic factors at
longer culturing times or at higher cell densities. Re-
freshing culturing medium immediately before PEMF
exposure at 48 h, or at high cell density, however, did not
expose a hidden response to PEMFs (Supplemental Fig.
S7).Consistent,with theup-regulationofMyoDwith early
PEMF exposure, early PEMF exposure also promoted
differentiation. Exposure before 24 h postplating pro-
duced largermyotubes (Fig. 3H, blue) than exposure at 48
h (black). Moreover, continual PEMF exposure mitigated
myotube formation (Fig. 3I; hatched) relative to singly
exposed myoblasts (,24 h; blue) as well as controls (red).
These results indicate that the calcium entry pathway
implicated in this form of magnetoreception remains op-
erational, albeit down-regulated, at 48 h.

We investigated the effects of pharmacological block-
ade of TRPC1 with 2-APB (22) at early (24 h) and later
(48 h) timepoints to better ascertain specificity ofmagnetic
fields. Though 2-APB (10 mM) was capable of preventing
response to PEMFs at 24 h, it was ineffective at 48 h (Fig.
4A). SKF-96365 (50 mM Fig. 4B) (22) was also capable of
preventing response to the fields at 24 h, strengthening the
case for TRPC contribution. By contrast, inhibition of
TRPM7 (10mM [Mg2+]e) (24) was without effect (Fig. 4C).
TRPV4 is the only other TRP channel exhibiting an
early expression pattern similar to TRPC1 (Supplemental
Fig. S4C). Nonetheless, blocking TRPV4 channels with
ruthenium red (10 mM; inset) (25), had no effect on PEMF
response. Moreover, both TRPM7 (26) and TRPV4 (27) are
insensitive to SKF-96365 and 2-APB at the concentrations
used in this study, whereas TRPV3 is activated by 2-APB
(28), corroborating specificity for TRPC channels. Finally,
sensitivity toPEMFsparalleled theearly expressionpattern
of TRPC1 (with reference to other TRPCs) (Supplemental
Fig. S4) (6).

We selected a class of TRPC1 channel antagonists of
minimal collateral cytotoxicity and high reversibility
with which to emulate and better understand our

Figure 2. PEMF exposure stimulates in vitro
myogenesis. A) [Ca2+]i following exposures to
0 mT (red), 1 mT (blue), or ionomycin [Iono;
1 mM; 30 (light green) and 300 min (green)] as
indicated. B) Effect of 2-APB (10 mM) on
[Ca2+]i in response to 0 mT (gray blue) or 1
mT (gray) PEMFs. Unstained cell distributions
in black (A, B). C) Effect of PEMF exposure
duration on proliferation. Data at each time
point were normalized to their own respective
control scenario (0 mT) that was treated
identically to the experimental condition with
the lone exception of no PEMF exposure. 2-
APB (light blue) was applied during PEMF
exposure. Inset: Effect of CsA (2 mM) on
PEMF-induced proliferation; n = 3. D) PEMF
efficacy window (Supplemental Fig. S3). E–G)
Myotube formation following exposure to
0 (E), 1.5 (F), or 3 mT (G) PEMFs. Scale bar,
500 mm. H) Fusion frequency distribution for
0 (red), 1.5 (blue), and 3 mT (light blue)
exposures; n = 3. I) CsA (2 mM) precluded
myotube enhancement following 1.5 mT expo-
sure; n = 10. All PEMF exposures were applied
once ,24 h postplating for 10 min, except for
C as noted; 24 h post-PEMF exposure myoblasts
were either counted (C, D) or allowed to
differentiate (E–I) for 6 d. *P , 0.05, **P ,
0.01 (with regard to 0 mT).
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magnetic responses. The aminoglycoside antibiotics
have been demonstrated to antagonize TRPC1 in
muscle (17). The aminoglycoside antibiotics were ca-
pable of preventing magnetically induced myogenic
responses. Momentary application and then removal
of aminoglycoside antibiotics, timed to coincide with
PEMF exposure (10 min), was sufficient to block both
PEMF-induced myoblast proliferation and differenti-
ation (Fig. 4D–M), whereas identical application before
PEMF exposurewas not (Fig. 4D, inset). The antimyogenic
effects of the aminoglycoside antibiotics are hence directly
related to their capacity to interrupt PEMF-induced cal-
cium entry (Fig. 4M) and recapitulating the effects of CsA
(Fig. 4N,O).

Magnetic stimulation produced myogenic epigenetic
responses that correlated with early TRPC1 expression
pattern in vitro (6) (Fig. 3 and Supplemental Fig. S4). The
protein levels of PCAF, a histone acetyltransferase and
myogenin and MyoD transcriptional activator (29–31),
were enhanced byPEMFexposure at 24 h (Fig. 5A) but not
48 h (Fig. 5B), as were the levels of PCAF’s histone target,
acetylated histone [3H] at lysine residue 9 (H3K9ac) (Fig.
5C). MyoD expression also increased after early (24 h)
exposure (Fig. 5A), reflecting its activation by PCAF acet-
ylation (29–31) that, in combination with calcineurin/
calcium-dependent activation of NFAT (32), promotes
myogenic differentiation.

Contrasting with the effects of supplemental pulsing
fields, magnetically isolating myoblasts from all ambient

magnetic fields using a m-metal housing (Supplemental
Fig. S1B) instead reducedPCAFandH3K9acprotein levels
(Fig. 5D). The aminoglycoside antibiotics were capable of
recapitulating the reductions inPCAFandH3K9acprotein
levels produced by magnetic shielding (Fig. 5E). Further-
more, both magnetic shielding (Fig. 5F) and conventional
use of PS (Fig. 5G) reduced TRPC1 expression, indicating
feedback regulation of TRPC1 (Fig. 3C). These results
strengthen the case that magnetic fields target TRPC1 and
support the conclusion that ambientmagnetism is capable
of modulating basal myogenesis by regulating TRPC1
function.

We investigated whether inhibiting calcineurin could
defer oxidative determination following PEMF expo-
sure. CsA reversed the characteristic PEMF-induced rise
in PCAF at 24 h (Fig. 5H), whereas it had little effect at
48 h, consistent with its ability to block PEMF-induced
differentiation (Fig. 4N, O). PEMF exposure also en-
hanced the nuclear translocation of NFATC1, whereas
NFATC3 nuclear localization was reduced (Fig. 5I and
Supplemental Fig. S8). Importantly, the nuclear trans-
location of NFATC1 has been shown to reflect a myo-
genic proclivity toward an oxidative phenotype (33),
whereas the induction of oxidative muscle by PGC-1a
does not appear to require the cooperation of NFATC3
(13). Inhibiting calcineurin signaling thus impedes
magnetically enhanced myogenesis at the levels of pro-
liferation (Fig. 2C, inset), differentiation (Fig. 2I), and
oxidative directive (Fig. 5H).

Figure 3. PEMF exposure enhances in vitro myogenesis when applied once before 24 h postplating. A) Resting [Ca2+]i at 24 or
48 h in culture; n = 4. B) PEMF-induced [Ca2+]i at 24 or 48 h; n = 4. Despite resting [Ca2+]i being depressed at 48 h (A), PEMFs
remained capable of augmenting [Ca2+]i (B), indicating that TRPC1-mediated calcium entry was operational, albeit down-
regulated at 48 h. C) Proliferative responses to 1 mT exposure at 24 or 48 h; n = 8 (inset: despite the absence of proliferative
response at 48 h, Trpc1 transcript levels rose 1 h after exposure). D, E) Cyclin D1 (D) and MyoD (E) protein levels following
PEMF exposure at 24 h on low-density (;2500 cells/cm2) or high-density (;8500 cells/cm2) cultures; n = 3 or 5, respectively.
Protein was collected 24 h after PEMF exposure as indicated. Inset: anti-BrdU-FITC positive myoblasts 6 h after PEMF exposure.
F, G) Effects of TTX (1 mM) on PEMF-mediated proliferation applied at 24 and 48 h, as indicated, in low-density (F) or high-
density (G) myoblast cultures. H) Nuclei/myotube distribution for exposures to 1.5 mT at 24 (blue) or 48 h (black); 0 mT (red).
*P , 0.05, **P , 0.01 (with regard to 0 mT, respectively) (A–G). I) Effect of repeated stimulation on differentiation on myoblast
cultures exposed once (blue; 24 h) or consecutively for 4 d (hatched). Myoblasts cultures were exposed at the indicated times
and then either analyzed for proliferation/calcium entry (A–G) or induced to differentiate for subsequent analysis (H–I). **P ,
0.01, #P , 0.05 with regard to 0 or 1.5 mT, respectively (I). All PEMF exposures were 10 min.
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Figure 4. Pharmacological evidence implicating TRPC1 in magnetoreception. A) Effect of 2-APB (10 mM; hatched) on PEMF-
induced proliferation at 24 h (dark blue) and 48 h (black) after plating; n = 11 (24 h) and n = 7 (48 h). B) Effect of SKF-96365
(50 mM) on PEMF-induced proliferation; n = 5. C) Levels of [Ca2+]i following 10 min exposure to 0 (red) or 1 mT (blue) PEMFs
in the absence (solid) or presence (hatched) of 10 mM MgCl2 (hexahydrate) added to the culture medium immediately before

(continued on next page)
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Immediate mitochondrial responses

Given the importance ofmitochondria for oxidativemuscle
development (13), we examined the mitochondrial ramifi-
cations of our magnetic stimulation paradigm. Exposure to
PEMFs stimulated the production of ROS (Fig. 6A, B) and
ATP (Fig. 6A; inset), recapitulating our electromagnetic ef-
ficacy window governing myogenesis at the level of the
mitochondria (Fig. 2 and Supplemental Fig. S3). On the one
hand, PEMF-stimulated proliferation ofmyoblasts could be
precluded by antioxidants (Fig. 6C), whereas ROS pro-
duction could be inhibited by SKF 96365 or PS (Fig. 6D),
linking TRPC1-mediated calcium entry to mitochondrial
respiration with myogenic consequences. PEMF exposure
increasedmitochondrial OCR (Fig. 6E) that was sensitive to
inhibition of TRPC1 (Fig. 6F). Paralleling myoblast pro-
liferation (Fig. 3D and Supplemental Figs. S3 and S5) and
differentiation (Fig. 3E), the PEMF-induced rise inOCRwas
lost at higher cell density (Fig. 6G–J and Table 2). Notably,
myoblastsharvestedat lowdensity (lowr; undifferentiated)
and exposed to PEMFs while in suspension, followed by
direct plating at high density a few hours prior to OCR
measurement (before differentiation develops), did not
preclude a response to PEMFs (Fig. 6K, L), whereas myo-
blasts harvested at high density (high r; differentiated)
seeded and exposed in the same manner were instead
magnetically insensitive (Table 2), corroborating that mag-
netosensitivity is developmentally regulated, likely associ-
ated with TRPC1 levels, rather than an effect of cell density
per se.PEMF-treatedmyoblastsalsoexhibitedanelevation in
ECAR (Fig. 6I, J, L), indicating an increase in maximum
cellular glycolytic capacity (34). The gray-shaded areas de-
pict the additional spare respiratory capacity afforded by
PEMF exposure, coinciding with elevated basal respiration
and enhancedmitochondrial ATP production (Table 2) and
preferentially sensitive to TRPC antagonism (Fig. 6F). Mi-
tochondrial responses to PEMFs thus recapitulated the de-
tectedTRPC1dependencyofmagneticmyogenic induction.

TRPC1 silencing abrogates PEMF-enhanced
myogenesis and mitochondrial
respiratory capacity

Gene silencing with either of 2 dsiRNAs (dsi1, dsi2) de-
creased TRPC1 expression by 74 and 56%, respectively
(Fig. 7A,B), coincidingwitha complete loss ofproliferative

response to PEMF exposure (Fig. 7C). By contrast, myo-
blasts transfected with a nontargeted scrambled (Scr)
dsiRNA exhibited proliferative responses to PEMFs com-
parable tonontransfectedmyoblasts (control;Con), 25 and
39%, respectively (SupplementalFig. S3). TRPC1-silencing
decreased basal cyclin D1 levels by;10% that, moreover,
wereunresponsive toPEMFexposure. By contrast, control
myoblasts (Con, Scr) responded to PEMF exposure with a
15% increase in cyclin D1 levels (Fig. 7A; cf Fig. 3D).
Myoblasts in which TRPM7 had been silenced (Fig. 7D)
exhibited typical PEMF-induced proliferative responses,
28% (ds1) vs. 34% (Scr) (Fig. 7E). CRISPR/Cas9-targeted
deletion of TRPC1 exon 1 (Supplemental Fig. S9D, E) also
produced a loss of PEMF sensitivity (Fig. 7F), associated
with the reduced levels (Fig. 7G) of a truncatedprotein (;8
kDa; Supplemental Fig. S9C). Removal of exon 1 of the
TRPC1 genomic coding sequence thus appears to be suf-
ficient to preclude sensitivity to PEMFs.

Two hallmark features of our reported magnetic re-
sponses are TRPC1 dependency and a discrete electro-
magnetic efficacy window (Fig. 1 and Supplemental Fig.
S3). We sought to determine if these 2 key features are
directly manifested at the level mitochondrial function.
CRISPR/Cas9-mediatedknockdownofTRPC1abrogated
the enhancement in mitochondrial respiratory capacity in
response to magnetic stimulation. Notably, the absolute
amplitude of the spare respiratory capacity and basal
respiration (Fig. 8A–C) were correlated with the level of
TRPC1 knockdown previously noted (Fig. 7G). The c60
and c61 TRPC1-knockdown clones exhibited either no
response or a modest reduction in OCR following PEMF
exposure, respectively, that was similar to the inhibitory
response observed in myoblasts plated at high density
(30 K) (Table 2), further corroborating that loss of TRPC1
expression underlies the inhibitory effect of high cell
density (Fig. 2 and Supplemental Fig. S4). Extracellular
acidity increased in the TRPC1 knockdowns (Fig. 8D–F),
indicating an increased reliance on anaerobic glycolysis
outside the mitochondria (reduced mitochondrial respi-
ration) when TRPC1 expression is knocked down. Our
reported magnetic efficacy window (Fig. 2 and Supple-
mental Fig. S3) is also recapitulated at the level of the mi-
tochondria (Fig. 8G–L; also see Fig. 6A) and, moreover,
was sensitive to blockage by SKF-96365. These results
confirm a mitochondrial-TRPC1 interplay activated by
magnetic fields.

exposure; n = 3 6 SEM). D) PEMF-modulated proliferation (Prolif; 1.5/0 mT) in response to no antibiotics (solid), penicillin/
streptomycin (PS) (1%, hatched), streptomycin (Strepto; 100 mg/L), neomycin (Neo; 50 mg/L), or gentamycin (Genta; 50 mg/
L) added to the culture medium at time of PEMF exposure; n = 4. Inset: effect of 10 min PS application and immediate removal 2
h before PEMF exposure; n = 3. PS (1%) (E) and Neo (50 mg/L) (F) prevented myotube formation following single PEMF
exposure. Myotube formation without (G–I) and with (J–L) PS (1%) as indicated. Scale bar, 100 mm.M) PS and 2-APB attenuate
2-APB–sensitive PEMF-induced calcium entry; n = 2 3 8 wells. Myotube size distribution without (N) and with (O) CsA;
correspondent to Fig. 2I. The red dashed lines indicate the previous 0 mT level. Unless otherwise stated, all data are generated
from the means of independent experiments 6 SD each pertaining to minimally the means of biological triplicates. All PEMF
exposures were conducted for 10 min applied 24 h postplating, unless otherwise stated (48 h; A); 24 h post-PEMF exposure
myoblasts were either counted (B–D) or allowed to differentiate (E, F) for 6 d. **P, 0.01 (with regard to 0 and 1.5 mT, black and
red asterisks, respectively). All drugs were applied transiently to coincide with PEMF exposure and to avoid non-TRP
channel–related tertiary effects. Specifically, 2-APB, SKF-96365, and antibiotics were added to culture medium before PEMF
exposure and then replaced with age-matched control medium from sister cultures summarily thereafter, with the exception of D
(inset), wherein PS (hatched) was added and removed before PEMF exposure.
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Adaptive mitochondrial responses

PGC-1a is a master regulator of mitochondriogenesis
recruited by energymetabolism and calcium/calcineurin,
typically in response to muscular activity (13, 35). Ac-
cordingly, PGC-1a transcript (PPARGC1A) levels in-
creasedpost-PEMFexposure (Fig. 9A). PGC-1a expression
is also subject to calcineurin (Figs. 2C, I and 4N, O and 5H)
regulation via its activation of NFATC1 (36, 37) (Fig. 5I)
and myocyte-specific enhancer factor 2C (Mef2c) (13,
37–39), preferentially in oxidative muscle (13, 33). Mef2c
(MEF2C) transcript expression was highest at 24 h
post-PEMF exposure (Fig. 9B). Underscoring the role that
mitochondrial activation has over oxidative muscle de-
termination (35, 40), elevations inMyoD(MYOD1;Fig. 9C)
andmyogenin (MYOG; Fig. 9D)weremost pronounced at
48 and 24 h following PEMF exposure, respectively,
resulting in a ratio ofmyogenin toMyoDof.1 at 24h (Fig.
9E), a transcriptional scenario predictive of subsequent
oxidative muscular determination (cf Fig. 5I) (40). Mito-
chondrial respiratory capacity and PGC-1a expression
have also been linked to telomere maintenance (41). Cor-
respondingly, telomerase reverse transcriptase (TERT)
levels were increased following PEMF exposure (Fig. 9F),
mirroring the positive association of telomere length with
metabolic balance resulting from exercise (41, 42). TRPC1
expression was also augmented by brief PEMF exposure
(Fig. 9G) (11), exhibiting the opposite trend (albeit at the

protein level) observed with either magnetic shielding
(Fig. 5F) or PS treatment (Fig. 5G). Knockout of PGC-1a in
mice results in reduced muscular mitochondrial content
and heightened apoptosis (43). In accordance with the
increased expression of PGC-1a in response to PEMF ex-
posure (Fig. 9A), mitochondriogenesis (mitochondrial
DNAcontent)was enhanced (Fig. 9H, I andSupplemental
Fig. S10A) andbasal cell death reduced (Fig. 9J) post-PEMF
exposure. Caspases-3 and -9 and Bcl-xL have been shown
to synergize to promote myogenesis (44, 45), whereby
Caspase-3 stops the expansion of satellite cells (45). Ac-
cordingly, cleaved Caspases 3 and 9 (Fig. 9K) and BcL-xL
(Fig. 9L) were all reduced 48 h after PEMF exposure,
aligning with the detected antiapoptotic (Fig. 9J), propro-
liferative and promyogenic properties of PEMF stimula-
tion demonstrated throughout this report (Supplemental
Fig. S10B,C).We thereforeobserveboth immediate (Figs. 6
and 8) and adaptive (Fig. 9) mitochondrial responses fol-
lowing brief magnetic field exposure with ultimate im-
plications to cell survival.

Magnetic specificity

Diverse tests were conducted to ascertain magnetic spec-
ificity of our demonstrated myogenic responses. During
exposure, myoblasts were placed within a m-metal hous-
ing capable of shielding cells from all incoming magnetic

Figure 5. Magnetic fields promote epigenetic
MyoD. PEMF-modulated PCAF and MyoD pro-
tein levels at 24 (A) or 48 (B) h postplating. C)
H3K9 histone acetylation levels after 1.5 mT
PEMF exposure at 24 (top) or 48 (bottom) hr
postplating. PCAF protein and H3K9 acetyla-
tion levels after growth of myoblasts within a
m-metal box (D) or in the presence of PS (PS;
1%; for 72 h (E). F, G) Protein levels of TRPC1
and PCAF and proliferation after 72-h growth
in a m-metal box (F, m+) or in the presence of
PS (G, PS+) relative to controls (m2, PS2); (n/
condition). H) Effects of CsA (2 mM) over
PEMF-modulated PCAF expression at 24 or
48 h. I) Nuclear and cytoplasmic distribution of
NFATC1 and NFATC3 following 1.5 mT
exposure (blue) at 25 h postplating (see also
Supplemental Fig. S8); n = 6/condition. Data
represent the means of n experiments 6 SD),
each derived from the means of triplicates. All
PEMF exposures were 10 min. **P , 0.01 with
regard to relative control.
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stimulation while still subjecting them to all other exoge-
nous stimuli inherent to the PEMF-delivery system (Sup-
plemental Fig. S1C). Shieldingmyoblasts in suchamanner
precluded a response to our pulsing fields (Fig. 10A). To
exclude the possibility of stimulatorymechanical artifacts,
we vibrated myoblast cultures at the same frequency and
magnitude as they might experience during normal ex-
posure. This level of vibration alone was insufficient to
enhance proliferation (Fig. 10B). Myoblasts in suspension
also responded toPEMFs at the levels of proliferation (Fig.
10C) and mitochondrial respiration (Fig. 6K), further ar-
guing against substrate-mediated contractile stresses
being a predominant force underlying our observed
magnetic responses. Lastly, growing myoblasts in mag-
netic isolation (Supplemental Fig. S1B) down-regulated
the same TRPC1/NFAT/PCAF myogenic cascade that
was up-regulated by supplementary PEMFs (Fig. 5 and
Supplemental Fig. S1A), corroborating that ambient
magnetic fields (kBT) are relevant and sufficient topromote
myogenesis,without altering themechanical environment
of myoblasts. These control scenarios indicate that the

magnetic stimulation paradigm employed in this study
does not inadvertently provide mechanical stimulation,
directly or indirectly. The sum of our data thus indicates
that skeletal muscle is explicitly developmentally re-
sponsive to magnetic fields via a mitochondria-targeted
signaling complex containing, among other yet-to-be-
determined molecular entities, TRPC1.

DISCUSSION

TRPC1, an integrator of biological responses

Sensitivity to magnetic fields specifically follows TRPC1
expression developmentally (Figs. 3–5 and 10, and Sup-
plemental Fig. S4) (6), genetically (Figs. 7 and 8), and
pharmacologically (Figs. 2, 4–6, 8, and 10). TRPC1 has
previously been ascribed roles in mechanotransduction
and store-operated calcium entry (SOCE) (4). TRPC1-
mediated calcium entry stimulatesmyoblast proliferation,
whether activated via its mechanosensitive or SOCE (6)

Figure 6. PEMFs activate mitochondrial respi-
ration upstream of myogenic enhancement. A)
ROS (H2O2) production in response to PEMF
exposure and normalized to that at 0 mT; n = 6.
Inset: SKF-inhabitable ATP production 30 min
following PEMF exposure (10 min at 1.5 mT);
n = 3. B) ROS production in response to
exposure to PEMFs or 400 mM tert-butyl
hydroperoxide (tBHP; 1 h; green). C) Normal-
ized proliferation (relative 0 mT) in response
to PEMF exposure with and without N-acetyl-
cysteine (NAC); n = 9. D) Percentage change in
ROS production immediately after PEMF ex-
posure with and without PS (PS; 1%) or SKF-
96365 (SKF; 50 mM). Data shown indicate ROS
quantification 6–8 min after reading com-
menced. Mitochondrial OCR in response to
PEMF exposure without (E) and with (F) SKF-
96365. OCR and ECAR in myoblasts plated
at 20,000 (G and I, respectively) and 30,000
(H and J, respectively) per well. OCR (K)
and ECAR (L) in myoblasts exposed to
PEMFs in suspension and then plated at
40,000 myoblasts/well 5 h before measure-
ment. The green- and gray-shaded arrows
indicate points of addition of oligomycin
(ATP synthase inhibitor; 1 mM) and carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone
(mitochondrial proton ionophore; 1 mM),
respectively. Unless otherwise stated, all PEMF
exposures (blue) was applied for a duration of
10 min at an amplitude of 1.5 mT with
(hatched) or without (solid) drugs as indicated;
red represents correspondent control scenar-
ios. **P , 0.01 with regard to correspondent
0 and 1.5 mT scenarios, respectively.
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gating modes. Accordingly, TRPC1 expression was cor-
related with mechanosensitivity, SOCE, and proliferative
capacity within the same populations of myoblasts (6),
underscoring its role as an integrator of diverse stimuli.
Hereweextend the list of functions attributed toTRPC1by
revealing for it roles in magnetoreception and redox
homeostasis.

Both continual PEMF exposure (Fig. 3I) and sustained
mechanical stimulation (46) are capable of deferring
MyoD, coincidentwith the reexpressionofTRPC1(Fig. 3C,
inset) (47). Brief exposure to PEMFs was also capable of
reversing the slowing of proliferation (Fig. 10D) produced
by simulatedmicrogravity (mg) andcorrelatedwith adrop
in TRPC1-mediated calcium entry in myoblasts (6, 12).
Magnetoreception andmechanosensitivity thus employ a
common transduction pathway impinging on TRPC1 and
are capable of acting independently (see Magnetic Speci-
ficity) as well as synergistically.

Comparison with state of the art

The pulsingmagnetic fieldswe employed in this study are
within the amplitude range typically used by others (low
mT) (14), but uniquely, revealing a discrete response
window defined by timing, duration of exposure, as well
as amplitude (Figs. 2 and 8, and Supplemental Fig. S3).
First,weobtain thebest resultswithmuchbriefer exposure
times (10 min, applied once) than previously reported
(.h/wk) (16). Our magnetic stimulation protocol also
differs from convention in terms of timing of exposure.
Critically, we administered PEMFs much earlier (,24 h
postplating) and at a much lower density than most in-
vestigators, who typically prefer to permit cells to reach
higher confluence before exposure. Differences in de-
velopmental efficacywith respect to previously published
studies may hence arise from: 1) the stimulation of a cell
type/tissue outside of its inherent efficacywindow (Figs. 2
and 8, and Supplemental Fig. S3); 2) field application
during an inappropriate developmental stage in vitro

(Figs. 3–5, and Supplemental Fig. S4); 3) repetitive/
excessive stimulation (Fig. 3I); 4) cell overgrowth or se-
nescence at the time of stimulation (Figs. 3 and 6, and
Supplemental Figs. S3 and S5); 5) the use of aminoglyco-
side antibiotics (Figs. 4–6 and 10) (17); 6) contributing
electromagnetic stimulation arising from the environment
(Fig. 5) (48); 7) cellular oxidative stress at the time of
measurement (Fig. 6); or 8) any combination of the above
factors.

Weak static magnetic fields gave qualitatively similar
results (49) to those reported here. Despite obvious dif-
ferences in amplitude (,200 mT), mode (constant), and
treatment duration (2 wk), this in vitro study 1) extrapo-
lated our findings to primarymuscle cells, 2) corroborated
that magnetic fields induce increments in myoplasmic
calcium (Fig. 2), 3) confirmed thatmagnetic fields promote
myogenic differentiation (Figs. 2–5), 4) revealed a mag-
netic efficacywindowwhereby stronger static fields (.400
mT) were less myogenic (Figs. 2 and 8, and Supplemental
Fig. S3), 5) demonstrated that differentiated muscle cells
were less responsive to magnetic fields (Figs. 3–5), and 6)
established that magnetic fields on the order of those
present environmentally are sufficient to support basal
myogenesis (Fig. 5).However, the pulsing fields described
here required only brief (10 min), single exposure to ac-
centuate in vitromyogenesis.

A TRPC1 mitochondrial axis
underlies magnetoreception

Magnetoreception is an accepted biological phenome-
non (50) with demonstrated relevance to mitochondrial
function and myogenesis (14, 15, 51). Shielding stem
cells from the earth’s magnetic field (45–60 mT) di-
minished pluripotency (52) and mitochondrial re-
spiratory capacity (53), paralleling our findings that
m-metal isolation of myoblasts depressed myogenesis
(Fig. 5), whereas supplemental magnetic fields stimu-
lated myogenesis (Figs. 2–5 and 9), mitochondrial

TABLE 2. Mitochondrial respiratory parameters (1.5/0 mT)

Exposure condition Basal respiration P Spare capacity P ATP production P

C2C12 wild type
20 K (plated; n = 9) 1.13 6 0.15 0.0228a 1.25 6 0.25 0.0104a 1.12 6 0.12 0.0115a

30 K (plated; n = 5) 0.91 6 0.13 0.1207a 0.89 6 0.11 0.0608a 0.96 6 0.12 0.2671a

0.0142b 0.0075b 0.02370b

40 K (suspension-low r; n = 4) 1.64 6 0.29 0.0041a 1.95 6 0.48 0.0071a 1.67 6 0.31 0.0052a

40 K (suspension-high r; n = 4) 0.91 6 0.08 0.0694a 0.88 6 0.09 0.0499a 0.92 6 0.01 0.0895a

0.0053c 0.0091c 0.0071c

24 h (n = 2) 1.35 6 0.08 1.54 6 0.31 1.29 6 0.12
48 h (n = 2) 1.09 6 0.05 1.12 6 0.17 1.11 6 0.03

CRISPR/Cas9 TRPC1 knockdown
c60 (n = 4) 0.97 6 0.14 0.6768a 0.87 6 0.24 0.3759a 0.95 6 0.15 0.5628a

c61 (n = 4) 0.95 6 0.05 0.0582a 0.90 6 0.07 0.0462a 0.93 6 0.05 0.0482a

0.3769d 0.4104d 0.4338d

All values represent means 6 SD of n independent experiments. “Suspension-low r” and “suspension-high r” refers to myoblast suspensions
originating from either low- or high-density cultures, respectively, before exposure to PEMFs as indicated and then plated at 40,000 myoblasts/
well 6 h before mitochondrial respiratory assessment. P values indicate: a0 mT with regard to 1.5 mT; b20 K with regard to 30 K; clow r with regard
to high r; dc60 with regard to c61.
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respiratory capacity, andROSproduction (Figs. 6 and 8,
and Table 2). These results suggest that we are har-
nessing a bona fide magnetic response encompassing
mitochondrial modulation of myogenesis.

Mitochondria are potent regulators of myogenesis (54,
55) that work in cohort with the calcineurin/NFAT cata-
lytic cascades for myogenic enhancement (54) and adap-
tive metabolic responses (55, 56). Earlier findings have
separatelydemonstrated that bothROS (57)andTRPC1 (6,
12, 23) promote myogenesis. Other studies have directly
linked ROS production with TRPC1-mediated calcium
entry (58, 59). In this report, we extend the existing state of
understanding by showing that the magnetic modulation
ofmitochondrial respiration in skeletalmuscle requires the
participation of TRPC1-mediated calcium entry for myo-
genic outcome (Figs. 6 and 8, and Table 2).

The effects that weak magnetic fields have been
shown to exert over mitochondrial function (53)
exhibit mechanistic commonalities with known quan-
tum biological phenomena (50, 51). The radical-pair
mechanism is an established precept in quantum bi-
ological processes that commonly centers around fla-
vin radical-pair production (60), wherein electron
singlet to triplet spin transitions are favored by weak
magnetic fields of the correct temporal characteristics,
facilitating the production of bioactive radicals. No-
tably, radical-pair interactions are thermally isolated

such that the magnetically tuned radical-pair mecha-
nism is operational under ambient conditions, free of
having to possess sufficient energy of interaction to
surpass ambient kBT (60). This feature aligns with our
data showing that pharmacological antagonism of
TRPC channels under resting conditions (Figs. 2B and
5E, G) or magnetic isolation from ambient magnetism
(Fig. 5D, F) reverts basal myogenesis, corroborating
that magnetism is capable of sustaining myogenesis at
kBT. Lastly, it has been recently shown that ROS pro-
duction arising from the transfer of electrons from re-
duced flavoenyzmes to molecular oxygen (O2) is
magnetically modulated and manifests itself as an
enhancement of mitochondrial OCRs (Figs. 6 and 8,
and Table 2) (61). Quantum biological processes are
hence likely being played out at the level of mito-
chondrial energy production (51).

We show that both ambient and applied pulsing mag-
netic fields in an extremely low frequency range (Hz-low
kHz) employ identical transductionmechanisms (TRPC1)
and downstream genetic and epigenetic developmental
cascades to modulate myogenesis. The supplemental
magnetic fields employed in this study are only 20–30
times greater in amplitude (1–1.5 mT) than the earth’s
standing field (;50 mT) (50, 52, 54). Of relevance, it has
been recently shown that applied low-frequencymagnetic
fields in the range of 1 mT are capable of radical-pair

Figure 7. TRPC1 silencing precludes PEMF sensitivity. A) Western blots showing protein levels of TRPC1 and cyclin D1 following
transfection with targeted (dsi1 and dsi2) and nontargeted Scr dsiRNAs. TRPC1 silencing decreased basal cyclin D1 levels by
;10%, whereas PEMF exposure increased cyclin D1 levels by 15% in controls (Con, Scr), compared with negligible PEMF-
induced changes in TRPC1-silenced myoblasts, dsi1 (3%) and dsi2 (25%). B) Normalized protein abundance of TRPC1 relative
to Con. C) Proliferative responses of TRPC1-silenced and Con myoblasts to PEMF exposure (blue, 1.5 mT) relative to unexposed
(0 mT; red); n = 6. D) TRPM7 protein abundance following silencing using 1 dsiRNA (dsi1). The data (lane) from another
ineffective dsiRNA was removed for clarity and is delineated by the black border. E) TRPM7-silenced (ds1) and nonsilenced (Scr)
myoblasts exhibited normal PEMF-induced proliferative enhancements; n = 6. F) Cellular DNA content, reflecting cell number,
following PEMF exposure in CRISPR/Cas9 TRPC1-silenced clones, c60 and c61, relative to wild-type clone, c20. G) CRISPR/Cas9
targeted deletion of TRPC1 exon 1 reduced TRPC1 expression by ;40 and 60% in clones c60 and c61, respectively, relative to
wild-type clone, c20. See Supplemental Fig. S9 for details of the CRISPR/Cas9 deletion of TRPC1 exon 1; n = 3. All PEMF
exposures were for 10 min. *P , 0.05, **P , 0.01 (with regard to correspondent 0 mT or Con scenario).
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amplification generated by flavin-tryptophan moieties,
whereas amplitudes exceeding the hyperfine nuclear in-
teractions limit (;3 mT) are inefficient at doing so (62),
perhaps giving insight as to the origin of the myogenic
efficacy amplitude ceiling of the pulsing magnetic fields
described in this report (Supplemental Fig. S3).

Magnetic mitohormesis

ROS and Ca2+ are myogenically stimulatory and yet are
cytotoxic at critical doses (58, 59). Hormesis refers to a
process whereby a stressor at low doses induces an
adaptive response that later confers upon an organism
greater survival to the same stress (51, 63); exercise is
hormetic.ATRPC1-mitochondrial interplaymayestablish
amitohormetic (mitochondrial hormesis) level of ROS (15,
51, 63) thatunderlies the temporaldosage characteristics of
our magnetic efficacy window (Supplemental Fig. S3),
whereby protracted or repeated exposures produce ex-
cessive amounts of ROS that are counterproductive to
myogenic progression. Obeying mitohormesis, healthy
skeletal muscle cells will be capable of adapting to brief

and low-amplitude magnetic exposure with increased
resistance to subsequent oxidative stress and will be
manifested as enhanced survival (Fig. 9), whereas un-
adapted muscle cells, concomitantly experiencing oxida-
tive stress and subjected to the same exposure, will likely
respond adversely to the cumulative ROS production (50,
51, 63). A key participant in this adaptive response to im-
minent oxidative stresswould be PGC-1a (Fig. 9A), which
has been shown to be both up-regulated by ROS (64) and
attenuates ROS-mediated removal of mitochondria dur-
ing myogenesis (65). TRPC1-mediated calcium influx
would also participate in this ROS-myogenesis regulatory
axis by responding to ROS creation with enhanced cal-
cium entry that, moreover, is subject to blockade by the
aminoglycoside antibiotics (59). Our finding that ambient
magnetism sustains basalmyogenesis (Fig. 5) is consistent
with theexistenceof amitohormeticmyogenicmechanism
(51, 63), monitoring and adapting to the environment, as
well as reflecting its quantum biological origin (50, 60, 62).
The electromagnetic efficacy window described in this
study (Supplemental Fig. S3) thus fulfils obligate criteria of
a quantum biologically assisted mitohormetic process.

Figure 8. Mitochondrial oxidative capacity
parallels TRPC1 channel expression and mag-
netic sensitivity. Mitochondrial OCR in re-
sponse to PEMF exposure in wild-type C2C12
myoblasts (A) and in CRISPR/Cas9 TRPC1-
silenced clones c60 (B) and c61 (C) (also see
Table 2). ECAR in wild-type C2C12 myoblasts
(D) and in CRISPR/Cas9 TRPC1-silenced
clones c60 (E) and c61 (F). Mitochondrial
OCR from wild-type C2C12 myoblasts in re-
sponse to 10 min exposures to 0 (G), 1.5 (H),
or 3 mT (I) amplitude PEMFs in the absence
(solid symbols) or presence (hatched symbols)
of SKF-96365 (SKF; 50 mM) as indicated. ECAR
in wild-type C2C12 myoblasts in response to
10 min exposures to 0 (J ), 1.5 (K), or 3 mT (L)
amplitude PEMFs in the absence (solid sym-
bols) or presence (hatched symbols) of SKF
(50 mM) as indicated.
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In line with the hormetic interpretation, a recent report
has shown that prolonged (48 h) exposure to 1.8 mT
pulsing magnetic fields halted cell proliferation and was
associated with ROS production via cryptochrome (cry2)
(66), a mammalian magnetoreceptor known to undergo
flavin adenine dinucleotide–dependent radical-pair for-
mation. This finding aligns with our demonstrated anti-
proliferative capacity of excessive exposure to pulsing
fields (Figs. 2 and 3, and Supplemental Fig. S3) and may
relate toexistingevidenceof functional interactionbetween
cytosolic calcium levels and cryptochrome function (67).
Electromagnetic photoactivation of a cryptochrome in
Drosophila melanogaster has also been shown to be func-
tionally coupled to the redox-sensor of a conserved potas-
sium channel subunit required for neurologic magnetic
field detection (68), hinting at the existence of a conserved
mood of interaction between radical-pair–based forms of
magnetoreception and ionic fluxes, essentially bridging the
transductionevent to cellular response.Thepossibility thus
exists of multiple flavin pathways contributing to magne-
toreception. Future studies should investigate the mecha-
nisms of interactions between magnetically modulated
flavin radical mechanisms (crytochrome ormitochondrial)
and TRP channel–mediated calcium entry as well as how
such quantum biological processes may contribute to
establishing a ROS-tuned hormetic modulatory cascade.

TRP channel developmental analysis

TRPC1 and TRPM7 are the most abundantly and ubiqui-
tously expressed of all TRP channels, underscoring their
physiologic and developmental importance (69). Our de-
velopmental (Figs. 3 and 5), pharmacological (Fig. 4), and
genetic (Figs. 7 and 8) dissections of the contribution of
these 2 TRP channels in magnetoreception indicate a pre-
dominant role for TRPC1. Magnetic sensitivity also coin-
cides with TRPC1 in vitro expression at the functional (5),
transcriptional (6), and protein levels (Supplemental Fig.
S4). With the exception of TRPC6, channel protein ex-
pression was modulated between 24 and 48 h. Notably,
TRPV4 expression paralleled the drop in TRPC1 expres-
sion observed at 48 h. Nonetheless, despite TRPV4
following a similar expression pattern as TRPC1 (Sup-
plemental Fig. S4), PEMF responses were inhibited by 2-
APB (Figs. 2 and 4) and unaltered by ruthenium red
(Supplemental Fig. S4C; inset), diametrically opposed
with thedescribed2-APB insensitivity (27) and ruthenium
red sensitivity (25, 28) of TRPV4, suggesting thatTRPV4 is
not involved in magnetic sensing. In mesenchymal stro-
mal cells undergoing PEMF-induced chondrogenesis,
however, TRPV4 expression similarly followed that of
TRPC1 and again exhibited antagonism to 2-APB (20),
recapitulating the same TRP-expression/function pattern

Figure 9. PEMFs promote mitochondriogenesis
and functional adaptations. A–D, F, G) Gene
expression scatter plots at 24 and 48 h post-
PEMF treatment for the indicated genes. E)
Myogenin (MyoG) to MyoD ratio at 24 and 48 h
following PEMF exposure. For gene expression
at early time points, the highest value at 16 or
24 h was taken. Also see Table 3. Change in
mitochondrial DNA relative to nuclear DNA
24 h post-PEMF for 16s rRNA/GAPDH (H)
and cytochrome c oxidase subunit II (COXII)/
GAPDH (I); n = 6 6 SD. J ) Differential
percentage of Trypan Blue positive (dead)
cells after 24 and 48 h post-PEMF exposure;
n = 7 6 SEM). Proapoptotic (K) and antiapop-
totic (L) protein expression at 24 and 48 h post-
PEMF exposure as indicated; n = 126 SEM. *P ,
0.05, **P , 0.01 (with regard to correspondent
0 mT control scenario or as indicated by bar).
All data represent the mean of n independent
experiments each pertaining to the means of
biological triplicates.
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as skeletalmuscle. The reoccurrence of this trend suggests
an interplay between TRPV4 with TRPC1 (70) while fur-
ther extending the evidence for an involvement of TRPC1
inmagnetoreception to anothermechanosensitive tissues.
The sumofour results thus lean towardaprincipal role for
TRPC1 in magnetotransduction, although the potential
contributions from other TRP channels, either directly or
indirectly, cannot be excluded at this time.

Conventional TRP channel pharmacology is notori-
ously promiscuous, widely disparate in effects among
the different channel subtypes, and associated with a

multitude of collateral effects (22, 28). We chose the ami-
noglycoside antibiotics to pharmacologically emulate the
effects of magnetic shielding principally for their high re-
versibility, simple mechanism of blockage, and relatively
low cytotoxicity, which eased interpretation of the results.
The aminoglycoside antibiotics have been shown to steri-
cally impede calcium permeation (open channel block)
through small-conductance mechanically gated cation
channels in skeletal muscle (71) as well as antagonize
TRPC1 in muscle (17, 59) where they are thought to rep-
resent the same or related entities (5–9). Despite the

TABLE 3. Quantification of gene expression

Gene 24 h 48 h

PPARGC1A 1.25 6 0.23 (n = 16) 1.18 6 0.25 (n = 18)
MEF2C 1.55 6 0.88 (n = 16) 1.14 6 0.48 (n = 18)
MYOD1 1.22 6 0.26 (n = 16) 1.58 6 0.39 (n = 18)
MYOG 1.74 6 0.83 (n = 16) 1.45 6 0.55 (n = 18)
TERT 1.45 6 0.41 (n = 16) 1.73 6 0.97 (n = 17)
TRPC1 1.34 6 0.39 (n = 16) 1.32 6 0.29 (n = 17)
MYOG/MYOD1 1.46 6 0.71 (n = 16) 0.96 6 0.38 (n = 17)

Each value represents the mean 6 SD. Significance is indicated in Fig. 9A–G; n is
the number of individual PCR reactions from 9 different samples run on different
dates.

Figure 10. Evidence for magnetic specificity. A) Coincident m-metal shielding or PS administered only during PEMFs exposure
precluded proliferative response (Supplemental Fig. S1C); n = 6. B) Vibrating myoblasts at the same frequency and amplitude as
they experience during PEMF exposure does not recapitulate the proliferative effects of PEMF exposure relative to nonvibrated,
nonexposed myoblasts (red); n = 4. C) Exposing myoblasts to PEMFs while in suspension did not preclude a proliferative
response; n = 4. D) PEMF exposure (1.5 mT; dark blue hatched) or 5 mM CaCl2 (green hatched) applied to C2C12 cultures for
10 min before placement into simulated microgravity (hatched) transiently rescued G2/M accumulation of myoblasts caused by
gravitational mechanical unloading (mg; red hatched) (12), whereas 0.5 mT PEMFs (light blue hatched) did not; n = 3. All data
are generated from the means of independent experiments 6 SD each pertaining to minimally the means of triplicates. All PEMF
exposures were for 10 min. **P , 0.01, *P , 0.05 [with regard to correspondent control scenarios (0 mT)].
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inference that the detected “stretch-activated” and TRP
channels in skeletal muscle are synonymous, the capacity
of the aminoglycoside antibiotics to block magnetic re-
sponses is supported by our results and is of high biological
relevance. The aminoglycoside antibiotics were found ca-
pable of inhibiting the effects of magnetic fields with mini-
mal exposure, applied only during briefmagnetic exposure
and then rapidly replaced with age-matched medium har-
vested from sister cultures, indicating a direct mechanism
of interaction rather than a biosynthetic form of in-
terruption of a more protracted time course. Such a
response is consistent with a rapid and direct channel-
blocking scheme, as previously shown (71) and dem-
onstrates a form of magnetic specificity that correlates
on several levels with TRPC1 expression and pharma-
cology. Our findings demonstrate direct competition
between the aminoglycoside antibiotics andmagnetism
for TRPC1 (Figs. 4–6 and 10). PS also only significantly
down-regulated the protein expressions of TRPC1 (24
and 48 h), TRPC6 (24 and 48 h), and TRPV4 (48 h)
(Supplemental Fig. S4).

In summary, we provide compelling evidence that
magnetism is an authentic myogenic stimulus. In vitro
myogenesis was enhanced by unprecedentedly brief
(10 min), single exposures to low-amplitude pulsing mag-
netic fields. Magnetic fields, both supplemental and ambi-
ent, mediate their effects by activating TRPC1-mediated
calcium entry andmitochondrial respiration downstream of
calcineurin-dependent transcriptional regulation andPCAF-
epigenetic cascades previously implicated in myogenesis,
whereas shielding myoblasts from ambient magnetic fields
revert these responses. The myogenic effects of magnetic
fields could also be blocked by aminoglycoside antibiotics
because of their capacity to attenuate TRP channel function,
warning against their use during such studies.
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