
Chapter 9
Potential Applications of Static Magnetic
Fields in Cancer Treatment

Xin Zhang

Abstract This chapter lists current evidence (from molecular level, cellular level,
animal level to patient level) and some potential mechanisms for the effects of static
magnetic field on cancer inhibition. The direct impacts of static magnetic fields on
cancer cells are summarised, including cancer cell proliferation, division, migration
and invasion, as well as cancer cell stemness. Moreover, static magnetic field s can
also affect microcirculation and angiogenesis, and regulate immune system to inhibit
cancer in vivo. Furthermore, the prospective applications of static magnetic field
alone or in combination with chemotherapy drugs, time-varying magnetic fields as
well as radiotherapy in cancer treatment are reviewed. The potential mechanisms and
factors that contributed to the inconsistencies are also discussed. These evidences
demonstrate that static magnetic fields have a great potential to be used as a physical
tool to inhibit cancer, but further investigations are still needed to optimize the static
magnetic field parameters and exposure procedures, as well as combinational ther-
apy modalities.

Keywords Magnetic field (MF) · Static magnetic field (SMF) · Cancer cell ·
Alternative treatment · Combined therapy

9.1 Introduction

The advances in tumor treating fields (TTFs) electric therapy, which has been
approved by the Food and Drug Administration (FDA) to be used on recurrent and
newly diagnosed glioblastoma in 2011 and 2015, respectively, provided a great
example to illustrate the advantages of physical modality in cancer treatment.
However, although magnetic therapy using SMF has been used by some people as
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alternative treatment on multiple chronic diseases for years, the scientific foundation
is still lacking. As we have introduced in previous chapters, many studies have
investigated the biological effects of static magnetic fields (SMFs), with results that
depended on multiple factors including SMF parameters, biological sample and
experimental procedure differences. In particular, the difference in cell types made
a significant impact. A large number of reports show that cancer cells and some
specific cell types, including stem cells, embryonic or neuronal cells, are more
susceptible to SMFs, while most other non-cancer cells are much less affected.

Here we would like to focus on the impacts of SMFs on cancer. It is well known
that cancer cells are different from normal cells in various aspects. For example,
multiple types of cancers proliferate in response to signalling from oncoproteins
such as EGFR (epidermal growth factor receptor) and we found that SMF can affect
EGFR orientation to reduce its activity as well as related pathways to inhibit some
cancer cell proliferation (Zhang et al. 2015, 2016). Moreover, most cancer cells are
at a more active dividing state compared to normal cells. We found that moderate
and strong SMFs can interfere with microtubules so that the cell division can be
affected (Zhang et al. 2017a). The metastatic behaviours and stemness of cancer cells
are also drastically different from non-cancer cells. We recently found that moderate
SMF could inhibit ovarian cancer cell migration, invasion and stemness, while
having a negligible effect on the non-cancer ovarian cells (Song et al. 2021).
However, Zhao et al. reported that the osteosarcoma stem cells metastasis in mice
was promoted by moderate SMFs of tilted and gradient direction (Zhao et al. 2021).
In addition, the cancer microcirculation/angiogenesis and immune responses in vivo
are also different from normal tissues. Here I summarize the SMFs effects on cancer
in mice studies (Table 9.1), which indicates that higher field SMF, longer treatment
time, and vertically upward direction seem to be positively correlated with the anti-
cancer efficacy. For example, Zhu et al. found that 0.6 T SMF treatment for
2–3 months efficiently inhibited cancer growth in transgenic polyoma middle T
oncoprotein (PyMT) mice by ~60–70%, but 0.3 T did not have this effect (Zhu et al.
2020). Our group found that for the same SMF flux density, the upward SMFs could
inhibit cancer growth in mice while the downward SMFs could not (Tian et al. 2018;
Yang et al. 2021). Moreover, for the upward direction 9.4 T SMF treatment, a 200-h
treatment can inhibit cancer growth by 62.88% (Tian et al. 2022) while 88-h can
inhibit cancer growth by 44.7% (Yang et al. 2021), although we did not compare the
same types of cancer side-by-side.

In this chapter, I will first introduce the studies about the direct SMF effects on
cancer cells in vitro and in vivo, including cancer cell proliferation, division,
migration and invasion, as well as stemness. Then from the in vivo point of view,
the contributions of SMF effect on microcirculation/angiogenesis and immune
regulation are also discussed, which is followed by the combination of SMFs with
other treatments, including chemodrugs, time-varying magnetic fields, etc.
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9.2 Direct Effects of Static Magnetic Fields on Cancer Cells
In Vitro and In Vivo

9.2.1 Static Magnetic Fields Could Inhibit Some Cancer Cell
Proliferation

As introduced in previous chapters, the exact cellular effects of SMFs on cells are
largely dependent on cell types so that there is no consensus effect of SMF on
various kinds of cells. For example, Sullivan et al. examined the effect of 35–120 mT
SMFs on four different types of cells and found that the effects varied greatly among
them (Sullivan et al. 2011). However, among different cell types, the cell growth/
proliferation inhibition effects of SMF on cancer cells are much more consistent
compared to other cell types.

Multiple studies have shown that SMFs could inhibit cancer cell growth while
having a minimal effect on non-cancer cells. Although in each individual study, the
cell types examined were very limited, we can see a clear trend that SMFs tend to
inhibit cancer cells but not non-cancer cells. For example, in 1996, Rayman et al.
showed that cell growth of a few cancer cell lines could be inhibited by 7 T SMF
(Raylman et al. 1996). Later, a few studies used both cancer and non-cancer cells and
found that they respond to the SMFs differentially. For example, in 2003, Aldinucci
et al. found that 4.75 T SMF did not affect human peripheral blood mononuclear
cells (PBMC) but inhibited Jurkat leukemia cell proliferation (Aldinucci et al.
2003b). In 2006, Ghibelli et al. showed that 1 T SMF could increase the
chemotherapy-induced apoptosis in human tumor U937 monocytes but not mono-
nuclear white blood cells (Ghibelli et al. 2006). In 2011, Tatarov et al. tested the
effect of 100 mT SMF on mice bearing metastatic mouse breast tumor EpH4-MEK-
Bcl2 cells. They found that exposure of the mice to magnetic fields for 3 or 6 h, but
not 1 h, daily for as long as 4 weeks suppressed tumor growth (Tatarov et al. 2011).
Their study not only indicated that the moderate SMF could inhibit mouse breast
cancer growth, but also showed that the inhibition was directly correlated to the SMF
exposure time (Tatarov et al. 2011). In 2015, Zafari et al. investigated the effects of
SMF (5, 10, 20 and 30 mT) for 24–96 h on the viability of the human cervical cancer
HeLa cells and fibroblast cells. They found that the increase of SMF intensity and
incubation time increased cell death percent and proliferation rate in HeLa cells more
obviously compared to fibroblast cells (Zafari et al. 2015).

There are some mechanistic studies that have explored the differential effects of
SMFs on cancer vs. non-cancer cell proliferation. For example, many types of cancer
cells proliferate in response to signalling from Receptor Tyrosine Kinases (RTKs),
and the effect of magnetic fields (MFs) on EGFR phosphorylation has been inves-
tigated in several studies (Jia et al. 2007; Sun et al. 2008, 2013). It was shown that
both 0.4 mT 50 Hz low frequency and 2 μT 1.8 GHz radiofrequency time-varying
MFs increased EGFR phosphorylation. However, it was very interesting that this
effect could be reversed by incoherent (“noise”) MFs of the same MF intensities
(Sun et al. 2008, 2013). These results not only demonstrate that EGFR is a molecular
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Fig. 9.1 Static magnetic fields inhibit EGFR activity by changing its orientation to inhibit cell
proliferation. (a) In vitro kinase assays show that moderate SMFs could inhibit EGFR kinase
domain autophosphorylation. Western blot of phosphor-EGFR was shown. SMFs of 0.005–1 T
were tested. Incubation time was 10 min. (b) Liquid-phase scanning tunnelling microscopy (STM)
shows that a 0.4 T SMF could change EGFR kinase domain orientation. (c) Computer-based
calculation shows that the probability of the EGFR kinase domain net dipole moment aligns with
SMF field direction in a MF flux density-dependent manner. (d) The cell number of CHO cells was
not affected by 0.05, 1, or 9 T SMF while the cell number of CHO cells overexpressing EGFR-Flag
was significantly reduced by 1 T and 9 T SMFs. Incubation time was 3 days. *p< 0.05; **p< 0.01.
[Figures were adapted from reference (Zhang et al. 2016). Copyright© 2016 Impact Journals, LLC.
Open access]

target for MFs, but also show that the different types of MFs have differential effects
on EGFR activities. In 2016, our group tested SMF effects on EGFR and found that
moderate and strong SMFs could actually inhibit EGFR activity both in vitro and in
cells in a MF flux density-dependent way (Zhang et al. 2016) (Fig. 9.1a). We further
explored the underlying mechanism using scanning tunnelling microscopy (STM)
(Fig. 9.1b) and molecular dynamics (MD) simulation (Fig. 9.1c). We found that
SMF could affect the orientation of EGFR kinase domain, which interfered with the
normal interaction between EGFR monomers to inhibit their activation. In addition,
although the CHO (Chinese hamster ovary) cell number was not affected by 0.05 T,
1 T or 9 T SMFs, EGFR transfected CHO cells became responsive to SMFs and were
effectively inhibited by 1 T and 9 T SMFs (Fig. 9.1d). This indicates that EGFR is at
least one of the key factors that contribute to SMF-induced cancer cell inhibition.
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Table 9.2 Systematic analysis of 15 different cell lines revealed that both cell type and cell density
influenced the 1 T SMF induced effects on cells

Cell line

Effects of 1 T SMF on cell
number

High density Low density

Human
solid cancer

CNE-2Z Nasopharyngeal cancer Reduction Increase

HCT116 Colon cancer No effect

A431 Skin cancer

A549 Lung cancer

MCF7 Breast cancer Increase

PC3 Prostate cancer No effect

EJ1 Bladder cancer No effect Increase

Human
non-cancer

HSAEC2-KT Normal lung Increase Increase

HSAEC30-KT No effect

HBEC30-KT Increase

RPE1 Retinal pigment epithelial No effect No effect

293T Embryonic kidney

Rodent CHO Chinese hamster ovary No effect No effect

CHO-EGFR Chinese hamster ovary,
transfected with EGFR-flag

Reduction Increase

NIH-3T3 Mouse embryo fibroblast No effect

7 Human solid cancer cell lines, 5 human non-cancer cell lines as well as 3 rodent cell lines were
included. Cells were plated 1 day ahead for attachment to the culture plate before they were exposed
to 1 T SMF for another 2 days. 4–5 × 105 cells were plated in the “high densities” group so that the
cells were confluent at the end of experiments. 0.5 × 105 cells were plated in the “low densities”
group so that the cells were around half confluent at the end of experiments. Experiments were
repeated for 3–4 times by two independent researchers. [Results were from reference (Zhang et al.
2017b). Copyright © 2016 Impact Journals, LLC.]

As mentioned above, most studies have only tested one or very few cell types,
which prevented people from getting a comprehensive view of the cellular effects of
SMF on different kinds of cells. Therefore, our group side-by-side compared
15 different cell lines, including 12 human (7 cancer cell lines and 5 non-cancer
cell lines) and 3 rodent cell lines for their responses to 1 T inhomogeneous SMF
provided by a permanent magnet. We found that SMF not only affect cell prolifer-
ation in a cell type-dependent manner, the cell density also played indispensable
roles (Table 9.2) (Zhang et al. 2017b). For example, the growth of A549 lung cancer
cells was inhibited by 1 T SMF when they were seeded at a high density but the
growth of normal lung cells was promoted (Table 9.2).

We further analysed their EGFR-mTOR-Akt pathway and found that the A549
lung cancer and HSAEC2-KT non-cancer lung cells have dramatically different
EGFR-mTOR-Akt pathway expression and activation (Fig. 9.2) (Zhang et al.
2017b). The EGFR expression and phosphorylation levels are much higher in
A549 lung cancer cells than in HSAEC2-KT normal lung cells. The mTOR and
AKT expression and phosphorylation levels are also significantly higher in A549
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Fig. 9.2 Human lung cancer A549 and normal lung HSAEC2-KT cells have differential EGFR-
Akt-mTOR pathway expression and phosphorylation. Human lung cancer A549 and normal lung
cells HSAEC2-KT cells were plated at four different cell densities 1 day ahead before they were
harvested for Western Blot. “1” indicates the lowest cell density. “4” indicates the highest cell
density. [Reprinted from Ref. (Zhang et al. 2017b). Copyright © 2016 Impact Journals, LLC. Open
access]

lung cancer cells. These results, combined with the EGFR studies mentioned above,
demonstrate that EGFR-mTOR-Akt pathway is likely to be one of the key factors
that contribute to the cell type differences in SMF-induced cell proliferation changes.
In addition, it should be mentioned that the cell density also affected the A549 lung
cancer cells and normal lung cells HSAEC2-KT in different pattern (Fig. 9.2). For
example, the EGFR and 4EBP1 expression and phosphorylation level were
increased in higher cell density compared to lower cell density in A549 lung cancer
cells but not in HSAEC2-KT normal lung cells. These results indicate that EGFR-
mTOR-Akt pathway may be a key factor that contributes to both cell type- and cell
density-dependent SMF effects.

Besides RTK pathway, the SMF effect on DNA synthesis is also an important
step in cell proliferation, which has been introduced in Chap. 6. Using BrdU
incorporation assay to measure DNA synthesis rates, we first found that 1 T mod-
erate SMF could inhibit DNA synthesis in colon cancer HCT116 and LoVo, and
lung cancer PC9 and A549 cells (Yang et al. 2020), but 0.5 T SMF has no effects on
DNA synthesis (Yang et al. 2021). Then we used higher field SMF provided by a
superconducting magnet, and found that DNA synthesis was significantly decreased
by both upward (14.3%, p < 0.01) and downward (18.6%, p < 0.01) 9.4 T SMFs
after 24 h (Fig. 9.3a). We also used Western blot analysis to examine the level of
TOP2α (DNA topoisomerase II Alpha), which functions to bring the higher order
compaction of chromatin to form condensed mitotic chromosomes during G2-M
transition. Our results show that TOP2α was decreased in both upward and down-
ward 9.4 T SMF-treated cells (Fig. 9.3b). The DNA synthesis inhibition by SMFs is
likely due to the DNA supercoil changes through Lorenz forces on the negatively
charged DNA in motion. More specifically, we have previously proposed that the

https://doi.org/10.1007/978-981-19-8869-1_6
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upward SMF could cause tightened DNA supercoils while the downward SMF
causes loosen supercoils (Yang et al. 2020). Interestingly, we found that the upward
9.4 T SMF significantly increased reactive oxygen species (ROS) level (Fig. 9.3c),
while the downward 9.4 T SMF did not (Fig. 9.3c). It is well known that ROS play
central roles in multiple cellular processes, including triggering P53 activation, a key
tumor suppressor. In fact, our data showed that the upward 9.4 T SMF could activate
and upregulate P53 (Fig. 9.3d), but the downward 9.4 T SMF had no such effect
(Fig. 9.3e), which is consistent with the ROS level changes. It is possible that the
tightened DNA supercoils caused by Lorenz forces in upward 9.4 T SMF is a key
step to boost ROS level, which consequently activates P53 and further inhibits DNA
replication and cell proliferation.

To further confirm the results we got in vitro, we examined the tumor tissues of
the mice treated with or without 9.4 T SMF for the tumor suppressor P53 and the
proliferation marker Ki-67. It is obvious that the P53 level was significantly
increased by the upward 9.4 T SMF, but not downward 9.4 T SMF (Fig. 9.4a, b).
Moreover, the Ki-67 level was significantly decreased by the upward 9.4 T SMF, but
not much by the downward 9.4 T SMF. These are consistent with our findings that
9.4 T upward SMF could inhibit A549 lung cancer cell growth both in vitro and
in vivo. Therefore, although both the upward and downward 9.4 T SMF could
inhibit DNA synthesis in vitro, only the upward 9.4 T SMF significantly increased
ROS and P53 levels, decreased mitotic index and caused G2 cell arrest, which
collectively lead to tumor growth inhibition in tumor bearing mice (Fig. 9.4c).

However, it should be mentioned that there are also a few studies showing that
SMFs could promote cancer cell proliferation. For example, we previously found
that moderate SMFs can inhibit cancer cell proliferation when they are plated at high
density, but can also increase some cancer cell numbers when they are plated at low
density (Table 9.2) (Zhang et al. 2017b). It is a pity that we were not aware of the
importance in SMF direction in this study at that time, so the SMF direction
information was missing. In addition, Fan et al. show that ~150 mT SMF treatment
accelerated 4 T1 breast cancer cell proliferation. However, they also showed that
SMF treatment shortened the telomere length, decreased telomerase activity, and
inhibited the expression of the cancer-specific marker telomerase reverse transcrip-
tase (TERT) (Fan et al. 2020). However, the SMF direction and cell density
information are both missing, so we cannot exclude the possibility of the direction-
and cell plating density-induced effects. More research is needed to test various SMF
conditions and cancer cells to get more complete information.

9.2.2 Static Magnetic Fields and Cancer Cell Division

Besides cell proliferation, there are other cellular components that play indispensable
roles in SMF-induced cancer inhibition, such as cell division. Since cell division is a
key step that leads to tumor growth, perturbations that disrupt or interfere with cell
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Shama

p53

Ki-67

H&E

downward 9.4 T upward 9.4 T

B

B

Loosen supercoils
Low torsional stress

Relaxed DNA Tighten supercoils
High torsional stress

ROS p53DNA synthesis

DNA Synthesis

No significant effect

Significant tumor inhibition

Cell cycle
arrest

G1

G2
MS

9.4 T upward Shamb

c

p53

Ki-67

H&E

9.4 T downward

Fig. 9.4 9.4 T SMF increased P53 level and decreased Ki-67 level in mice tumor tissues.
Representative images of P53 and Ki-67 immunohistochemistry staining or HE staining of sham,
(a) upward 9.4 T SMF or (b) downward 9.4 T SMF treated mice tumor tissues. Scale bar: 50 μm. (c)
The model of 9.4 T magnetic fields influence the cell number of A549 lung cancer cells. [Reprinted
from reference (Yang et al. 2021). Open access]

division could inhibit tumor growth. In fact, there are multiple chemodrugs that
target cell division, such as Taxol. In addition, the most well studied electromagnetic
therapy in cancer treatment, the TTF, also target cell division.
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The key structure that controls the whole cell division process is the mitotic
spindle, which is mainly composed of microtubules. It is well known that microtu-
bules can be affected by SMFs and recent evidences showed that cell division could
also be affected by SMFs, which was discussed in Chap. 6. In 2017, we reported that
the SMF-induced spindle orientation and morphology changes are due to the
combined alignment effects of both microtubules and chromosomes in the magnetic
field (Fig. 9.5). Application of the magnetic field parallel to the coverslip allowed us
to discriminate torques on chromatin vs. microtubules, and in this case, it appears
that torques on well aligned chromatin dominated, aligning spindles preferentially
with their microtubules normal to the field, and their metaphase plate parallel to the
field. More importantly, although high-field SMFs can change the spindle

Fig. 9.5 Models show that ultra-high static magnetic fields align microtubules and chromosomes to
change spindle orientation and morphology. Blue upward arrows show the magnetic field direction.
Cells were plated on coverslips, which were placed in the ultra-high magnetic field either normal to
or in parallel with the field direction. ‘1’measures the pole angle of metaphase spindles in parallel to
the magnetic field/gravity direction and ‘2’measures the pole angle of metaphase spindles normal to
the magnetic field/gravity direction. [Reprinted reference (Zhang et al. 2017a). Open access]

https://doi.org/10.1007/978-981-19-8869-1_6
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orientation and morphology in both cancer and non-cancer cells, we found that the
non-cancer cells can recover after the cells were taken out of SMFs. However, the
cancer cells do not have a recovery ability, and their growth will be halted even after
they are taken out of the SMF.

9.2.3 Static Magnetic Fields and Cancer Metastasis

Metastasis is the leading cause of cancer patient death, which involves cancer cell
migration and invasion and is regulated by multiple factors. As far as we know, there
are only three studies that have investigated on the SMF effects on cancer cell
migration/invasion and/or cancer metastasis. In 2020, Fan et al. reported that a
moderate SMF of ~150 mT can inhibit 4 T1 breast cancer cell migration (Fan
et al. 2020), but they did not perform animal experiments. In 2021, our group
found that gradient moderate SMFs (~0.5 T) provided by a superconducting magnet
or permanent magnet can increase ROS level and inhibit ovarian cancer cell migra-
tion, invasion (Fig. 9.6), and inhibit ovarian cancer metastasis in mice (Fig. 9.7)
(Song et al. 2021). However, also in 2021, using a titled direction gradient SMF
provided by a superconducting magnet (Fig. 9.8), Shang’s group reported a metas-
tasis promoting effects on osteosarcoma (Zhao et al. 2021).

9.2.4 Static Magnetic Fields and Cancer Cell Stemness

There have been multiple studies that have investigated the effects of SMFs on stem
cells, such as dental pulp stem cells (DPSCs), bone marrow stromal cells (BMSCs),
human adipose-derived stem cells (hASCs), etc., which have been introduced in
Chap. 6 of this book, and in some reviews (Sadri et al. 2017; Marycz et al. 2018; Ho
et al. 2019). However, the effect of SMFs on cancer cell stemness was not reported
until recently, which reported opposite effects of moderate SMF on cancer stemness
and metastasis (Song et al. 2021; Zhao et al. 2021).

The report from our group using vertically upward direction SMFs of ~0.5 T
provided by either a permanent magnet, or a superconducting magnet (Figs. 9.6a and
9.7), showed that these SMFs can increase ROS levels in ovarian cancer cells and
inhibited their stemness and metastasis (Song et al. 2021). It is known that ROS
could affect the epithelial-mesenchymal transition (EMT), promote the transition of
mesenchymal cancer stem cells (CSCs) into epithelial CSCs and then bulk cells
(Fig. 9.9a). We exposed SKOV3 cells to inhomogeneous moderate SMFs provided
by permanent magnets (0.1–0.5 T) for 24 h and used real-time PCR to find out that
the stemness-related genes were significantly downregulated by SMF treatment,
including SRY-box transcription factor 2 (Sox2), Nanog, cell myc proto-oncogene
protein (C-myc), hyaluronan receptor (CD44), and CD133 (Fig. 9.9b). Moreover,

https://doi.org/10.1007/978-981-19-8869-1_6
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Fig. 9.6 Moderate SMFs inhibit ovarian cancer invasion in a ROS-dependent manner. (a) Cells
were placed in the upper part of the superconducting magnet, where the SMF is about 0.5 T. (b)
Transwell invasion assays and (c) migration assays of SKOV3 and HO8910 ovarian cancer cells in
the absence or presence of SMF and/or NAC. *p < 0.05. [Reprinted from reference (Song et al.
2021). Open access]

the cell morphology of SKOV3 cells changed from mesenchymal-like states to
epithelial-like states after SMF exposure (Fig. 9.9c). Furthermore, we exposed the
HO8910 and SKOV3 cells to SMF for 12 days and detected their sphere-forming
ability. The number and size of OC cell spheres were obviously decreased by SMF
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Fig. 9.8 Scheme of the exposure system that provides a 0.2–0.4 T SMF by a 16 T superconducting
magnet. [Illustration courtesy of Ding Joe Wang, based on reference (Zhao et al. 2021)]

(Fig. 9.9d) (Song et al. 2021). These data suggested that ovarian cancer stemness
was significantly reduced by this moderate SMF treatment.

In contrast, another study from the Shang’s group reported that a tilted gradient
SMF provided by a superconducting magnet can also increase the ROS levels in
osteosarcoma stem cell, but promoted their stemness (Zhao et al. 2021). It is
interesting that two independent studies both performed cellular and animal exper-
iments about moderate SMFs on cancer cell stemness, but got opposite effects. There
are multiple possible reasons: (1) They used different cell lines, Song et al. used
SKOV3 and HO8910 ovarian cancer cells while Zhao et al. used osteosarcoma stem
cells. The cells in the bone system are very susceptible to SMF treatment, which will
be discussed in Chap. 11. The magnetic directions were different. Song et al. used
vertically upward SMFs while Zhao et al. used a tilted SMF. Although the mecha-
nisms for SMF direction-induced bioeffects are still unclear, the differences have
been extensively discussed previously discussed in Chap. 2. Obviously, we cannot
get any conclusions about SMF and their effects on cancer cell stemness yet at
this time point. However, given the importance of cancer stem cells in cancer
development, people should perform more studies to get a better understanding on
this topic.

https://doi.org/10.1007/978-981-19-8869-1_11
https://doi.org/10.1007/978-981-19-8869-1_2
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Fig. 9.9 Moderate SMFs reduce ovarian cancer stemness. (a) Illustration of the effects of ROS
level on CSCs. (b) The relative mRNA expressions of stemness genes were measured by qPCR. (c)
Representative bright-field images of SKOV3 cells exposed to Sham or moderate SMF for 24 h. (d)
The sphere number and size were measured in SKOV3 and HO8910 cells treated with SMF for
12 days. All comparisons were made between the experimental group and the Sham control group
by Student’s t test. *p < 0.05 and **p < 0.01. [Reprinted from reference (Song et al. 2021). Open
access]

9.3 Static Magnetic Fields and Tumor Microcirculation
and Angiogenesis

The above-mentioned effects of SMFs are directly on cancer cells, including cancer
cell proliferation, division, migration and invasion, as well as cancer cell stemness.
In fact, there are a few studies indicating that moderate SMFs could inhibit angio-
genesis and tumor microcirculation to inhibit cancer growth in vivo. For example, in
2008, Strieth et al. examined the effects of SMF (<600 mT) on A-Mel-3 tumors
growing in dorsal skinfold chamber preparations of Syrian Golden hamsters. They
found that short-time exposure to SMF (~150 mT) resulted in a significant reduction
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of red blood cell velocity (vRBC) and segmental blood flow in tumor microvessels
(Strieth et al. 2008). At 587 mT, a reversible reduction of vRBC and a reduction of
functional vessel density were observed. In addition, they found that prolongation of
the exposure time from 1 min to up to 3 h had a more significant result. Moreover,
SMFs not only reduced blood flow in tumor vessels but also activated and increased
the adherence of platelets (Strieth et al. 2008). In 2009, Strelczyk et al. further
evaluated the effects of prolonged exposure to SMFs on tumor angiogenesis and
growth. They found that 586 mT SMF exposure for 3 h could inhibit both tumor
angiogenesis and growth (Strelczyk et al. 2009). Detailed analysis revealed that the
functional vessel density, vessel diameters and vRBC in tumors were all reduced by
SMFs. In addition, they also observed increased edema after SMF exposure, which
indicated that SMFs might increase tumor microvessel leakiness. In 2014, their
group did some further analysis and found that the 587 mT SMF did increase the
tumor microvessel permeability significantly in A-Mel-3-tumor-bearing hamsters
(Gellrich et al. 2014) (Fig. 9.10). It was interesting but not surprising that the
functional tumor microvessels, labeled by FITC-dextran, were much decreased
after SMF exposure, especially after the repeated SMF exposure, which was likely
due to the inhibited tumor angiogenesis. Nevertheless, it was obvious that both SMF
single exposure and repeated exposure increased the blood vessel leakiness and the
repeated SMF exposure had stronger effects. In addition, the authors propose that the
increased microvessel permeability was likely the reason for the improved anti-
tumor efficacy of SMFs in combination with paclitaxel (Fig. 9.10) (Gellrich et al.
2014).

An independent group also reported the effects of SMF on angiogenesis. In 2009,
Wang et al. investigated the effects of the gradient SMF (0.2–0.4 T, 2.09 T/m,
exposure time 1–11 days) on angiogenesis in the human umbilical veins endothelial
cells (HUVECs) as well as two in vivo models, a chick chorioallantoic membrane
(CAM) and a Matrigel plug (Wang et al. 2009). Their results showed that the
HUVECs proliferation was significantly inhibited after 24-h exposure. In addition,
the two in vivo models both showed decreased angiogenesis after 7 or 11 days of
exposure (Wang et al. 2009). Although this study was not carried out in a tumor-
related model, it showed the inhibition effect of moderate SMFs on angiogenesis,
which was consistent with the results reported by Strieth and co-workers (Strieth
et al. 2008; Strelczyk et al. 2009). Moreover, our group analyzed the lung cancer
A549 cell formed tumor tissue in mice that were exposed to 9.4 T SMFs for 88 h. We
stained them with CD31, a blood vessel marker, and counted the vessel numbers in
each group of mice. We found that the vessel numbers are reduced in both upward
and downward SMF groups (Fig. 9.11) (unpublished data), which indicates that the
inhibition effects of SMF on angiogenesis is not MF direction-dependent.

Taken together, these studies showed that moderate to high SMFs have the ability
to reduce angiogenesis in some animal models, which implied their potential for
tumor growth inhibition in vivo. Additional research is needed to ascertain this
effect, such as the effects of other magnetic field intensities as well as more types of
tumor models.
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Fig. 9.10 A 587 mT SMF exposure induces intratumoral microvascular leakiness in A-Mel-3-
tumor-bearing hamsters. On day 10 after tumor cell implantation representative ROIs (regions of
interest) were chosen after FITC-dextran administration, highlighting functional tumor
microvessels, before rhodamine-labeled albumin was given intravenously. In control groups,
there was a continuous slight increase of fluorescent albumin in the extravascular compartment
but the increase was stronger after SMF exposure. (a) In vivo fluorescence microscopy for analysis
of microvascular leakiness during SMF-exposure. Animals were exposed to the sham control or the
SMF of 587 mT during the whole in vivo assessment of microvascular permeability on day 10. (b)
In vivo fluorescence microscopy of animals that have been repeatedly exposed to SMF of 587 mT
for 3 h on day 5, 7, 9 after tumor implantation. The intratumoral microvascular leakiness was
stronger in animals after repeated exposure to SMF even with regard to the obviously rather low
functional vessel density. [Reprinted with permission from reference (Gellrich et al. 2014). Copy-
right © 2013 Elsevier Ireland Ltd.]

9.4 Static Magnetic Fields Inhibit Cancer Through Immune
Regulation

It has been demonstrated that immune status in humans and in mouse models affects
the risk of cancer development in an etiology-dependent manner (Reiche et al. 2004;
de Visser et al. 2006). Genetic elimination or depletion of immune cells alters cancer
progression in experimental models. Activation of anti-tumour adaptive immune
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Fig. 9.11 Both upward and downward 9.4 T homogeneous SMFs reduce the vessel number in lung
cancer tissues. (a) The tumor tissues were stained for a blood vessel marker, CD31. (b, c) The vessel
numbers were counted from 6 independent views from the tissues. Data represent means ± SEM.
*p < 0.05, **p < 0.01, ***p < 0.001. Our group unpublished work

responses can suppress tumour growth. There are some reports about time-varying
MFs regulating immune system to inhibit cancer. However, although several studies
have shown that SMFs can affect immune systems, which are summarized in
Chap. 12 of this book, there are currently only two studies that have addressed the
effect of SMF on immune system and their regulation on cancer (Lin et al. 2019; Zhu
et al. 2020).

In 2020, Zhu et al. reported a comprehensive study showing that exposure to
moderate SMFs (Max magnetic flux density at the surface of the magnetic cubes is at
0.6 T) led to increased granule and cytokine secretion as well as ATP production and
mitochondrial respiration from CD8+ T cells (Zhu et al. 2020). These effects were
inhibited by knocking down the Uqcrb and Ndufs6 genes of the mitochondrial
respiratory chain, whose transcriptions were regulated by candidate magnetoreceptor
genes Isca1 and Cry1/Cry2. SMF exposure also promoted CD8+ T cell granule and
cytokine secretion and repressed tumor growth in vivo. SMFs enhanced CD8+ T cell
cytotoxicity, and the adoptive transfer into tumor-bearing mice resulted in signifi-
cantly enhanced antitumor effects (Fig. 9.12). Their study suggests that moderate
SMFs enhance CD8+ T cell cytotoxicity by promoting mitochondrial respiration and
promoted the antitumor function of CD8+ T cells.

https://doi.org/10.1007/978-981-19-8869-1_12
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Fig. 9.12 Moderate SMFs promote the antitumor response of CD8+ T cells in vivo. PyMT mice
were exposed to magnetic plates made of small magnetic cubes (surface Max 0.6 T), N pole upward
facing the mice. Tumor onset (a) and tumor growth (b) of PyMT mice were monitored. (c)
HE-stained mammary tumor sections from PyMT mice (scale bars 200 μm). (d) % Statistics for
CD4+, CD8+ T cells, and the CD8+/CD4+ T cell ratio among tumor-infiltrating T cells in PyMT
mice, (e) % Statistics for the expression of CD69, CD44 and CD25 in tumor-infiltrating CD8+ T
cells in PyMT mice, and (f) cytokine/granule production of tumor-infiltrating CD8+ T cells in
PyMT mice as analyzed by flow cytometry. (g, h) Percentage (g) and MFI (h) statistics for the
expression of GzmB, IFNγ and TNFα in tumor-infiltrating CD8+ T cells in PyMT mice as analyzed
by flow cytometry. Data were analyzed by log-rank test (a), two-way ANOVA (b), or Student’s
t test (d, e, g) (NS no significance, **p < 0.01, ***p < 0.001, ****p< 0.0001). Error bars indicate
the SEM. [Figure and legend are adapted from reference (Zhu et al. 2020). Open access]

In fact, in 2019, Lin et al. have explored the potential for enhancing the killing
ability of NK cells by co-culturing the NK cells with K562 leukemia cells under a
0.4 T SMF (Lin et al. 2019). They found that the viability and killing activity of the
NK92-MI cells were significantly increased by the 0.4 T SMF. Although their study
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was only performed at the cellular level, and they did not test them in animals, these
results indicate the great potential of moderate SMFs to boost NK cells to inhibit
cancer. Moreover, it should be mentioned that in Zhu et al’s study, the 0.3 T SMF did
not generate such effects (Zhu et al. 2020), which is consistent with our previously
mentioned point that SMF strength is a critical factor in the SMF effects on cancer
inhibition.

9.5 Static Magnetic Fields in Combination with Other
Treatments

9.5.1 Static Magnetic Fields in Combination
with Chemodrugs

There are a large number of researches studied the combinational effects of SMF
with chemotherapy drugs, and most of them used moderate SMFs (Table 9.3).
Multiple studies have achieved enhanced anti-tumor efficacy compared to SMF or
chemodrugs alone. For example, in 2014, Gellrich et al. found that a 587 mT SMF
could significantly increase the anti-tumor efficiency of paclitaxel chemotherapy in
A-Mel-3-tumor-bearing hamsters because the 587 mT SMF inhibited tumor angio-
genesis and inceased tumor microvessel permeability significantly (Gellrich et al.
2014). Our group also found that 1 T moderate intensity SMF could increase the
antitumor efficacy of mTOR inhibitors, EGFR inhibitors, Akt inhibitors, as well as
Taxol and 5-Fu (Zhang et al. 2015; Luo et al. 2016). In addition, chemotherapy drug
adriamycin had an enhanced inhibition effect on the growth of leukemic cells K562
and transplanted mammary tumors in mice when it was combined with moderate
intensity SMFs of 110 mT or 8.8 mT, respectively (Gray et al. 2000; Hao et al.
2011). In 2006, Ghibelli et al. showed that 1 T SMF increased apoptosis induced by
anti-tumor drugs in human tumor U937 monocytes but not mononuclear white blood
cells (Ghibelli et al. 2006).

It was proposed that the cell membrane permeability can be increased by SMFs to
allow more drugs to enter cells (Tofani et al. 2003; Liu et al. 2011; Gellrich et al.
2014). This is an appealing explanation because it can explain the combined effects
of SMFs and chemodrugs. It is also explainable because SMFs were shown to affect
lipids. However, it is puzzling that SMFs have variable effects when combined with
chemotherapy drugs (Table 9.3), which indicates that the combinational effects of
SMFs with chemodrugs may be drug-specific and/or cell type-specific.

However, it should be mentioned that the current experimental results about
combination of SMFs with Cisplatin are not completely consistent. Although we
and Vergallo et al. found that SMFs did not increase the efficacy of Cisplatin, there
are also some other evidences showing opposite results. For example, it was shown
that SMFs could increase the antitumor effects of Cisplatin in mice bearing Lewis
lung carcinoma (Tofani et al. 2003) and leukemic cells K562 (Chen et al. 2010). This
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is probably due to the different magnetic intensities in independent studies or cell
type differences. Both of these factors could directly influence the magnetic effects
as we have discussed earlier. More specifically, studies reported that SMFs of 1–10
mT could increase the antitumor efficacy of Cisplatin (Tofani et al. 2003; Chen et al.
2010) but in ours (Luo et al. 2016) and Vergallo et al.’s studies (Vergallo et al. 2014),
we both used stronger magnetic fields (31.7–232 mT in Vergallo et al.’s study and
1 T in our study). Maybe lower magnetic field intensity could increase the Cisplatin
efficacy while higher magnetic field intensity has the opposite functions. The exact
effects and mechanisms of combining SMFs with Cisplatin in different cells need to
be further investigated.

In fact, there are some studies indicated that both MF intensity and cell type could
influence the effect of SMF in combination with drugs. For example, in 1999, Fanelli
et al. found that SMFs with different intensities starting from 6 gauss could decrease
the extent of cell death by apoptosis induced by several agents in different human
cell systems via modulation of Ca2+ influx, and this effect was MF intensity-
dependent (Fanelli et al. 1999). This directly showed that the MF intensity could
influence the effect of SMFs with drugs. For cell type induced difference, in 2003,
Aldinucci et al. tested a few different cell types for the effects of combining a 4.75 T
SMF and a pulsed EMF of 0.7 mT generated by an NMR apparatus for 1 h. They
found that in T cell leukemia Jurkat cells the calcium level was reduced significantly
after exposure (Aldinucci et al. 2003b) but in normal or in PHA challenged lym-
phocytes the calcium level was increased (Aldinucci et al. 2003a). Moreover, in
2006, Ghibelli et al. compared two different MF intensities (1 T vs. 6 mT), four
different cell lines (two cancer cell lines, human leukemic monocyte lymphoma
U937 cells and T cell leukemia Jurkat cells as well as two types of normal cells,
human monocytes and lymphocytes) (Ghibelli et al. 2006). It was not surprising that
neither the 1 T nor the 6 mT SMF induced apoptosis in all four types of cells.
However, it is interesting that 1 T SMF increased puromycin (PMC)-induced
apoptosis in U937 cells, but not in other three cell types (Ghibelli et al. 2006). In
addition, unlike 1 T SMF, the 6 mT SMF did not increase the PMC-induced
apoptosis in any of the cells. In contrast, it reduced the PMC-induced apoptosis in
U937 cells (Ghibelli et al. 2006). Moreover, Tenuzzo et al. used 6 mT SMF and
apoptosis-inducing agents to compare their effects on multiple types of cells and
found that SMF interfered with apoptosis in a cell type- and exposure time-
dependent manner (Tenuzzo et al. 2006). In addition, we have reported that 1 T
SMF could increase the efficacy of some chemodrugs (5-Fu, Taxol) in multiple
human solid cancer cell lines, such as breast cancer MCF-7, colon cancer HCT116,
nasophageal cancer CNE-2Z cells but only at some drug concentrations (Luo et al.
2016). Therefore, MF intensity, cell type, drug concentration, and even exposure
time, could all influence the combinational effect of SMF with drugs.

Moreover, although most studies have used moderate SMFs, we recently reported
that 9.4 T high-field SMF can also increase the efficacy of the chemotherapy drug
imatinib mesylate. More importantly, it also ameliorates chemodrug-induced toxic-
ity and depression in mice (Fig. 9.13) (Tian et al. 2022). We compared the anti-tumor
effects of 9.4 T SMF with or without imatinib mesylate on BALB/c (Nu/Nu) mice
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Fig. 9.13 9.4 T SMF inhibits GIST-T1 tumor growth and increases the efficacy of imatinib
mesylate. Food (a) and water (b) consumption, the relative body weight (c) and tumor volume
(d) were measured every 2 days. Tumor (e) and their weight (f) were measured at the end of the
experiment. (g) HE and Ki67 staining of the tumor tissues. Scale bar: 50 μm. Data are presented as
the mean ± SEM. For those that have statistical significance, we label them as *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001. [Reprinted with permission from (Tian et al. 2022)]
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bearing gastrointestinal stromal tumor (GIST-T1) cells. We found that the tumor
growth was inhibited up to 62.88% when treated with 9.4 T SMF alone for 200 h.
More importantly, 9.4 T SMF combined with 20 mg/kg imatinib mesylate can result
in 92.75% tumor suppression, which is close to the anti-tumor effect of high dose
(80 mg/kg) imatinib. However, 80 mg/kg imatinib caused severe side effects,
including significantly reduced gain of body weight, abnormal liver function and
depressive behaviors in mice. In contrast, 9.4 T SMF treatment significantly reduced
these side effects, especially for the depressive behaviors. Thus, our results demon-
strate that 9.4 T SMF not only has anti-tumor effects on its own, but also could
improve the anti-tumor effect of imatinib mesylate, reduce its toxicity and improve
the mice mental health, which unraveled the great clinical potentials of high SMF in
future applications.

Therefore, it is clear that although in most cases, SMFs could increase the efficacy
of chemodrugs, there are also some studies showed different results (Table 9.3).
These differential effects could be caused by cell type, field intensity as well as drug
differences, etc. Consequently, the strategy of combining SMFs of different inten-
sities with various chemodrugs in different cancer cells also needs to be further
investigated.

9.5.2 Static Magnetic Fields in Combination
with Time-Varying Magnetic Fields

There are multiple studies showing that SMFs combined with time-varying magnetic
fields could inhibit cancer cell growth (Tofani 2015) (Table 9.4). For example,
Tofani et al. have made series progresses on the combination of SMF and 50 Hz
time-varying MF. In 2001, Tofani et al. showed that 3 mT SMF combined with
50 Hz time varying MF could induce more apoptosis in cells compared to SMF or

Table 9.4 A table to summarize current literatures about combination of SMFs with time-varying
MFs for their effects in different cells

Cell line/animal model
information

50 Hz time-
varying MFs

Cultured astroglial cells 1 mT 1 mT No effect Bodega et al.
(2005)

Human colon WiDr and
breast MCF-7
adenocarcinoma

3 mT 3 mT Increase apoptosis Tofani et al.
(2001)

MRC-5 embryonal lung
fibroblast

No effect

Nude mice with WiDr cells 5 mT 5.5 mT Increased survival time Tofani et al.
(2002)

Neuroblastoma and
nephroblastoma cells

5.1 mT 5.1 mT Decreased proliferation
and increased apoptosis

Yuan et al.
(2018)
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the 50 Hz time varying MF alone (Tofani et al. 2001). In addition, it was interesting
that apoptosis only occurred in the two transformed cell lines (WiDr human colon
adenocarcinoma and MCF-7 human breast adenocarcinoma) but not the
nontransformed cell line (MRC-5 embryonal lung fibroblast). They also tested
them in nude mice xenografted with WiDr cells and exposed them for 70 min/day,
5 days/week, to ≤5 mT SMF in combination with time-varying MF for 4 weeks and
found that the tumor was significantly inhibited (up to 50%) (Tofani et al. 2001). In
2002, they further tested the effects of 5.5 mT SMF in combination with 50 Hz time
varying MF and found that the survival time of nude mice with WiDr cells was
increased by 31% when the mice was exposed to magnetic fields for 70 min/day for
4 weeks (Tofani et al. 2002). When the mice were exposed to the magnetic fields for
4 consecutive weeks, significant inhibition of tumor growth (40%) together with a
decrement in tumor cell mitotic index and proliferative activity were observed. In
addition, they also found a significant increase in apoptosis together with a reduction
in immunoreactive p53 expression (Tofani et al. 2002). These works indicate that
SMF + 50 Hz time-varying MF of above 3 mT may have anti-cancer potentials. In
contrast, lower MF intensity, such as 1 mT SMF did not induce cell apoptosis as
3, 10 or 30 mT SMFs did (Tofani et al. 2001). Actually, their results could
potentially explain why Bodega et al. did not observe any changes when they
exposed cultured astroglial cells to a combined 1 mT SMF with sinusoidal 50 Hz
time-varying MF for 11 days (Bodega et al. 2005), which might due to the low
magnetic field strength.

To our knowledge, all reported studies used the combination of milli-Tesla SMFs
(1–10 mT) with 50 Hz time-varying MF of similar MF intensity (Table 9.4). The
combination effects of SMFs with higher magnetic field intensity and/or in combi-
nation with time-varying MFs of other frequencies besides 50 Hz have not been
reported. Whether the currently reported cancer inhibition effects of milli-Tesla
SMFs with 50 Hz time-varying MF can also be applied to other magnetic field
parameters, such as different magnetic field intensity or frequency, is still unknown.
In addition, since the three cell lines Tofani et al. tested showed different responses
to the combinational treatment of SMF+ time-varying MF (increased apoptosis in
two cancer cells lines WiDr and MCF-7 but not non-cancer cell line MRC-5), it is
likely that the effects are also cell type-dependent. Whether other cancer cell types
can also be inhibited by SMF+ time-varying MF still need more investigations.

9.5.3 Static Magnetic Fields in Combination
with Radiotherapy

Radiation therapy (radiotherapy) is commonly used in cancer treatment. It uses high-
energy radiation to kill cancer cells and reduce tumor size. Currently, the most
commonly used types of radiation are X-rays. In some cases, gamma rays and
charged particles are also used for cancer treatment. In recent years, image-guided

https://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=CDR0000045944&version=Patient&language=English
https://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=CDR0000270730&version=Patient&language=English
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radiotherapy (IGRT) has greatly improved the precision and accuracy of radiother-
apy, which takes advantage of modern imaging techniques such as ultrasound, X-ray
and CT (computed tomography) scan. The information provided by these imaging
techniques before and during radiotherapy treatment not only shows the size, shape
and position of the tumor itself, the surrounding tissues and bones, but also allows
instant correction for positioning deviations and thereby improves the precision of
daily radiotherapy fractions. Although CT scan is mostly used in current IGRT,
MRI-guided radiotherapy is attracting increasing attention. It is well known that
MRI gives superior soft tissue contrast and more importantly, MRI could offer the
advantage of providing IGRT without delivering an additional radiation dose to the
patients compared to CT or X-ray imaging. Currently, multiple groups are building
or starting to test MRI-guided radiotherapy.

Along with the introduction of MRI-guided radiotherapy, the potential effects of
SMFs on ionizing radiation have become increasingly important. However, the
accompanied lab studies about the combinational effects of SMF and radiation is
lacking. Although there are some evidences showing that the effects of ionizing
radiation on cells could be strengthened by Time-varying MFs, such as 50 Hz
magnetic fields (Francisco et al. 2013), the studies about SMFs in combination
with radiotherapy are much less. So far there are only a few studies that have
investigated the combinational effects of SMFs with ionizing radiation and most
of these studies indicated that SMFs might be able to increase the effectiveness of
radiotherapy (Table 9.5). For example, in 2002, Nakahara found that although 10 T
SMF itself had no effect on CHO-K1 cell growth, cell cycle distribution, or micro-
nucleus frequency, they could cause an increase in the micronucleus formation
induced by 4 Gy X-rays (Nakahara et al. 2002). In 2010, Sarvestani et al. investi-
gated the effects of a 15 mT SMF alone for 5 h or 0.5 Gy X-ray +15 mT SMF
sequential exposures (first X-ray and then SMF for 5 h) on cell cycle progression in
rat bone marrow stem cells (BMSC). They did not find any cell cycle changes in
SMF alone treated cells but found that 15 mT SMF exposure could further increase
the G2/M cell percentage induced by 0.5 Gy X-ray (Sarvestani et al. 2010). In 2014,
Teodori et al. investigated the genotoxic effect of 80 mT SMF, both alone and in
combination with X-ray irradiation, on primary glioblastoma cells. Their results
showed that exposure of cells to 5 Gy of X-ray irradiation alone led to extensive
DNA damage, which was significantly reduced by 80 mT SMF (Teodori et al. 2014).
The DNA damage promotion effect of 10 T SMF in CHO-K1 cells (Nakahara et al.
2002) and the DNA damage reduction effect of 80 mT SMF in primary glioblastoma
cells (Teodori et al. 2014) seem to be controversial. However, this difference could
be due to the cell type or magnetic field intensity difference. In 2013, Politanski et al.
investigated the combined effect of X-ray radiation and SMFs on ROS in lympho-
cytes from male albino Wistar rats. Their results indicated that 5 mT SMF increased
the ROS changes induced by 3Gy X-ray radiation while “0 mT” (50 μT magnetic
field induction opposite to the geomagnetic field) always showed opposite effects
compared to 5 mT SMF (Politanski et al. 2013). This indicated that different
magnetic field intensity could directly influence its effect on radiation-induced
effects. More researches are needed to get a complete understanding about different
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magnetic field intensities, especially around the range of MRI scanners, and their
effects on radiation-induced effects on different cell types. Other types of radiation,
such as gamma radiation, should also be investigated.

9.6 Patient Studies

It is interesting and promising that time-varying electromagnetic fields have been
shown to be effective in multiple studies at the patient level and were introduced as a
novel cancer treatment modality. The most famous example was the tumor treating
fields (TTF, or TTFields) therapy, which delivers low-intensity, intermediate-fre-
quency (100–300 kHz), alternating electric fields that cause apoptosis or cell death
by inducing mitotic catastrophe and can effectively inhibit the growth of a variety of
human and rodent tumor cell lines, with no significant damage to normal
non-dividing cells (Kirson et al. 2004; Pless and Weinberg 2011; Davies et al.
2013). In addition, Barbault et al. examined patients with various types of cancer
using a noninvasive biofeedback method to identify “tumor-specific frequencies”
(Barbault et al. 2009). They implied that cancer-related frequencies appeared to be
tumor-specific and treatment with tumor-specific frequencies was feasible, well
tolerated and may have biological efficacy in patients with advanced cancer
(Barbault et al. 2009). Recently, Kim et al. used TTF to study the metastatic potential
of U87 and U373 glioblastoma cell lines and found that TTF affected NF-κB,
MAPK and PI3K/AKT signalling pathways as well as downregulated VEGF,
HIF1α and matrix metalloproteinases 2 and 9, which indicated that TTF could be
a promising novel anti-invasion and anti-angiogenesis therapeutic strategy for glio-
blastoma patients (Kim et al. 2016). More importantly, studies reported that treating
recurrent glioblastoma patients with TTF improved overall survival (OS) and there
was no unexpected adverse effects (De Bonis et al. 2012; Rulseh et al. 2012). Due to
these clinical outcomes, TTF was approved by the FDA as an alternative to the
standard treatment for patients with recurrent and newly diagnosed glioblastoma.

In contrast, although a large number of in vitro and in vivo studies indicated the
anticancer potentials of SMFs, there is only a very small amount of data concerning
their application in clinical cancer treatment so far. In 2003, Salvatore et al. found
that there was no increase in the severity of chemotherapy toxicity as measured by
white blood cell count and platelet count in the participants exposed to SMF
(Salvatore et al. 2003). In 2004, Ronchetto et al. examined 11 patients with “heavily
pretreated” advanced cancer in a pilot study with different SMF exposure and found
that the magnetic fields can be safely administrated according to their exposure
schedules (Ronchetto et al. 2004). Although these studies indicated the safety of
SMFs at patient level, the effectiveness of these SMFs on cancer inhibition is still
lacking, which still needs to be proved. In fact, there are some clinical studies
reported in some Chinese journals about the successful application of SMFs on
some cancer treatments, which have been reviewed by Dr. Zhou, although also
written in Chinese (Zhou 2000). In these studies, it seems that applying permanent
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magnets either alone or in combination with time-varying MF or radiotherapy could
have positive effects in cancer inhibition, and the effects are correlated with the
magnetic field intensities. More specifically, it was shown that the SMF of 0.2 T and
above had anti-cancer effects but SMFs below 0.1 T did not. To my point of view,
although these studies do not really meet the criteria of scientific investigations, they
appear promising. However, more double blinded, well controlled clinical investi-
gations are needed to confirm their claims.

In the meantime, it is interesting and promising that there are also some positive
findings for magnetic devices that use permanent magnets, but spin them at low
speed, called extremely low-frequency magnetic fields (Wang et al. 2011; Sun et al.
2012a; Nie et al. 2013a, b). For example, in 2012, Sun et al. investigated the effects
of 420 r/min, 0.4 T magnetic fields on the survival and palliation of general
symptoms in 13 advanced non-small cell lung cancer (NSCLC) patients (Sun et al.
2012a). The patients were treated for 2 h/day, 5 days/week for 6–10 weeks. While
the median survival of the advanced NSCLC patients receiving supportive care was
4 months, their “spinning magnetic device” could prolong the median survival to
6 months, which was increased by 50%. Although 6 months median survival was
still shorter than that of patients receiving chemotherapy (Cisplatin, 9.1 months;
Carboplatin, 8.4 months), the magnetic field-treated patients had no severe toxicity
or side-effects. More importantly, the 1-year survival rate was 31.7%, which was
much higher than patients only receiving supportive care (15%) and comparable to
patients receiving chemotherapy (Cisplatin, 37%; Carboplatin, 34%). In the mean-
time, the magnetic fields treated patients had improved physical conditions and
alleviated symptoms in general (Sun et al. 2012a). In fact, the effect of this type of
machine has also been proved to be effective on advanced cancer patients (Yang
et al. 2018) as well as in cancer cells and mice models (Wang et al. 2011; Nie et al.
2013a, b). Meanwhile, there are also other unofficial reports claiming that spinning
magnets could be used as alternative treatments for patients. Therefore, it is a
promising field to explore but apparently these reported studies are still at a very
preliminary stage. In fact, an important criticism of these human case reports is the
lack of control subjects. Therefore, more rigorous, well controlled and double-
blinded clinical trials are strongly needed to prove the effectiveness of SMFs in
cancer treatment. The magnetic field parameters, such as the field strength, fixed or
spinning, exposure schedule and cancer types should all be tested.

9.7 Discussion

The mechanisms of the differential responses of cancer vs. non-cancer cells to SMFs
still remain partially understood. However, SMF-induced microtubule interference
is a broad impact on most dividing cells. Moreover, cancer and non-cancer cells have
been shown to respond differentially to cell cycle perturbations. For example, it has
been reported that the human non-transformed cells and cancer cells have significant
survival difference in response to the microtubule drugs treatment (Brito and Rieder
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2009). Brito and Rieder found that both nocodazole and Taxol, two microtubule
poisons, could kill much more HeLa and U2OS cancer cells than the non-cancer
RPE1 cells. Specifically, 5 nM of Taxol, which is approximately the clinical
concentration for chemotherapy, could kill 93% of HeLa cells and 46% of U2OS
cells but only killed 1% of RPE1 cells (Brito and Rieder 2009). In addition, different
types of cancer cells also have differential responses to microtubule drugs (Tang
et al. 2013). Moreover, the depletion of plk1 (polo-like kinase), which is a vital
regulator in multiple cellular processes, especially in cell cycle progression, caused
significant cell proliferation and cell cycle abnormalities in human cervical cancer
HeLa cells, but not the non-cancer RPE1 or MCF10A breast cells (Liu et al. 2006).
Therefore, targeting microtubules or cell cycle could generate different effects on
cancer vs. non-cancer cells or in different types of cancer cells.

Meanwhile, we should keep in mind that although EGFR and cell division are
important, they are definitely not the only reasons that can explain the differences
between SMF-induced differential effects among various cell types. Other factors
are also likely involved. For example, Short et al. showed that 4.7 T SMF could alter
the ability of human malignant melanoma cells attachment onto the tissue culture
plate, but had no effect on normal human fibroblasts (Short et al. 1992), which
indicated that the cell attachment was differentially affected by SMF in
cancer vs. non-cancer cells. Moreover, other aspects should also be carefully inves-
tigated, such as cell metabolism, mitochondria functions, ROS (reactive oxygen
species) responses and ATP level, which could all be affected differentially in
cancer vs. normal cells. Our group is currently working on these topics and we
expect to have a much better understanding on this issue in the near future.

9.8 Conclusion

Cancer is a heterogeneous disease and its complexity has hindered the development
of effective and safe treatments. The studies listed in this chapter greatly helped us to
understand some of the mechanisms that SMFs affect cancer cells and their potential
applications in cancer treatment in the future. We only discussed about membrane
receptor EGFR, cell division and microcirculation here, but it is likely that other
aspects are also involved in SMF-induced cancer inhibition, such as ion channels,
ROS, the immune system as well as metabolism. Moreover, current cellular studies
and animal models of SMF effects on cancers are variable in reproducibility, and
further systematic studies of different treatment parameters would be definitely
beneficial. In the meantime, while some mechanisms of action have been proposed,
their substantiation is needed. Although more research should be conducted to
demonstrate its safety and efficacy, current experimental results indicate that SMF
is relatively safe. Understanding and exploiting the potential application of SMFs
would be an essential aspect of adjuvant therapies targeting conventional treatment-
resistant tumor in the future.
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