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Electromagnetic fields (EMF) raise intracellular levels of reactive oxygen species (ROS) that
can be toxic to cancer cells. Because weak magnetic fields influence spin state pairing in
redox-active radical electron pairs, we hypothesize that they disrupt electron flow in the
mitochondrial electron transport chain (ETC). We tested this hypothesis by studying the
effects of oscillating magnetic fields (sOMF) produced by a new noninvasive device
involving permanent magnets spinning with specific frequency and timing patterns. We
studied the effects of sOMF on ETC by measuring the consumption of oxygen (O2) by
isolated rat liver mitochondria, normal human astrocytes, and several patient derived brain
tumor cells, and O2 generation/consumption by plant cells with an O2 electrode. We also
investigated glucose metabolism in tumor cells using 1H and 13C nuclear magnetic
resonance and assessed mitochondrial alterations leading to cell death by using
fluorescence microscopy with MitoTracker™ and a fluorescent probe for Caspase 3
activation. We show that sOMF of appropriate field strength, frequency, and on/off profiles
completely arrest electron transport in isolated, respiring, rat liver mitochondria and patient
derived glioblastoma (GBM), meningioma and diffuse intrinsic pontine glioma (DIPG) cells
and can induce loss of mitochondrial integrity. These changes correlate with a decrease in
mitochondrial carbon flux in cancer cells and with cancer cell death even in the non-
dividing phase of the cell cycle. Our findings suggest that rotating magnetic fields could be
therapeutically efficacious in brain cancers such as GBM and DIPG through selective
disruption of the electron flow in immobile ETC complexes.

Keywords: radical pair mechanism, cancer, oxygen consumption, electron transport chain, diffuse intrinsic
pontine glioma
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INTRODUCTION

Electromagnetic fields (EMF) are known to produce anticancer
effects in vitro and in vivo (1).We have shown recently that spinning
oscillating magnetic fields (sOMF) produced by rotating permanent
magnets in a noninvasive magnetic stimulation device
(Oncomagnetic Device), developed by us, rapidly kill patient
derived glioblastoma (GBM) and non-small cell lung cancer cells
in culture (2). We have also shown that this is due to rapid increase
in the reactive oxygen species (ROS) in the mitochondria to
cytotoxic levels only in cancer cells, and not in normal human
cortical neurons, astrocytes, and bronchial epithelial cells (2).
However, the biophysical mechanisms underlying these effects,
and previously observed anticancer effects by others, are not clear.
Magnetic fields at low intensities have pronounced effects on
unpaired electrons in molecules participating in chemical
reactions and electron transfer processes (3, 4). Pairing of
electrons in bimolecular reactions and electron transfer processes
with free radical intermediates, termed as the radical pair
mechanism (RPM), is perturbed by magnetic fields in the
milliTesla (mT) and microTesla (µT) ranges (3–6). This
perturbation is due to a quantum mechanical phenomenon in
which the spin of an electron tends to align itself with the axis of
a magnet. Because pairing of electrons in chemical reactions
involving radicals generally require them to be of opposite spins,
a magnetic field of µT or mT strength can substantially alter both
the product yield and the rate of these reactions (3). An electron
transfer process can also be similarly affected (7, 8). More
specifically, during normal interactions between free radicals, the
dynamics of RPM consist of electron pairs interconverting between
opposite spin (↑↓) state (the “singlet” configuration) and like spin
(↑↑ or ↓↓) state (the “triplet” configuration) (9, 10). The singlet-
triplet interconversion rate of an electron is strongly influenced by
an externally applied magnetic field and the magnetic fields of its
neighboring atomic nuclei (hyperfine interactions).

While RPM and its modulation by magnetic fields has been
studied in chemistry since the 1970’s, its role in biological processes
has received attention only in recent decades. Work in this area so
far has focused on effects on photosynthesis, protein folding, and a
fewenzymatic reactions in artificially configured settings (11–13).A
few exceptions are the more recent discovery of flavin containing
proteins called cryptochromes in the retina of migratory birds and
their role in seasonal migration, guided by the µT range magnetic
field of the Earth, as well as some other instances of
magnetoreception in plants and other organisms in which these
flavoproteins play a physiological role (14–17). All the observed
effects so far have been with a static magnetic field, or an oscillating
magnetic field induced in electromagnetic coils with a single fixed
orientation. This works well for measuring effects on reaction rates
and yields involving moving molecules in solution that can freely
orient themselves in all directions. It applies also to molecules in
fixedorientations that rely critically on thedirectionof themagnetic
field or require the perception of its direction, as in the case of avian
migration. However, it may not be effective for producingmaximal
magnetic field effects on biochemical reactions or electron transfer
processes involving molecules in fixed positions and orientations,
Frontiers in Oncology | www.frontiersin.org 2
such as the redox centers in the mitochondrial respiratory
chain complexes.

To account for the ROS-inducing action of sOMF we have
proposed the hypothesis that intermittent patterns of magnetic
field oscillations with specific timings in the mT range of field
strengths and the super-low range of frequencies disrupt electron
flow in the mitochondrial electron transport chain (ETC)
complexes because of the magnetic perturbation of RPM. Here,
we explore the effects of mT range sOMF produced by rapidly
spinning permanent magnets on the electron transport occurring
in these complexes. We achieve this by using a sOMF producing
component called an oncoscillator of a newly developed
potentially therapeutic noninvasive anticancer device called an
Oncomagnetic device. This component is comprised of a high
field strength neodymium permanent magnet attached to the
shaft of a battery-operated electric motor. Sweeping through
different rotation frequencies by cyclically turning the motor on
and off also allows us to investigate the possible effects of
resonance of the sOMF with the periodicities of the electron
transfer process and hyperfine interactions. We have used the
Oncomagnetic device to successfully treat an end-stage
glioblastoma patient under an FDA-approved compassionate
use protocol (18).

In a recent publication we have shown that oncomagnetic
sOMF have a differential effect on cancer cells, when compared
with cells derived from normal tissues (2). sOMF stimulation of
GBM and lung cancer cells causes death, and cell death is
associated with mitochondrial superoxide generation, oxidation
of the glutathione, an increasing GSSG/GSH ratio and the
activation of the apoptotic caspase-3/7 cascade. We also show
that the sensitivity of cells toward sOMF can be modulated by
manipulation of its pro/anti-oxidant status. Addition of
antioxidants to cells treated with sOMF arrested apoptosis,
whereas hydrogen peroxide generation by the oxidation of
benzylamine potentiated GBM cell death. Herein we present a
study where we examined effects of sOMF on electron transport
chains (ETC), utilizing an O2 electrode to measure the
consumption of oxygen in isolated mitochondria and on the
mitochondria within animal and plant cells. O2 consumption
experiments in isolated mitochondria have long been used to
analyze changes in electron flux in the ETC (19). Using three
different, deadly, brain cancer primary cell types we show the
mitochondrion is a central target of oncomagnetic therapy and
explore the relationship between sOMF, mitochondrial electron
flux, and the generation of ROS.
MATERIALS AND METHODS

Unless otherwise indicated reagents were sourced from Sigma-
Aldrich (St. Louis, MO, USA). Bongkrekic Acid (Cat# 19079)
was obtained from Cayman (Cayman Chemical, Ann Arbor, MI,
USA) and was dissolved in DMSO and used to a final 0.1% v/v
ratio. Mice were obtained from Charles River Laboratories, Inc.
(Wilmington, MA, USA).
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O2 Electrode Data Collection
A thermostatically controlled (37°C), water-jacketed, glass-walled,
Clark-type O2 electrode (Rank Brothers, Bottisham, Cambridge,
UK) was used throughout. The data were collected electronically
with a PicoLog® High Resolution Data logger and traces were
exported into ImageJ to generate the traces shown in Figures 1–6.
The oncoscillator was attached to the end of a microphone stand
and was held perpendicular to the outer glass wall of the electrode,
with an airgap of ≈5 mm between the two devices. There was a
degree of crosstalk between the stirrer bar of the O2 electrode
chamber and the oncoscillator; this interaction manifests itself as
jumps or drops in the apparent O2 concentrations at the beginning
or the end of sOMF stimulation. This interaction was found to be
at its greatest when the stirrer bar was used at the high speeds
typically used to ensure a rapid electrode response rate. The signal
to noise ratio differs between O2-electrode traces. Before each
experiment the stirrer bar, which interacts with the powerful
Frontiers in Oncology | www.frontiersin.org 3
oncoscillator magnet, has to have its velocity adjusted to allow it
to have a stable rotation rate.

sOMF Stimulation
In the O2 consumption experiment sOMF stimulation was
conducted with an oncoscillator component (magnet-motor
assembly encapsulated in a tough plastic tube) of the
Oncomagnetic device. The rechargeable battery-operated
programmable device controller is triggered by an application
on an Android tablet to deliver the desired frequency and timing
patterns for stimulation.

For the NMR experiments an sOMF producing oncoscillator
array was used. Oncoscillators were mounted on a wooden
frame. Repeated intermittent sOMF was applied for 2 hours at
a specific frequency, in the 200-300 Hz frequency range, with on-
off epochs of 250 or 500 ms duration. Culture plates containing
cells were placed on a plastic plate, which in turn was placed on
A

C

D

B

FIGURE 1 | sOMF treatment causes the loss of mitochondrial integrity in State 4 RLM. (A) Diagrammatic representation of O2 electrode and oncoscillator.
(B) Diagrammatic representation of the change in the direction of magnetic field orientation and lines of force during a half rotation of an oncoscillator. (C) Isolated
RLM, respiring on succinate under state 4 conditions, undergo a loss mitochondrial integrity (LMI) after being subjected to 5 min of sOMF stimulation. (D) Bongkrekic
acid, which blocks the MPT, halts the LMI.
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an anti-slip rotating turn table. The turn table was mounted on
anti-vibration rubber pads.

Human Cells
Glioblastoma (GBM) and meningioma cells were from tumors
surgically excised frompatients by one of the authors (DSB) in 2014
and 2019, respectively. The GBM tumor was a newly diagnosed
grade IV cancer obtained from a 29-year-old woman. The
meningioma specimen was diagnosed as a grade I tumor from a
41-year-old woman. The DIPG tumor sample, identified as being a
K27MH3mutant, is fromanadolescent (17years old), post-autopsy
in2019.Tumorcellswere usedunder approvedHoustonMethodist
Research Institute (HMRI) Institutional Review Board (IRB)
protocol numbers 00014547 and 00017329, and all patients
signed an informed consent form approved by the IRB. DIPG
cells (SF8628) were also obtained from Sigma-Aldrich (St. Louis,
MO, USA). Normal human astrocytes (NHA, CC-2565) were
obtained from (Walkersville, MD, USA).

Preparation of Mitochondria
Rat liver mitochondria (RLM) were prepared according to
standard methods (Chappell & Hansford) (20) in a medium
containing 250 mM sucrose, 10 mMKPi buffer, 25mMK-HEPES
buffer, pH 7.4, 37°C. The mitochondrial protein was assayed
using the Pierce™ BCA Protein Assay Kit with bovine serum
albumin as a standard. Sodium succinate (10 mM) was added as
substrate. 2 µM Carbonyl cyanide m-chlorophenyl hydrazine
(CCCP) or carbonyl cyanide trifluoromethoxyphenylhydrazone
Frontiers in Oncology | www.frontiersin.org 4
(FCCP) was used when mitochondria/cells were required in the
uncoupled state.

Preparation of Solubilized RLM for DCPIP/
PMS Assay
RLM were frozen/thawed and then incubated for 15 minutes
with 10 mM succinate and 5 mM DTT at ≈30°C, to displace
oxaloacetate from the succinate pocket (21) and to remove the
mixed disulfides (22), respectively. The RLM were pelleted at
5,000 g, washed twice and then dispersed in PBS with 0.1% lauryl
maltose (n-Dodecyl b-D-maltoside) detergent, pH 7.4, spun at
15,000g and kept on ice.

Succinate Dehydrogenase (SDH) DCPIP/
PMS Assay
Weassayed detergent solubilized SDHactivity using amodification of
theDCPIP/PMS assaywith paired samples, substituting 0.015% lauryl
maltoside for 0.1% Triton X-100 (23). As placing rotating magnetic
stimulators alongside a cuvette, within a spectrophotometer, could
cause sOMFfield distortion and interference to electronic components
we therefore utilized parallel incubations. Control and sOMF treated
paired samples were prepared from a common reactionmixture, from
which we removed aliquots, for spectroscopic assay.

Effect of rotenone: PBS supplemented with 0.015% lauryl
maltoside, 1 mM sodium cyanide and 2 mg/ml rotenone was
maintained at 37°C. A pre-assay incubation mixture of activated
SDH was prepared by transferring 5 ml into a centrifuge tube and
10 mM succinate and 1 mg/ml of detergent solubilized RLM was
A

C

D

B

FIGURE 2 | sOMF inhibits SDH in State 3u RLM. (A) An O2 electrode trace showing the consumption of O2 by RLM oxidizing 10 mM succinate in the presence of
500 mM malonate and 2 mM CCCP, State 3u. (B) sOMF stimulation of under the same conditions causes inhibition of succinate oxidation that continues after halting
of field rotation. Addition of b-HB (10 mM) restores mitochondrial respiration showing that the mitochondria have competent complexes I, III and IV. (C) An insert of
an O2 electrode trace from in a parallel experiment to (B), but instead of b-HB, the antioxidant Trolox (15 mM) and DTT (10 mM) was added. Trolox was not able to
restore activity to sOMF-treated RLM oxidizing succinate, but DTT can partly restore respiration. (D) Pretreatment of RLM with the antioxidant Trolox (15 mM) prior to
sOMF treatment can halt the inhibition of succinate oxidation.
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added, at 37°C. After 10 minutes incubation phenazine
methosulphate (PMS) and dichlorophenolindophenol (DCPIP)
were added to a final concentration of 150 mM from freshly
prepared DMSO-stock. The mixture was split into a pair of glass-
walled, thermostatically controlled, 37°C, incubation chambers
(Rank Bros O2-electrode). Two 100 ml aliquots (duplicates) were
removed from each chamber, at t=0. These aliquots were transferred
onto 4-wells of a 96-well-plate and the 600 – 500 nm absorbance was
immediately measured using a BioTek Synergy spectrophotometer.
At t=5 min, the next paired duplicate samples were removed, and a
four 5 min on and 5 min off sOMF cycle was applied to the assay
mixture in one chamber.Duplicate sampleswere removed fromeach
chamber at the end of each on/off cycle.

Tumor and Control Cell Preparations for
O2-Electrode Experiments
GBM andmeningioma tumors were harvested at the time of (first)
excision, washed in phosphate-buffered saline (PBS, Fisher
Scientific, Waltham, MA), minced with a scalpel, and
homogenized in a BeadBug™ homogenizer (Benchmark
Frontiers in Oncology | www.frontiersin.org 5
Scientific, Inc. Edison, NJ) using 1.5 mm Zirconium beads, in an
equal volume of PBS. The homogenates were grown in Dulbecco’s
modified Eagle’s medium (DMEM) with fetal bovine serum (FBS,
20%), 1UGlutaMax™, sodium pyruvate (1mM), penicillin (100U/
ml), and streptomycin (100mg/ml). All cells were expanded from a
single T-25 into a pair ofT-75s and theDIPGandmeningioma cells
were used at this passage. GBMcells were grown from frozen stocks
of third passage cells and used after the first expansion. NHA were
grown in astrocyte cell basal medium supplemented with 3% FBS
and the contents of Lonza Clonetics™ AGMTM BulletKit (CC-
3186). Prior to O2-electrode experiments cells were grown to
confluency, counted, harvested using trypsin, washed in ice-cold
PBS and stored on ice; then O2 consumption of cells was measured
in PBS, 10 mM glucose, 37°C.

Plant Cells
Lemon tree leaves were harvested and chopped into <0.5 mm
squares, before being placed in PBS supplemented with 35 mM
NaHCO3. The leaf fragments were illuminated with a ‘cool’ white
light source, a Series 180 Fiber-light® high-intensity illuminator,
A

C D

B

FIGURE 3 | Spinning magnetic fields target SDH in rat liver and brain mitochondria. RLM (A) and RBM (B) were incubated with/without Trolox (15 mM) and the
State 3u (CCCP 2 mM), and respiration was measured with succinate/malonate (10 mM/500 mM). The mitochondrial suspensions were subject to three, 3-minute on/
off sOMF stimulation cycles. Rates were measured sOMF post-treatment and mean ± SD of n=4 replicants are presented. Noticeable is the almost complete
protection afforded to brain mitochondria by Trolox, and that addition of 10 mM DTT boosts the respiration rate above that seen prior to sOMF treatment. t-tests
were performed and symbols *, ** and *** show points where p<0.05, p<0.01 and p<0.005. (C) RLM maintained under State 3u with succinate/malonate (10 mM/
500 mM), were subjected to 5 minutes sOMF, in the absence/presence of 2.5 mM rotenone. Succinate respiration fell during the sOMF stimulation period by 76 ±
9.8% in the absence of rotenone and by 78 ± 5.4% in its presence (n=6, p<0.005 w.r.t. control in both cases). (D) The time-course of 150 mM DCPIP reduction by
solubilized RLM. Each point represents the mean +/- standard deviation of duplicates from two runs.
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(Dolan-Jenner Industries, Boxborough, MA, USA), via an IR
absorbing fiber optic.

Analysis of Cell Morphology
Cells on coverslips were placed in media containing 500 nM
MitoTracker™ for 30 min. Then they were transferred into a
temperature-controlled perfusion chamber and maintained at
37°C with a Warner Instrument Corp (Hamden, CT) TC-344B
temperature controller. Cells were imaged using a Nikon Eclipse
TE2000-E at 60× or 90× magnification with a CoolSnap ES
digital camera system (Roper Scientific). Image acquisition and
analysis was done using Nikon NIS-Elements software.

Optical Monitoring of Serum-Starved
GBM Cells
To study sOMFeffects onnon-dividingGBMcells, after 24 hours of
fetal bovine serum(FBS) starvationGBMcellswere transferred into
Frontiers in Oncology | www.frontiersin.org 6
20% FBS media. Changes in mitochondria were observed in GBM
cells loadedwith 500nMMitoTracker™ and then sOMFor SHAM
stimulated cultures were observed over 60 min using time-lapse
video fluorescence microscopy.

Bright field time-lapse video microscopy was used to observe
morphological changes characteristic of cell death in these serum-
starved GBM cells. In parallel cultures, cells were pre-incubated
with 10 mM CellEvent™ Caspase-3/Green (Invitrogen™) and an
image taken at 1 hour, near the peak of caspase-signaling is shown.

It should be noted that serum-starved GBM cultures are much
more sensitive to sOMF than those grown andmaintainedwith FBS.

Observation of Caspase3/7 Activation in GBM
GBM cells were grown in Petri dishes with 20% FBS media.
Confluent cells were loaded with 5 ml/ml NucView Caspase-3/7
GreenDetectionReagent (Biotium, SanFrancisco,USA) for 1 hour,
washed with pre-warmed PBS, and then reimmersed inmedia. The
A

C

D

B

FIGURE 4 | sOMF stimulation of primary DIPG and meningioma cells. (A)Mitochondria of primary DIPG cells undergo MPT after repeated cycles of magnetic stimulation,
resulting from inhibition of flux and mild uncoupling. (B)MPT is blocked by bongkrekic acid in the paired control trace. (C)Mitochondria of primary meningioma cells undergo
MPT after repeated cycles of magnetic stimulation, resulting from inhibition of flux and mild uncoupling. (D)MPT is blocked by bongkrekic acid in the paired control trace.
November 2021 | Volume 11 | Article 768758
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dish was transferred to the thermostatically controlled microscope
stage and time-lapse fluorescence images were acquired every 10
minutes. After the first image was recorded, the cells underwent
sOMF for 2 hours, and images of post-treatment apoptosis were
acquired for a further 14 hours. A typical movie of caspase 3/7
activation inGBM cells treated with sOMF, hours after elevation of
mitochondrial superoxide generation, is to be found in our prior
paper (2).

1H and 13C NMR Experiments and
Isotopomer Analysis
1H and 13C NMR data were acquired on a Bruker NMR
spectrometer (Bruker Biospin, Billerica, MA) operating at 800
MHz (1H frequency) or 201 MHz (13C frequency), equipped with
a cryogenically cooled 13C direct detection probe.

SF8628 patient derived DIPG cells were grown in high
glucose (25 mM) Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS),
2.0 mM glutamine at 37°C under humidified air with 5% CO2.
Cells were divided into 2 groups (n=3 in each group): With
sOMF-treatment (Mag) and without sOMF treatment (Sham).
Cells in all replicates were cultured in square culture dishes
(245 mm × 245 mm) until confluency was reached (~5.0×106

cells/mL). During the final 2 h, cells from both groups (Mag and
Sham) were treated with 11.0 mM of [U-13C]glucose (Millipore
Sigma, Miamisburg, OH) in DMEM (supplemented with 10%
FBS, 2.0 mM glutamine). After 2 hours of magnetic or sham
stimulation, the medium was removed by aspiration, cells were
washed with cold PBS buffer, trypsinized, cell pellets were snap-
frozen in liquid nitrogen, and were stored at -80°C until further
analysis by 1H/13C NMR spectroscopy. Cell pellets were
extracted in 5% perchloric acid, centrifuged to remove the
Frontiers in Oncology | www.frontiersin.org 7
cellular debris, neutralized, and dried in a CentriVap® vacuum
concentrator (Labconco Corporation, Kansas City, MO).
Residues were reconstituted in 180 µL D2O containing 1.0 mM
DSS-d6 (as an internal standard), pH was adjusted to 7.4. For
obtaining 1H NMR spectral data 90° excitation pulse with a
duration of 10 µs was used with 128 scans. Number of points in
the time domain were 132 k and the relaxation delay was 2.0 s.
The spectral width was 9,615 Hz and the acquisition time was
1.70 s. The nuclear Overhauser effect mixing time used was 100
ms. 1H NMR time domain data were Fourier transformed by
applying an exponential window function with a line broadening
of 0.3 Hz. The resulting frequency domain spectrum was
referenced to the internal standard DSS-d6 (0 ppm).

For 1H-decoupled 13C NMR experiments, a power-gated
sequence with a WALTZ-16 composite pulse (flip-angle = 30°)
was used. A 90° pulse with a duration of 10 µs was used with
10,000 scans. Number of points in the time domain were 144 k
and the relaxation delay was 2.5 s. The spectral width was 36,058
Hz and the acquisition time was 2.0 s. Time domain data were
processed by applying an exponential window function with line
broadening of 1.0 Hz. The lactate C3 carbon signal at 20.8 ppm
was used as an internal chemical shift reference. Peak areas of
various 13C signals were determined by deconvolution using the
ACD software (Advanced Chemistry Development, Toronto,
Canada). 13C NMR isotopomer analysis was performed as
reported in our earlier publications (24, 25).
RESULTS

We used an apparatus consisting of an oncoscillator in all
investigations of O2 consumption/generation. This apparatus
A

B

FIGURE 5 | sOMF stimulation of GBM and NHA cells. (A) Mitochondria of some primary GBM cultured cells can undergo MPT after repeated cycles of magnetic
stimulation. (B) Mitochondria of NHA do not undergo MPT with magnetic stimulation. The addition of FCCP at the end of the trace shows that their mitochondria are
undamaged and coupled after sOMF stimulation.
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generates sOMF by rotating a permanent magnet with a high-
speed direct current electric motor. The oncoscillator assembly
was held by a microphone stand, placed next to the water
jacketed O2 electrode with a 5 mm air gap, preventing
vibration transfer. The oncoscillator was positioned so that the
center of 1 ml media chamber is exposed to a magnetic field of
≈80 mT (Figure 1A). The rotation of the oncoscillator magnet
sometimes causes a small artifactual effect on the O2 electrode
stirrer bar giving rise to an apparent drop or rise in O2 levels that
can be distinguished from the sOMF effect.

The range of potential magnet rotation frequencies and
acceleration/deceleration of the resulting waveforms is vast,
and we have only explored a limited range of the options
available. The peak nominal sOMF frequency used was ≈280
Hz (wave duration of ≈3 ms), although we have explored a wide
range of frequencies between 50 and 350 Hz. The oncoscillator
was turned on for 250 ms and then turned off for 250 ms,
Frontiers in Oncology | www.frontiersin.org 8
allowing the oscillations to slow down. During this on/off power
cycle the oncoscillator performs a rapid sweep through
increasing frequencies (during acceleration) and a slower
sweep through decreasing frequencies (during deceleration).
The frequency sweeps quite possibly span the cycling rates of
electron fluxes associated with different mitochondrial states (26,
27). Short 5 to 15 min runs of on-off cycles were separated by
pauses of similar durations. These values were derived by testing
a wide range of timings using a variety of cells. A visual
representation of the change of field orientation, with respect
to an idealized membrane protein, is shown in Figure 1B. The
magnetic field polarity and directionality is indicated by the
south-north, red-blue gradient colored arrow and idealized lines
of force are also shown. A half-rotation, numbered from (1) to
(7), begins from an initial field parallel position, and proceeds
into the perpendicular (4), and returns to parallel orientation,
but with the field having an opposing polarity (7). This field
A

C

B

FIGURE 6 | Spinning magnetic field effects on lemon tree leaf. (A) A classic O2-electrode trace showing the consumption of O2 by plant leaf mitochondria, prior to
illumination. After illumination photosynthesis is active and the O2 levels rise. (B) Magnetic stimulation causes a partial inhibition of plant mitochondrial flux as well as
mild uncoupling, and these effects are cumulative after repeated cycles of stimulation. (C) Magnetic stimulation causes a partial inhibition of photosynthesis.
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rotation will allow all spins in the x-y orientation to find
themselves aligned with the external field. This process is
facilitated further by the stirring of the mitochondria/cells
within the chamber by the magnetic stirrer along the z-axis
domain. Thus the proteins within the cells are undergoing
orientation changes whilst treated with a rotating field.

Rat Liver Mitochondria
We highlight the effects of sOMF on succinate oxidation by rat
liver mitochondria (RLM) as RLM are the most studied
mammalian mitochondria with a wealth of knowledge now
available on their functional characterization (28, 29). SDH,
Complex II of the mitochondrial respiratory chain is well
characterized and the mechanisms by which it generates ROS,
in the form of superoxide and hydrogen peroxide, are well
studied (30). Known sites of ROS generation in mitochondria
undergoing succinate respiration include the flavin radical of
SDH and also Complex I, which is due to reversed electron
transport. This ROS generation has been shown to be driven, in
part, by elevated mitochondrial membrane chemiosmotic
potential (DY) and ubiquinol (QH2) (31–35). We present the
effects of sOMF on mitochondrial O2 consumption, utilizing
succinate as substrate in the presence and absence (induced by
carbonyl cyanide m-chlorophenyl hydrazone, CCCP) of a
chemiosmotic potential, i.e. mitochondrial states 4 and
3u, respectively.

Loss of Mitochondrial Integrity
in RLM in State 4
Figure 1C shows a typical O2 electrode trace showing the effects of
5min of sOMF stimulation onmitochondrial respiration, i. e. RLM
oxidation of succinate. After succinate addition, the state 4 RLM
have the typical slow rate of O2 consumption, ≈10 e- s−1 (36–38).
Electron flux through SDH, and Complexes III and IV is slowed by
product inhibition, due to the presence of a large membrane
potential (DY) and DpH, measured as 183 mV and 11 mV,
respectively, by Brown and Brand under similar conditions (28).

When sOMF stimulation is initiated, mitochondrial
respiration is completely halted for the whole 5-min sOMF
stimulation period. Immediately after cessation of field rotation
we observe a loss of mitochondrial integrity (labeled LMI), with a
very rapid increase in O2 consumption, initially ≈ 86 e- s−1,
followed by first-order type fall in oxygen consumption. After
10 min, sOMF stimulation is restarted, and a complete inhibition
of respiration can again be observed. Following termination of
the second magnetic stimulation regime, respiration restarts at a
similar rate to that observed prior to the stimulation cycle.

The line-shape of respiration rate after cessation of sOMF,
(labeled LMI), is what would be expected if the mitochondrial
permeability transition (MPT) (39, 40) were to be universally
and simultaneously triggered. We therefore examined the effects
of pre-incubation of RLM with a MPT inhibitor under similar
conditions. Bongkrekic acid is a specific inhibitor of the adenine
nucleotide translocase (ANT) and blocks the MPT in isolated
mitochondria or cells (39, 41, 42). Figure 1D shows RLM
undergoing sOMF stimulation, but here pre-incubated with 5
µM bongkrekic acid. The RLM in this negative control do not
Frontiers in Oncology | www.frontiersin.org 9
suffer from loss of integrity, which is evidence for the induction
of the MPT by sOMF (Figure 1C). We chose bongkrekic acid
over cyclosporin A (CsA) because CsA can have profound effects
on cancer cells, especially with respect to cell metabolism and in
reshaping their antioxidant defenses. CsA has been shown to
induce apoptosis of glioma cells, by a direct increase in the levels
of p53 (43).

In a paper on non-small cell lung cancer (44) Qin and Chen
noted that low concentrations of CsA increased the
phosphorylation of Akt, increased expression of Cyclin D1,
and decreased expression of p27. They also noted that these
low levels of CsA elevated the level of ROS. Yu et al. (45) also
noted that CsA suppresses ROS-mediated translocation of p53
from the cytosol into the mitochondria, where mt-p53 aids the
opening of the mitochondrial permeability transition. As p53 has
a central role in most cancer cells’ balance between viability and
death, we did not want to see a cancer-cell specific effect of CsA,
rather than an inhibition of the MPT. Many researchers prefer
bongkrekic acid over CsA, because it only has a single target, the
ANT, and works in both isolated mitochondria and in cells.
However, we repeated the State 4 RLM experiment shown in
Figure 1D by substituting 0.5 mMCsA for 5 mM bongkrekic acid.
In this experiment we observe essentially the same, flat,
respiration of the RLM with succinate as substrate, with no
LMI observed.

SDH Inhibition by sOMF in State 3u RLM Is
Caused by ROS Generation
State 3u is the name given to state of mitochondria incubated
with both uncoupling agent and a substrate (46). Quinlan and
co-workers showed coincubation of mitochondria with succinate
(10 mM) and competitive inhibitor malonate (0.4-1 mM)
produces neg l ig ib le ROS (23 , 33) . We sought to
unambiguously demonstrate that sOMF affect discrete electron
states of SDH, and that in these states ROS is generated, and this
is due to the action of the imposed sOMF. Therefore, we
examined the oxidation of succinate (10 mM) in the presence
of malonate (0.5 mM) in uncoupled (CCCP-treated) RLM.

Figure 2A shows a control trace of CCCP-treated, malonate-
inhibited RLM oxidizing succinate, conditions which give rise to
succinate oxidation at a similar rate as DY-inhibited RLM in state
4, shown in Figure 1C. Figure 2B shows the effects of 3-min on/3-
min off sOMF treatment cycles on succinate oxidation under the
same conditions. Repeated treatments are chosen to highlight the
increasing inhibition of succinate oxidation induced by sOMF
treatment. During the first cycle of sOMF the rate of O2

consumption falls to ≈66% of the initial rate. After cessation of
field rotation, the oxidation rate neither recovers nor falls. When
subjected to two more cycles of sOMF the rate of O2

consumptions falls to 45% and then to 33%, with no recovery in
respiration after stopping sOMF stimulation. To be sure that SDH,
and not Complexes III or IV was the site of sOMF inhibition, we
added b-hydroxy-butyrate (b-HB, 10 mM) to bypass SDH. b-HB
metabolism generates Complex I, III and IV respiratory substrates
and allows mitochondrial flux in the absence of functional SDH. b-
HB greatly increased the rate of O2 consumption, suggesting the
SDH is more likely to be the primary site of sOMF-induced
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https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Sharpe et al. Mitochondrial Effects of Spinning Magnets
inhibition of mitochondrial respiration. The insert Figure 2C
shows a portion of an O2-electrode trace from an experiment
identical to that shown in Figure 2B, except that instead of b-HB,
Trolox was added, followed by dithiothreitol (DTT, 10 mM).
Trolox does not elevate the rate of succinate respiration in sOMF-
treated mitochondria, but addition of DTT restores half of the
SDH activity. Thus, sOMF inhibition of SDH activity can be partly
restored using the membrane permeant thiophilic reducing
agent, DTT.

We have previously demonstrated that sOMF treatment of cells
generates superoxide/hydrogen peroxide in the mitochondrial
matrix (2), and SDH is a site of mitochondrial superoxide
generation (23, 33). To test if the post-sOMF observed inhibition
of SDH is mediated by ROS generated by the action of sOMF on
SDH, we repeated the same experiment in the presence of Trolox,
which protects thiols fromROS oxidation (47). sOMF treatment of
RLM in State 3u pre-treated with Trolox (15 mM), show minimal
inhibition, as can be seen by comparing Figures 2B, D, with
respiration almost impervious to sOMF. This effect of Trolox,
preserving SDH activity when stimulated by sOMF, may be the
mechanism by which we were able to maintain cancer cell viability
after sOMF therapy with this antioxidant (2).

We carried out a systematic study on the protective effects of
Trolox on the inhibition of succinate respiration, in state 3u
conditions, utilizing both rat liver and rat brain mitochondria
(RBM). Mitochondria were preincubated with or without 15 mM
Trolox and then underwent three 3-min on/off sOMF cycles.
Finally, DTT was added to assess the fraction of recoverable
activity. In Figure 3 we show plots derived from 4 repetitions of
this experiment, for the post sOMF rates observed in both RLM
(A.) and RBM (B.), with statistical significance calculated using
the t-test. Succinate respiration clearly undergoes ROS-
dependent inhibition post-sOMF, with Trolox being protective
in both mitochondrial preparations, essentially blocking all
inhibition in brain mitochondria. Increases in respiration
following addition of DTT, suggest that thiol oxidation in SDH
may result from sOMF.

It is possible that the inhibition of State 3u respiration we
demonstrate in Figures 3A, B, may be artifactual, caused by the
generation of the SDH-inhibitor oxaloacetate. As the Complex I
inhibitor rotenone stops NADH oxidation, halting oxaloacetate
generation during succinate oxidation, we examined the impact
this agent had on sOMF inhibition of succinate respiration. In
Figure 3C we show inhibition of RLM, maintained under State
3u with succinate/malonate prior to and during 5 min sOMF, in
the absence and presence of 2.5 mM rotenone. Succinate
respiration fell during the sOMF stimulation period by 76 ±
9.8% in the absence of rotenone and by 78 ± 5.4% in its presence
(n=6, p<0.005 with respect to control in both cases). There is no
statistically significant difference between the level of sOMF
inhibition of State 3u due to the presence of rotenone.

To be sure that SDH was inhibited by sOMF we examined the
reduction of DCPIP by solubilized RLM with succinate as
reductant (23). Figure 3D shows that SDH is a target of
sOMF, and that inhibition of activity lingers after sOMF
treatment. In this assay we were able to abolish all SDH
Frontiers in Oncology | www.frontiersin.org 10
activity after only two 5-min sOMF cycles. The differential
sOMF sensitivity of State 3u versus detergent solubilized SDH
suggests that mitochondrial matrix mechanisms are responsible
for protecting SDH from sOMF-generated ROS.

The persistent, Trolox-sensitive, inhibition of SDH by sOMF
can be explained by the presence of redox sensing thiol at the
succinate/flavin adenine dinucleotide (FAD) binding site of
SDH. Treatment of SDH with thiophilic reagents like
N-ethylmaleimide (NEM) inhibit succinate flux, with the
reactivity toward NEM blocked by incubating the enzyme with
substrates or inhibitors that occupy the substrate binding pocket
(48). SDH generates superoxide/hydrogen peroxide (33) and
these oxidants cause enzyme inhibition due to oxidation of
Cys90 and formation of a glutathionyl-mixed disulfide (22).
Trolox can eliminate superoxide and hydrogen peroxide (47),
but cannot reduce protein-glutathione disulfides. Figures 2 and 3
show that while Trolox can intercept SDH/sOMF-derived
inhibitory oxidants, it cannot repair deactivated enzyme,
whereas DTT has some repair function. Glutathione in the
mitochondrial matrix can provide some protection from ROS,
but after solubilizing the mitochondria, this protection is lost and
the SDH becomes more sensitive to sOMF.

The Mitochondrial Permeability Transition
in Tumor Cells and Astrocytes
In Figures 4 and 5 we present representative O2 electrode traces
of the effects of sOMF stimulation on primary cultures of three
brain tumor cell types, namely DIPG with the histone H3K27M
mutation, meningioma, and GBM. NHA were used as a control.
Figure 4A trace shows the effect of sOMF stimulation on 2 × 106/
ml DIPG cells in glucose-supplemented phosphate-buffered
saline (PBS). The DIPG cells exhibit a high respiratory flux,
typical of the H3K27M phenotype (49). Before sOMF
stimulation the O2 consumption rate is ≈40 pMol O2 s-1

million cells-1. But during the first 5-min sOMF stimulation
cycle respiration falls by a third and during the first 15-min pause
this respiration rate remains at 65% the initial rate. During the
second stimulation cycle respiration falls to only 45% of the
control rate. When the cycle ends the rate rises to 58%, but over
the 15-min pause the flux slows down. During the third sOMF
cycle O2 consumption is held at half the initial rate, but when
rotation ceases, we observe a rapid increase in respiration,
labeled as LMI. Finally, the fourth stimulation cycle completely
abolishes respiration and when the stimulation ceases the rate is
at first 60% of the initial rate and then falls off.

The large increase in mitochondrial electron flux that is
observed at the end of the third sOMF cycle is consistent with
a homogenous population of cells undergoing the MPT
simultaneously. To support this interpretation of the data, we
repeated the experiment in the presence of 5 µM bongkrekic acid
(Figure 4B). Blocking the ANT with bongkrekic acid slows the
steady state mitochondrial electron flux to 55% of that seen in its
absence (both rates are normalized to 100% in each panel for ease
of interpretation). Under this condition we observe that
respiration is slowed during sOMF stimulation but there is no
increase in rate indicative of the permeability transition.
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In Figures 4C, D we show that sOMF stimulation in primary
meningioma cells also causes the LMI. In these cells there is a
75% drop in the electron flux, and after the end of the first sOMF
cycle, the cells maintain only half their initial rate (Figure 4C).
During the second cycle of sOMF mitochondrial respiration is
completely halted, and as soon as rotation stops there is a burst of
O2 uptake that is >6-fold the initial rate, labeled LMI. Again, the
LMI feature is abolished by pretreating cells with MPT-blocking
agent, bongkrekic acid (Figure 4D).

We also examined the effect of sOMF stimulation cycles on
the O2 consumption rate of a primary GBM cell line (GBM157)
(Figure 5A). In cultured GBM157 cells we used 10 min
stimulation/pause cycles to cause the LMI. The first
stimulation drops the mitochondrial flux by 75%, with no
recovery following cessation of stimulation. The second
stimulation slows the rate to zero, but immediately after the
stimulation stopped, we observed a burst of respiration, followed
by a slowing, again with a first order line shape.

We performed a variety of combinations of stimulation/pause
cycle durations in NHA but were unable to cause either
inhibition of oxygen consumption or a rapid uptake of oxygen
indicating uncoupling/LMI. A multicycle trace exemplifying this
is shown in Figure 5B. Here we used 5-min stimulation followed
by a 15-min recovery period and ran 4 cycles before adding
FCCP. Over the 4 cycles respiration dropped by approximately
50%, but the cells maintained their controlled respiration, as is
seen by the accelerated rate of O2 consumption after the
addition of uncoupler trifluoromethoxy carbonylcyanide
phenylhydrazone (FCCP).

The lack of major effects in NHA here are very similar to the
studies we previously carried out on viability of NHA after sOMF
treatment, where we observed no statistically significant
effects (2).
Plant Mitochondria and Photosynthesis
Next, to investigate the generalizability of the effect of sOMF on
mitochondrial redox processes, we studied the effect of sOMF on
lemon tree leaf, in the absence and presence of illumination,
especially, given that effect of magnetic stimulation on
photosynthesis through RPM have been documented (7, 8)
(Figure 6). Figure 6A shows a control trace of lemon tree leaf
first consuming O2 in the absence of illumination, and then
generating O2 via photosynthesis after illumination. In
Figure 6A, we see the effects of four cycles of sOMF
stimulation on leaf O2 consumption, with the effects of the first
and fourth cycles highlighted. The numbers above and below the
trace indicate the O2 consumption rate before, during and
following a magnetic stimulation cycle. During the first 5-min
magnetic stimulation cycle, we observe a drop in the respiration
rate and, after cessation of stimulation, an increase that comes to
a steady state at 85% of the initial rate. Subsequent cycles have a
similar pattern of inhibition/activation, with the final rate, after
four cycles, being almost double the initial rate. The best
explanation is that sOMF stimulation inhibits electron flux and
causes mild uncoupling of the plant mitochondria.
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After allowing the O2 concentration to drop to its lowest
steady state of <5 µM, a bright light source was used to activate
leaf photosynthesis. After 3 min of illumination the leaf was
subjected to six 5-min sOMF stimulation/pause cycles. Blowups
of the traces of the last four cycles are shown with added lines
representing O2 generation rates. If we compare the rate of O2

increase during a stimulation cycle with the rate seen
immediately afterward it is clear that O2 evolution is inhibited.
In the case of the fifth and sixth cycles the rate after stimulation is
150% of the rate observed during stimulation.
sOMF Drives Mitochondrial Initiated Death
in DIPG Cancer Cells
In Figure 7 we illustrate sOMF-induced changes in cultured
SF8628 DIPG cells. Cells loaded with MitoTracker™ were
subjected to sOMF stimulation for 2 h, and then observed for
a further 30 min, at which time simultaneous cell death was
observed (Figure 7A). SF8628 cellular metabolism was examined
using 1H and 13C nuclear magnetic resonance (NMR) in cells
incubated with 13C-glucose, with cells subjected to 4 h of sOMF
or sham stimulation. Sham stimulation involved rotation of a
non-magnetic rod. We find that sOMF stimulation causes an
elevation of flux from 13C-glucose into 13C-lactate and a
decrease in 13C-acetyl-CoA. sOMF stimulation results in the
mitochondrial carbon flux falling by ≈25% and lactate flux rising
by ≈16%. sOMF treatment therefore raises the anerobic/aerobic
flux of these DIPG cells by ≈60% (p=0.01, Figure 7B). In growth
studies we examined the effects of 4 h of sOMF or sham
stimulation on living SF8628 DIPG cell numbers assayed 44 h
later. Using this regime, we observed a ≈40% drop in viable cells,
(p<0.0001, Figure 7C).
sOMF Effects on Mitochondria and
Apoptosis of Cultured, Non-Dividing,
Cancer Cells
In Figure 8 we demonstrate that sOMF is highly effective at
killing non-dividing GBM cell cultures, examining GBM cells by
both fluorescence and white light microscopy. Serum-starved
GBM cell cultures are hyper-sensitive to sOMF stimulation
wherein cells loaded with MitoTracker™ undergo cell death in
40 min, but sham-treated controls appear to be completely
normal (Figure 8A). The generation of the reactive singlet O2

during fluorescence microscopy appeared to be aiding the
toxicity of sOMF stimulation. When paired sOMF/sham
serum-starved GBM cultures were examined with bright field
microscopy, we were able to observe synchronized cell death in
cultures subjected to 2 h of sOMF stimulation, but little effect on
sham-treated paired cultures (Figure 8B). To be sure that we
were observing a mitochondrial-based death cascade we
examined the levels of caspase-3 activation 1 h after sOMF/
sham treatment of serum-starved GBM cultures. In Figure 8C,
we show an image of a typical bright field/caspase-3 green
fluorescence reporter panel, indicating that the mitochondrial/
caspase-3 apoptotic pathway has been triggered by sOMF
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stimulation. No caspase-3 activation was seen in sham-treated
controls (data not shown).

Activation of Caspase-3/7 in sOMF-
Treated GBM Cells Is Concerted
Cultured GBM cells loaded with a caspase-3/7 fluorescence
reporter, then underwent sOMF for 4 hours, and were
monitored for a further 12 hours. Figure 9 shows high
resolution images of two cells undergoing rapid activation of
caspase-3/7. The first series of images (9A) begin 30 minutes
after the end of sOMF stimulation (t=0), and the second (9B)
some 4 hours post-sOMF therapy. In each case it can be observed
that caspase-3/7 occures rapidly, and suddenly, within the entire
cytosol of the cell. This suggests that there is an event within each
sOMF-treated cell that causes near simultaneous MPT, release of
cytochrome c and other apoptosis-inducing factors, resulting in
caspase-3/7 activation in these GBM cells.
DISCUSSION

Magnetic fields as weak as that of the Earth (≈50 µT) can alter the
kinetics of RPM-based reactions, and such systems are used
biologically for navigation in migrating birds (50). The effects of
weak µT and mT range magnetic fields on chemical reactions are
Frontiers in Oncology | www.frontiersin.org 12
not powerful enough to exert thermodynamic control on
biological processes but are instead determined by electron
spin selection rules (14).

We have demonstrated that sOMF markedly alter
mitochondrial oxidative processes, in isolated mitochondria
and in human cancer and plant cells. Our focus here has been
on the inhibition of succinate flux, in state 4, state 3u and using
detergent solubilized RLM to showcase our technology on the
simplest of ETC complexes, SDH. In Figure 10 we present a
model for the action of sOMF on SDH, based on the data
presented herein. Figure 10A shows the arrangement of redox
centers in SDH, from the substrate binding site (left) occupied by
oxaloacetate to the heme b (right), based on the avian respiratory
complex II structure with oxaloacetate and ubiquinone (1YQ3)
from Ed Berry’s group (51). Each of the redox centers which
generates a radical during catalysis is identified by an arrow (↑),
as is the redox state when the center is a radical (ox, red or rad•).
The heme of SDH is not redox active in the avian/mammalian
SDH enzyme when oxidizing succinate (52) and is ignored in this
narrative. Oxidation of succinate by the flavin in the substrate
pocket is a two-electron process, and the passage of single
electrons along the three [FeS] centers (S1, S2 and S3) to the
ubiquinone gives rise to three different biradical pairs that may
be subject to coupling to an external magnetic field. Oxidation of
the flavin ring by the S1 [Fe2S2]

2+ generates a biradical pair
A

CB

FIGURE 7 | sOMF treatment of SF8628 DIPG cells causes cell death and mitochondrial changes. (A) Effects of sOMF in paired sOMF/sham-treated SF8628 DIPG

cells, preincubated with MitoTracker™. Fluorescence microscopic images, taken every 30 min during two hours of sOMF treatment and at 30 min post-treatment
show classical morphological changes indicative of cell death, which were not observed in control cells (data not shown). (B) 13C-glucose metabolism studies show
that 4-h sOMF stimulation elevates anerobic/aerobic flux of DIPG cell cultures by ≈60% (n = 3, p = 0.01), based on levels of 13C-lactate and 13C-glutamate (insert).
(C) Viability dye Hoechst 33342 studies performed 44 hours after 4 h of sOMF or sham stimulation of SF8628 DIPG cells show a ≈40% drop in viable cells
(p<0.0001) due to sOMF-treatment.
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A

CB

FIGURE 8 | sOMF kills non-dividing GBM cells via effects on their mitochondria. (A) Serum-starved, non-dividing GBM cells stained with MitoTracker™ and
stimulated with sOMF or sham were observed over 40 min by time-lapse video fluorescence microscopy. Image frames at five time points demonstrate that cell
death in the sOMF-treated but not sham-treated cultures at 40 min. Paired sOMF (B) and sham-treated (C) serum-starved cultures, examined using bright field
microscopy, also show morphological cell death only with sOMF treatment., and with green fluorescence indicating activation of the caspase-3 apoptotic pathway in
sOMF-treated, but not sham-treated (data not shown) cell cultures.
A B

FIGURE 9 | High resolution images of the activation of caspase-3/7 in sOMF treated GBM. GBM cells were loaded with NucView Caspase-3/7 Green, washed, and
then returned to media. Time-lapse fluorescence images were acquired every 10 minutes for 16 hours. The cells underwent sOMF for 4 hours, and post-treatment
apoptosis was monitored for a further 12 hours. We picked two representative cells that can be observed to undergo rapid caspase-3/7 activation, the first (A) some
30 minutes and these second at 4 hours (B) post-sOMF therapy. We show movies stills, taken 10 minutes apart, to show the time dependency of caspase-3/7
activation in these GBM cells.
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consisting of the flavin radical and the [Fe2S2]
1+ center, shown in

Figure 10B i). Reduction of the S2 [Fe4S4]
2+ by S1 forms a

second biradical-redox pairing S2 [Fe4S4]
1+ and S3 [Fe3S4]

1+,
shown in Figure 10B ii). Finally, when reduced S3 is oxidized by
quinone it generates the S3 [Fe3S4]

1+ semiquinone radical (HQ•)
pair, shown in Figure 10B ii). If any of these redox electron pairs
become captured and have a spin orientation affected by an
externally applied magnetic field, then they may be trapped in a
spin-forbidden state, inhibiting electron passage, and therefore
slowing enzyme flux. Two of these sites capable of being trapped
in a spin-forbidden state, the flavin and quinone radicals, could
reduce paramagnetic O2 to superoxide (Figure 10B).

The generation of ROS by mitochondria is an inevitable feature
of electron transfer in an O2 rich environment, and so multiple
feedback loops exist to sense ROS levels and lower ROS generation.
Frontiers in Oncology | www.frontiersin.org 14
The best-known ROS-sensing/ROS-reducing feedback loops are the
aconitase/Krebs cycle loop and Phospholipase A2/uncoupling
protein loop. Superoxide inhibits aconitase, slowing the Krebs
cycle, lowers the NADH/NAD+ ratio, and so slows electron entry
into the mitochondrial ETC (53–55). Superoxide activates
mitochondrial phospholipase A2 (56) and provides the free fatty
acid substrate for uncoupling proteins. Uncoupling proteins 2 and 3
have ROS sensitive thiol sensors, which when oxidized by
superoxide/peroxide generate proteo-glutathionyl mixed disulfides
which activate their anti-ROS action (57). The generation of
superoxide by SDH and the oxidation of a thiol redox center in
the substrate pocket may represent a third ROS-sensing/ROS-
reducing feedback loop, which is modulated by sOMF
stimulation. It has been demonstrated that oxidation of Cys90 at
the substrate pocket leads to the formation of an SDH-glutathionyl
A

B

C

FIGURE 10 | Schematic representation of a hypothetical mechanism of SDH inhibition and ROS generation in response to sOMF. (A) shows the arrangement of
redox centers in SDH, from the substrate binding site (left) occupied by oxaloacetate to the heme b (right), based on the 1YQ3 crystal structure. An arrow at each
redox center, (↑), identifies the redox state when the center is a radical (ox, red or rad•). There are three different biradical pairs that may be subject to coupling to an
external magnetic field. Firstly, the flavin radical and the S1 [Fe2S2]

1+ center, 10B i). Secondly the biradical-redox pairing of S2 [Fe4S4]
1+ and the S3 [Fe3S4]

1+ center,
(B ii). Finally, the S3 [Fe3S4]

1+ semiquinone radical (HQ•) radical pair, (B i). Trapped flavin and quinone radicals, could reduce paramagnetic oxygen to superoxide. In
(C) we present a simple scheme that shows how SDH is inactivated by sOMF, based on SDH thiol sensing, with sOMF treatment causing SDH to generate
superoxide/peroxide. Either superoxide or hydrogen peroxide oxidizes a controlling thiol of SDH to the sulfenic acid. The cystenic acid would then react with
glutathione (GSH) and cause the formation of the SDH-glutathionyl mixed disulphide, blocking the substrate pocket.
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mixed disulfide that inhibits function and arrests ROS generation
(22). In Figure 10C we present a simple scheme that shows how
SDH is inactivated by sOMF, based on SDH thiol sensing, with
sOMF treatment causing SDH to generate superoxide/peroxide.
Either superoxide or hydrogen peroxide in the mitochondrial
matrix oxidizes Cys90 of SDH to the sulfenic acid. The cystenic
acid would then react with GSH and cause the formation of the
SDH-glutathionyl mixed disulphide, blocking the substrate pocket.

In the context of cancer, and cancer therapy therefore one of
the reasons for the differential sensitivity to sOMF of cancer cells
over ‘normal’ cells becomes apparent. The redox potential of
cancer cells is typically predominantly oxidizing, with NAD+/
NADH and NADP+/NADPH ratios, respectively, 5 and 10 times
higher than in normal cells (58), which also means that GSSG/
GSH ratios are similarly higher (59).

While the present studywas conducted to test the hypothesis that
the sOMF stimulation produced by the noninvasive anticancer
Oncomagnetic Device works at least in part by perturbing the
mitochondrial electron transport in SDH or Complex II, one
question that may arise is whether the effects observed by us here
could also be produced by existing oscillating magnetic field sources
in the enivironment. This is unlikely because sOMFproduced by our
device are super low frequency non-radiating fields that are orders of
magnitude stronger than any source in the general environment. For
example, the maximum magnetic field strength 12 inches from a
standard microwave oven is ~24 µT and 40 feet from a 345 kV high
voltage power line is ~5.6 µT. Themaximummagnetic field strength
of radiating electromagnetic waves such as radiofrequency waves
near broadcasting stations and antennas are evenweaker. In contrast,
the oncoscillators used in our experiments produce a maximum
magneticfield strengthof~80mTat thedistanceof themitochondria
or cells in theO2 electrode chamber. The environmental sources also
donot replicate the frequencyand timingpatterns that are required to
produce the mitochondrial effects that we observe.

GBM is currently being treated with some success using
Novocure’s Tumor Treating Fields (TTF) device (60). During
therapy, electrical fields of 200 kHz frequency are passed through
a patient’s head via electrodes placed on the scalp. TTF are believed
to affect protein dipole-dipole interactions, arresting microtubule
spindle formation, disrupting chromosomal mobility during
metaphase, leading to mitotic catastrophe, and then to apoptosis
of dividing cells (61). sOMF stimulation does not operate in this
manner given the cytotoxic effect of sOMF on non-dividing GBM
cell cultures subject to 24 h of serum starvation.

To conclude, in this study we provide evidence that specific
on and off patterns of sOMF cycles generated by rapid rotation of
a strong permanent magnet perturb mitochondrial electron
transport as measured by sOMF-induced changes in the time
course of O2 consumption. This mechanism is likely responsible
Frontiers in Oncology | www.frontiersin.org 15
for sOMF-induced cytotoxicity in DIPG, GBM and meningioma
tumor cells. Ongoing experiments are investigating further the
utility of this mechanism in producing anticancer effects in
mouse xenograft models and end-stage recurrent GBM
patients under an FDA-approved expanded access program (18).
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