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ROS We examined the effects of two opposite SMF directions on lung cancer bearing mice and found when the lung
cancer cell-bearing mice were treated with 9.4 T SMFs for 88 h in total, the upward 9.4 T SMF significantly
inhibited A549 tumor growth (tumor growth inhibition=41%), but not the downward 9.4 T SMF. In vitro cellular
analysis shows that 9.4 T upward SMF treatment for 24 h not only inhibited A549 DNA synthesis, but also
significantly increased ROS and P53 levels, and arrested G2 cell cycle. Moreover, the 9.4 T SMF-treatments for
88 h had no severe impairment to the key organs or blood cell count of the mice.

Studies have shown that 9.4 Tesla (9.4 T) high-field magnetic resonance imaging (MRI) has obvious advantages in
improving image resolution and capacity, but their safety issues need to be further validated before their clinical
approval. Meanwhile, emerging experimental evidences show that moderate to high intensity Static Magnetic
Fields (SMFs) have some anti-cancer effects.

Our findings demonstrated the safety of 9.4 T SMF long-term exposure for their future applications in MRI, and
revealed the anti-cancer potential of the upward direction 9.4 T SMF.

Introduction

Although the range of SMF of MRI instruments used in most hos-
pitals is about 0.5-3 T, people have already developed high-field MRI
because higher field SMF can enable better image resolution and more
accurate diagnosis. In fact, in recent few years, 7 T MRI has already been
approved by FDA, 9.4 T MRI has also been used in clinical studies [1-
4]. Moreover, MRI scanners of >10 T for human and >20 T for rodents
are also developed. However, related safety issues of these ultra-high
field MRI still need further validation before their eventual application
in clinics.

In the meantime, there are multiple studies showing that moderate
to high intensity SMFs have some anti-cancer potentials. For example,
the proliferation of multiple types of cancer cells could be inhibited by

SMFs in a cell type- and cell plating density- dependent way [5-7]. In
fact, emerging data suggested that higher intensity SMFs could often
generate more obvious biological effects [8-11]. For example, Higashi
et al. found that 4 T SMF could orient almost 100% of red blood cells,
while 1 T could only align less than 20% [8]. The p-JNK level of rat
cortical neuron cells was increased by 2 T and 5 T SMF treatment, but
not 0.1 T-1 T [9]. Recently, we found that 9 T SMF had a more signif-
icant effect on cell number reduction than 1 T in HCT116 and CNE-2Z
cancer cells, and the EGFR orientation changes and autophosphoryla-
tion inhibition were both directly correlated with SMF intensities [10].
In addition, we also found that 27 T SMF could change the mitotic spin-
dle orientation of CNE-2Z cells in a few hours, while 9 T SMF needed 3
days to generate similar phenotype. In contrast, 0.05 T or 1 T SMF could
not change the spindle orientation even after 7 days of exposure [11].

Abbreviations: T, tesla; SMF, static magnetic field; MRI, magnetic resonance imaging; ROS, reactive oxygen species; CDK1, cyclin dependent kinase 1; pH3,
phospho-histone 3; TGI, tumor growth inhibition effect; TOP2a, topoisomerase II Alpha; BrdU, 5-bromo-2’-deoxyuridine.
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These studies all show that SMFs with higher intensity could affect cells
more effectively than lower intensities. Moreover, other than magnetic
field intensity, there are multiple evidences showing that the magnetic
field direction is also a key factor. More specifically, experiments show
that the upward direction and downward direction SMFs could produce
differential effects on cells, plants and mice [6, 12-15].

To get a comprehensive understanding about the safety and anti-
cancer capacity of high-field SMFs, as well as the impact of magnetic
field directions, we constructed incubation systems that can accommo-
date mice and cells in a vertical superconducting magnetic, which pro-
vides 9.4 T homogenous SMF in the center region. We chose 9.4 T be-
cause 9.4 T MRI has been initially investigated in a few studies and
showed promising image advantages [1-4, 16]. It is expected to be clin-
ically approved in the future, if there are no safety issues. Therefore, we
chose 9.4 T not only for its anti-cancer potential, but also for its rele-
vance to the next-generation MRI. Moreover, by switching the electric
current direction, we could compare the effects of SMFs of two opposite
directions. Our results show that the vertically upward 9.4 T SMF in-
hibited lung cancer A549 cell proliferation by 31.2% after only one-day
exposure (P<0.05). Moreover, 88 h 9.4 T SMF exposure did not cause
organ damage to the lung tumor-bearing mice, instead, it significantly
inhibited the tumor growth by 44.7% (P<0.05), which reveals the bio-
compatibility and anti-cancer potentials of high SMF in mice.

Materials and methods
Cell culture

Human lung cancer A459 cells, retinal pigment epithelial RPE1 cells
and embryonic kidney 293T cells were all from ATCC. A549 cells were
cultured in F12K Nutrient Mixture (#21127-022 Gibco) supplemented
with 10% FBS and 1% P/S. RPE1 and 293T cells were cultured in DMEM
(10-014-CV, CORNING) supplemented with 10% FBS and 1% P/S. They
were all maintained at 37 °C under 5% CO, in a humidified incubator
(Thermo, USA).

Reagents

The fluorogenic probe 2’, 7’-dichlorofluorescin diacetate (DCFH-DA,
D6883) was from Sigma. 5-bromo-2’-deoxyuridine (BrdU, 000103) was
provided by Thermo Fisher Scientific. Anti-BrdU antibody (#52928S),
anti-phospho-H3-S10 (#3377), anti-topoisomerase II « (#12286),
anti-phospho-P53 (#9284), anti-P21(#2947), anti-CDK1(#9116), anti-
phosphor-CDK1(Tyrl5) (#9111), anti-Cyclin B1(#4138), anti-PARP
(#9542) and anti-Caspase 3 (#9662) were purchased from Cell Sig-
naling Technology, anti-P53 (#AP6266d) was from Abcepta. Anti-
p-Tubulin and anti-GAPDH antibodies were from Beijing TransGen
Biotech (Beijing, China). Prestained Protein Ladder (26616) and M-PER
buffer were from Thermo Pierce. FITC Annexin V Apoptosis Detection
Kit I (#556547) and PI/RNase Staining Buffer (550825) were from BD
Biosciences, protease inhibitor and phosphatase inhibitor cocktails were
from Roche and the PVDF membrane was from Millipore.

9.4. T superconducting magnet and biological sample incubation system

The 9.4 T superconducting magnet with 100 mm diameter room
temperature bore was custom-made by Xi An Superconducting Magnet
Technology Company. We constructed two sets of incubation systems
to fit the magnet (one for magnetic field exposure group, the other for
sham group). The device consists of coaxial non-magnetic stainless-steel
tubes. The outer diameter of the outer tube (OT) is 99 mm and the inner
diameter of the inner tube (IT) is 87 mm. A non-magnetic stainless-steel
sample house with 81 mm outer diameter was inserted into the inner
space of the IT. A PT100 near the sample was used as a temperature
sensor and connected to a temperature display to monitor the temper-
ature of the sample. The temperature of the samples can be controlled
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by water in the space between the IT and OT, and a solid-state relay
was used to control the temperature of the water. By adjusting the tem-
perature of the water, the temperature of the samples can be controlled
precisely. To adjust the atmosphere of the sample house, the air (mice
assays) or air with 5% CO, (cellular assays) was introduced through the
air hole on the top. ANSYS WORKBENCH 14.0 software was used for
device illustration in Fig. 1.

The superconducting magnet was designed to have a high degree
of SMF homogeneity. The maximum magnetic field strength was at the
magnet center. The homogeneity over 90 mm diameter in horizontal
plane is within 2%, and that over 100 mm along vertical cylinder is
within 4%. Our cell culture plates and mice were all in this region in
this study, so the magnetic field induction values were within the range
of 9-9.4 T.

Magnetic field exposure conditions for cells

The cells were plated on 35 mm cell culture plates at the density of
5 x 10° cells/mL, then treated with corresponding reagent and placed
in the biological sample incubation system under 9.4 T SMFs or sham
control for 24 h before they were harvested. The 9.4 T group was placed
in the center of the 9.4 T superconducting magnet for stable magnetic
field strength 24 h (with additional 3 h for increasing field and 1.5 h for
reducing field). The sham control was placed in the other incubation
tube, outside of the magnet and processed identically.

Xenograft tumor model in nude mice and magnetic field exposure

All animal experiments were strictly followed the National Insti-
tutes of Health guide for the care and use of Laboratory animals, ani-
mal experiments were reviewed and approved by animal ethics commit-
tee of Hefei institute of physical science, Chinese academy of sciences
(Hefei, China), code DWLL-2019-25. 1 x 10° cells were injected sub-
cutaneously into the right upper flank of the 6-week-old male BALB/c
nude mouse (obtained from GemPharmatech Co.Ltd, China). Total of
24 mice bearing tumors about 2 mm in diameter were randomized into
sham and 9.4 T SMFs groups (n = 6 for each group), which were ex-
posed to upward or downward 9.4 T SMF for 8 h/day (11 a.m-7 p.m,
with additional 3 h increasing field and 1.5 h reducing field), every
other day, for 11 times (88 h) in total. Tumor diameters were measured
with digital calipers, and the tumor volume in mm? was calculated by
Volume=0.5 x Length x (Width)2. Food and water consumption were
recorded every two days. In the end, all mice were euthanized through
asphyxiation with an overdose of carbon dioxide gas and the tumor tis-
sues were collected for further analysis. Plasma was collected for blood
routine examination, and tissues were stained with hematoxylin-eosin
for safety evaluation.

Measurement of intracellular ROS level

DCFH-DA was used as previously described [17]. Briefly, cells were
harvested and mixed in pre-warmed DMEM without FBS, and with
5 uM DCFH-DA for 30 min in the humidified incubator. Then the cells
were washed and resuspended in PBS, and measured by flow cytometer
(CytoFLEX, Beckman Coulter).

Cell counting and mitotic index analysis

Attached cells were trypsinized by 500 uL trypsin and terminated by
500 L medium, then measured by flow cytometer (CytoFLEX, Beckman
Coulter). For mitotic index measurement, cells were trypsinized and
washed by PBS before they were fixed in 70% ice-cold ethanol overnight
at —20 °C. Then the cells were washed and stained with phospho-Histone
H3 (S10) at 1:1600 for 2.5 h at room temperature, washed twice by
TBST and incubated with Alexa-488 conjugated anti-rabbit IgG. Then
the cells were washed by TBST, resuspended in PBS, and analyzed by
flow cytometer (CytoFLEX, Beckman Coulter).
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A

Cell cycle distribution

Cells were trypsinized and washed by PBS before they were fixed in
70% ice-cold ethanol overnight at —20 °C. Then cells were washed and
incubated in PI solution in the dark at room temperature for 30 min. All
the samples were measured by flow cytometry and analyzed by Modfit
LT 5.0.

Cell death analysis

The FITC-Annexin V Apoptosis Detection Kit was used according to
the manufacturer’s instructions. Cells were trypsinized and washed by
PBS before they were mixed in 100 uL binding buffer with 5 yL FITC-
Annexin and 5 yL propidium iodide (PI) in the dark at room temperature
for 30 min. Then, 400 L binding buffer was added and analyzed by flow
cytometry.

DNA synthesis assay
DNA synthesis assay was performed as previously described [12].

Briefly, cells were plated in 35 mm dish and treated with 10 4uM BrdU
before they were exposed to 9.4 T SMF or sham at indicated time point.
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Fig. 1. 9.4 T superconducting magnet and the biological
sample incubation system. (A) The diagram of culture tube
device. Two identical sets were made. One was used in the
magnet while the other was placed outside of the magnet
to serve as the “sham” control. (B) The design and diagram
of the biological sample incubation system. (C) Top view of
the magnet with the biological sample incubation system
inserted. (D) Distribution of the magnetic field induction
(in T) along the long axis of the superconducting magnet.

Then all cells were harvested and washed by PBS, resuspended by 2 M
HCI and incubated on the rotator for 30 min at room temperature. The
cells were then centrifuged and resuspended by 0.1 M Na,B,0, (pH
8.5) at room temperature for 10 min before they were washed by PBS.
Finally, the cells were incubated with anti-BrdU antibody for 2.5 h and
the secondary Alexa Fluor 488 conjugated antibody for 1.5 h. All cells
were analyzed by flow cytometry.

Western blotting

Cells were washed by PBS and lysed with M-PER supplemented with
protease inhibitor and phosphatase inhibitor on ice for 40 min. Then all
the lysate was mixed with 5 x SDS loading buffer and boiled at 98 °C
for 8 min. The samples were subjected to SDS-PAGE and transferred to
PVDF membranes, which were blocked with 5% non-fat dried milk and
incubated with indicated antibodies.

HE, Ki-67 and P53 staining
After the mice were sacrificed, their heart, liver, spleen, lung, kidney

and tumor tissues were embedded and sectioned. Sections were deparaf-
finized and rehydrated with alcohol-xylene. For HE staining, the sections
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were then stained with hematoxylin and eosin, scanned using a Panno-
ramic DESK (3D HISTECH). For Ki-67 and P53 staining, sections were
incubated in 3% H, O, for 25 min to quench endogenous peroxidase ac-
tivity before they were heated to retrieve the antigen. Then the sections
were blocked with 3% BSA for 30 min at room temperature, incubated
overnight at 4 °C with antibodies against Ki-67 (27309-1-ap, Protein-
tech) and P53 (GB13029-3, Servicebio). Histochemical kit (G1430, Ser-
vicebio) was used for immunohistochemical analysis. Sections staining
were examined using CIC microscope.

Quantification and statistical analysis

Western blot bands were quantified by ImageJ software. For com-
parisons between groups, all the data had a normal distribution and
were analyzed by a two-tailed Student’s t-test. P values are labeled in
the figures for where data were compared. For the data at different time
points in the group, all of them had normal distributions and were an-
alyzed by one-way ANOVA tests. All the statistical analysis was made
by prism 8 software and P value < 0.05 was considered as statistically
significant.

Results

A549 tumor growth in mice was significantly inhibited by the upward 9.4 T
SMF

To investigate the biological effects of 9.4 T SMF, we constructed a
set of incubation system to fit a superconducting magnet that could gen-
erate SMFs of up to 10 T (Fig. 1). The incubation system has 15 layers in
total, with temperature and gas control. To achieve safety information
for the future application of 9.4 T MRI in clinics, we set the magnet to
9.4 T, which means that the most center region of the magnet has 9.4
T SMF (Fig. 1A). To make sure that we have very accurate temperature
control in this study, we only used the three layers in the center region,
which provides 9.4 T SMF with minimum gradient. In addition, we also
have a separate set of identical incubation system to be used as “sham
control”, which has identical gas and temperature controls as the 9.4 T
experimental set, but not inserted into the superconducting magnet. The
only difference between the two sets is externally applied SMF. Further-
more, by switching the direction of electric current, we can change the
direction of the SMF to be parallel or antiparallel to the gravity direc-
tion. In this way, we can compare the upward vs. downward SMFs for
their effects on mice and cells.

To investigate the effect of 9.4 T SMF on lung cancer in vivo, we
constructed lung cancer xenograft tumor model by injecting A549 cells
subcutaneously into the right upper flank of nude mice. When the tu-
mor diameter reached ~ 2 mm, the mice were randomly divided into
different groups (n = 6) (Fig. 2A-B). The mice were exposed to sham or
9.4 T SMFs for 88 h in total (8 h/day, 11 times, every other day) in a 21-
day period. The upward direction and downward direction were done
on different days, with their own sham control groups. Food and water
consumption, as well as body weight were measured every day. Con-
sistent with our previous work [18], the water and food consumptions
were not obviously affected by high field SMF exposure (Fig. 2C-D).
The body weight was not affected either (Fig. 2E). However, the tumor
growth was significantly inhibited by the upward 9.4 T SMF (Fig. 2F).
At the end of 21 days, the tumor weight was reduced by the upward 9.4
T SMF by 44.7% (95%, CI:14.5-22.1%) (P<0.05) compared to the sham
control (95%, CI:21-45.3%) (Fig. 2G). In contrast, the downward 9.4 T
SMF did not inhibit the tumor growth (95%, CI:26.5-53.5%) (Fig. 2F-
G). Therefore, magnetic field direction has significantly different effects
in vivo, and the upward 9.4 T SMF can inhibit A549 tumor growth in
mice.

Translational Oncology 14 (2021) 101103
Upward 9.4 T SMF inhibited DNA synthesis and caused cell cycle arrest

Next we examined the possible reasons that contributed to the tumor
growth in 9.4 T upward SMF group. We first investigated the influence
of 9.4 T SMF on A549 lung cancer cell proliferation by placing the cells
in the center region of the superconducting magnet for 24 h (Fig. 3A).
Our results show that the cell number of A549 was reduced significantly
(31.2%, P<0.01) after 24 h upward 9.4 T treatment (Fig. 3B), which is
much more significant than the 1 T or 0.5 T moderate SMF 48 h treat-
ment in our previous studies (27.34% or 11.9%, P <0.05) [6]. Moreover,
the cell number reduction only occurred in the upward 9.4 T, which is
consistent with our previous finding that the upward direction SMFs
could reduce some cancer cell number. We have also tested the cell
numbers of two non-cancer cell lines, RPE1 and 293T cells, which were
not significantly affected by 9.4 T SMFs (Fig. 3C).

Since reduced cell number can be the result of increased cell death,
decreased cell proliferation, and/or cell cycle arrest, we first examined
whether 9.4 T SMF treatment for 24 h could affect the A549 cell death.
We used both Annexin/propidium iodide (PI) apoptosis assay by Flow
cytometry and Western blot analysis with apoptosis markers, which
showed that the upward and downward 9.4 T SMFs have no obvious
influence on A549 cell death (Fig. 3C-E). We also used y-H2AX, a com-
monly used marker for DNA damage and did not find obvious changes
in DNA after 9.4 T SMF treatment (Fig. 3F).

Next, we examined cell proliferation. We used BrdU incorporation
assay to measure DNA synthesis rates 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. 4A). Our previous data
shows that 1 T moderate SMF could inhibit DNA synthesis in HCT116,
LoVo, PC9 and A549 cancer cells [12], but here we found that 0.5 T
SMF has no effects on DNA synthesis (Fig. S1). Our previous data [12]
also shows that 1 T moderate SMF has a combinational effect with the
inhibitor of topoisomerase, a type of enzyme that resolves the tension of
double strand DNA [19]. Here we used Western blot analysis to exam-
ine the level of TOP2«a (DNA topoisomerase II Alpha), which functions to
bring the higher order compaction of chromatin to form condensed mi-
totic chromosomes during G2-M transition. Our results show that TOP2«a
was decreased in both upward and downward 9.4 T SMF-treated cells
(Fig. 4B).

The DNA synthesis inhibition by SMFs is likely due to the DNA su-
percoil changes through Lorenz forces on the negatively charged DNA
in motion [12]. More specifically, we have previously proposed that the
upward SMF could cause tightened DNA supercoils while the downward
SMF causes loosen supercoils [12]. Interestingly, we found that the up-
ward 9.4 T SMF significantly increased reactive oxygen species (ROS)
level (Fig. 4C), a second messenger in many signaling pathways [20,
21], while the downward 9.4 T SMF did not (Fig. 4C). It is well known
that ROS play central roles in multiple cellular processes, including trig-
gering P53 activation, a key tumor suppressor. In fact, our data showed
that the upward 9.4 T SMF could activate and upregulate P53 (Fig. 4D),
but the downward 9.4 T SMF had no such effect (Fig. 4E), which is con-
sistent 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 activate P53 and further inhibit
DNA replication and cell proliferation.

Since reduced cell number can also be caused by cell cycle arrest, we
next performed flow cytometry cell cycle analysis, which showed that
the upward 9.4 T SMF slightly reduced the S phase and increased the
G2/M population, while the downward 9.4 T SMF did not (Fig. 4F).
Since the G2 and M phases are not distinguishable by PI staining
alone, we used pH3 (S10), a mitotic cell marker, to probe M phase.
Our results show that the mitotic index (% of mitotic cells) were de-
creased by both upward and downward 9.4 T treatments for 24 h
(Fig. 4G). The fact that the G2/M phase was not much affected, but
the mitotic index was decreased indicated that the G2 phase was likely
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Fig. 2. A549 Tumor growth in mice were significantly inhibited by an upward 9.4 T SMF, but not downward direction. (A) Illustration of mice in 9.4 T SMF and
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to sham and 9.4 T SMFs. There were six mice in every group, data are mean + SEM. (F) Tumor volume were measured each day for each mouse. (G) Tumor weight

in sham, and 9.4 T magnetic field exposed groups at the end of 21 days.

to be prolonged. It is already known that cyclin dependent kinase 1
(CDK1) is inactivated by the phosphorylation on tyrosine 15 (Y15) dur-
ing G2 phase and its dephosphorylation is required for CDK1 activa-
tion at G2-M boundary [22, 23]. Therefore, pCDK1(Y15) can be used
as a G2 phase marker. In fact, our Western blot results showed that
pCDK1(Y15) and cyclin B were both significantly increased by the up-
ward 9.4 T SMF, but not downward 9.4 T (Fig. 4H). Therefore, the up-

ward 9.4 T SMF has reduced mitotic cells and arrested A549 cells at G2
phase.

The upward 9.4 T SMF has the potential to be a new anti-cancer treatment

The fact that the upward 9.4 T SMF is able to inhibit A549 tumor
growth in mice and inhibit A549 cell proliferation in vitro indicate that
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treatment had no significant effect on apoptosis marker proteins (Caspases 3 and PARP) and DNA damage marker protein y-H2AX in A549 cells.

it has anti-cancer potentials. Therefore, we performed basic physiologi-
cal examinations on the SMF-treated mice besides the food/water con-
sumption and body weight measurement to evaluate its safety issues. At
the end of 21 days (total of 88 h), we performed tissue examinations and
blood routine test. HE staining of the key organs (heart, liver, spleen,
lung and kidney) did not reveal any obvious abnormalities (Fig. 5A). In
addition, blood routine test showed that there were no obvious changes
after 9.4 T SMF treatment (Fig. 5B-C). All the changes had no statistical
significance. These results show that 9.4 T SMFs of both upward and
downward directions did not generate tissue damage or severe defects
on A549 tumor bearing mice.

To confirm the results we got in vitro, we further 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. 6A-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 (Fig. 6A-B). 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 can significantly increase ROS and P53 levels, decreased mitotic
index and caused G2 cell arrest, which collectively lead to tumor growth
inhibition in tumor bearing mice (Fig. 6C).

Discussion

The SMF intensities of MRI used in hospitals had increased from
1.5 T to 7 T [26-29]. Moreover, 9.4 T MRI has also been used in pre-
clinical studies on healthy volunteers [4, 27], which is likely to be ap-
proved for clinics in the near future, as long as their safety issues are
fully addressed. Our study here shows that 88 h of 9.4 T SMF treatment
not only has no detrimental effects on A549 lung cancer bearing mice,
but also have a significant tumor growth inhibition effect (TGI=44.7%,
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P<0.05) if the magnetic field direction is set to be vertically upward
(Fig. 2G).

It should be mentioned that the mice were not under anesthesia in
our study. They were fully awake and can move relatively freely in
the chamber. Therefore, their whole bodies were exposed to the mag-
netic field. One of the goals of this study was also to investigate the
potential safety issues of 9.4 T magnetic field long-term exposure be-

cause 9.4 T high-field MRI is currently in preclinical trials, which needs
more studies for its safety before their future clinical application. Our
results show that mice whole body long-term exposure to 9.4 T does not
cause detrimental effects, which provides very useful basis for human
studies.
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Magnetic field direction and biological effects

It was very interesting but still puzzling that the SMF direction can
produce differential biological effects [6, 14, 15, 30]. Back in 1974, a
book [Ref?] claimed that the N and S poles of a permanent magnet can
induce different effects on living systems, but no experimental evidences
were provided [30]. Our previous data also showed that upward 0.2-1
T SMF could reduce the cell number of multiple human cancer cells and
obviously inhibited GIST-T1 tumor growth in mice, while the downward
SMF did not [6]. Recently, we showed that 1 T upward SMF could in-
hibit DNA synthesis of A549, PC9, HCT116 and LoVo cells but not 1 T
downward SMF [12]. We hypothesized that the SMF could align DNA
chains and exert the Lorentz forces on negative charges of DNA, which
differentially affected the DNA rotation and supercoil tightness [12].
Similarly, in this study, 9.4 T SMFs of both upward and downward di-
rections inhibited DNA synthesis, which was likely due to the fact that
the Lorentz force acted on the DNA strands in both cases were strong

enough to perturb the DNA conformation, which further affected DNA
synthesis (Fig. 6C).

One puzzling issue we cannot explain is the fact that the downward
9.4 T SMF could inhibit DNA synthesis, but the cell number was not
reduced. It has been reported that the S-phase cells would be forced to
enter mitosis directly without completing DNA synthesis in some cases
[31]. We speculate that downward 9.4 T SMF may have similar effect
and accelerated cell cycle, which cancels out the effect of DNA synthesis
inhibition on cell proliferation. Furthermore, we found that A549 lung
cancer growth both in vitro and in vivo were suppressed only by upward
9.4 T SMF, through activating the ROS-P53 pathway.

SMF and ROS-P53

ROS are a series of highly active free radical, ions and molecules that
have unpaired electrons in their outermost electron orbit [7]. The effects
of different MFs on ROS are variable, which largely depends on MF pa-
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rameters and biological samples examined [32]. Although some studies
have found that weak to moderate intensity SMFs could reduce the ROS
level in multiple cell lines and during planarian blastema regeneration
[17, 331, the effects of high SMFs on ROS levels are poorly studied. Our
results here show that the upward direction 9.4 T SMF exposure for
24 h can increase cellular ROS in A549 cells by 2-fold (Fig. 4C). How-
ever, since the SMFs we used have minimum gradient, which is likely
the reason why they did not produce as significant ROS level increase
as large gradient SMFs [34]. It seems that the 2-fold ROS level increase
generated by 9.4 T upward SMF is not high enough to trigger apoptosis
in A549 cells (Fig. 3D).

However, it is interesting that the upward 9.4 T SMF can significantly
increase the level of P53 (Fig. 4D). It is known that ROS can trigger P53
activation and have an inextricable relationship with P53 [35]. As an es-
sential antitumor protein, P53 plays a key role in maintaining genomic
integrity, stress response, induce cell cycle arrest, senescence or apopto-
sis through activating different target genes [36], which has been shown
by two previous studies that it can be affected by some dynamic MFs [37,
38]. For SMFs, there was a study using a neodymium magnetic disk with
south pole facing up, which provided an inhomogeneous 6 mT down-
ward direction SMF, affected P53 location in aged lymphocytes [39].
More importantly and interestingly, it has been shown that increased
DNA supercoiling can significantly increase the binding of P53 to DNA
[40, 41]. Therefore, we hypothesize that SMF-induced DNA supercoil
tightness may not only increase P53 through ROS elevation, but also
directly increase P53 binding through DNA topology changes (Fig. 6C).

SMF and DNA synthesis

The effect of SMFs on DNA synthesis has been examined in a few
studies, but was not conclusive in the literature, which is mainly due to
the different parameters and experimental conditions. For example, it
had been reported that 1 h 1.5 T SMF exposure for three times a week
slightly inhibited fetal lung fibroblast cell DNA synthesis after the first
and third week (about 5% and 4%), but after the second week, the DNA
synthesis was increased by 12% [42]. Recently, we found that upward
and downward 1 T SMFs differentially inhibited the DNA synthesis of
A549, PC9, HCT116 and LoVo cells [12]. Apparently, cell types can di-
rectly affect the outcomes of SMF on DNA synthesis [43-45]. Here we
found that the DNA synthesis was significantly decreased by both up-
ward (14.3%) and downward (18.6%) 9.4 T SMFs after 24 h (Fig. 4A).
Since the negatively charged DNA strands intrinsically rotate during
DNA unwinding, replication and transcription in cells, the tightness
of DNA supercoils could theoretically be affected by SMF through the
Lorenz forces acting on the moving charges, and DNA synthesis would
consequently be affected [12]. Therefore, SMF intensity and direction
as well as cell types can directly affect the outcomes of an SMF, which
will need further investigations.

Conclusion

In summary, our study shows that 88 h of 9.4 T SMF treatment does
not have harmful effects on A549 lung cancer bearing mice, and the
upward 9.4 T SMF significantly inhibits A549 lung cancer growth. This
not only provides useful information for the future clinical application
of 9.4 T MRI in the near future, especially on patients with diseases
including cancer, but also reveals that 9.4 T SMF upward direction has
the potential to be developed as an anti-cancer treatment in the future.
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