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The aim of this feasibility study was to determine the effectiveness of a commercially
manufactured magnetic field (MF) device as an adjunct to pharmaceuticals during acute phase
inflammatory response. The goal was to determine if inflammatory response interleukins IL-1,
IL-6, IL-10, and tumor necrosis factor-alpha (TNF-a) would be affected by a 30Hz time-varying
magnetic field (MF). RAW 264.7 macrophage-like cells were induced with Gram-negative bacteria
lipopolysaccharide (LPS) to initiate an acute inflammatory reaction. Following lipopolysaccharide
(LPS) treatment, both inflamed and control cells were exposed to MF for 1 h. After MF exposure,
cytokines of interest were measured and compared with controls. Outcomes revealed that LPS
challenged cells continuously exposed to a 30Hz time-varying magnetic field for 1 h
demonstrated significant changes compared with controls. From cytokine test it was determined
that MF exposure significantly decreased levels of IL-6 and IL-10 compared to unexposed
counterparts. TNF-a production was significantly affected when MF was applied to cells only, but
not to inflamed cells. Results suggest that the biological effect of 1 h exposure to a 30Hz time-
varied magnetic field may act to down regulate specific cytokines in an inflamed environment.

Keywords Cytokine production, Lipopolysaccharide (LPS) induction, IL-1, IL-6, IL-10, Tumor
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INTRODUCTION

Tissue has innumerable responses in reaction to injury. In addition, the immune
system is designed to bolster the body’s defense against pathogens and trauma in
order to initiate the regeneration process. The white blood cell that defends the body
against attack is the macrophage. Macrophages are widely distributed bone marrow-
derived leukocytes. They are second only to hepatocytes in the number of substances
they release after phagocytosing antigens and destroying pathogens such as bacteria.

Antibiotics have proven to be very effective in the treatment of bacterial
infections, but the way in which antibiotics are administrated orally and distributed
systemically throughout the body can create a lag time between the administration of
the drug and its absorption at the site of insult. The time it takes an antibiotic to reach
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therapeutic levels can often be significantly longer if the vascular system is
compromised. Pending the delivery of an antibiotic, bacteria can multiply; therefore,
developing treatments that can boost the inflammatory response against pathogens
while waiting for antibiotics to take effect could help prevent septic shock.

Because MF can be applied almost immediately after injury and can penetrate
even poorly vascularized tissue, it would be beneficial to explore the effect of MF on
the immune response as a potential adjunct to pharmaceutical approaches. Interest
in MF therapy has increased rapidly in recent years due to its advantages over other
treatments. Benefits include low cost, ready availability, ease of localized
application, few if any side effects, and indefinite shelf life Rubik (1997).
Immunological studies show that MF, even low-intensity MF, can interact with
cells and tissues (Blank and Goodman, 1997; Markov et al., 2006). The anti-
inflammatory and wound healing applications of MF are well known (Selvam et al.,
2007). For example, the effect of MF on the immune system in phagocytic cells alone
has attracted attention because of the role that extremely low-frequency
electromagnetic field (ELF-EMF) plays in decreasing the growth rate of bacteria
(Akan et al., 2010).

This feasibility study examined the effects of a time-varying magnetic field on
acute inflammation in murine-like macrophages known as RAW 264.7s. These cells
were selected because of the active role they play in an inflammatory response model
that has been well established (Ferlito et al., 2001). We examined the production of
both pro- and anti-inflammatory interleukins IL-1, IL-6, IL-10, and TNF-a, in cells
exposed to Gram-negative bacteria lipopolysaccharide (LPS), then MF in succession.
LPS is an endotoxin that creates an inflammatory response in the immune systems of
animals. This response is a signal-mediated reaction to the invasion of cells by
pathogens, toxins, and physical stresses. While chronic inflammation can cause
tissue destruction, acute inflammation is responsible for the phagocytosis of
infectious agents, removal of debris, and tissue regeneration. Cell signaling protein
molecules known as cytokines react to tissue injury and infection, and are
synthesized in a wide range of biological actions in various tissues (Spitzbarth et al.,
2011). Inflammatory cytokines such as IL-1, IL-6, and Tumor Necrosis Factors
(TNFs) each induce a different set of hepatic signaling molecules which are part of a
network of monokines triggering immune responses (Tan et al., 2007). A monokine is
a type of cytokine produced primarily by monocytes and macrophages, which are
tissue-differentiated monocytes. Macrophages secrete IL-1 and TNFs which
stimulate inflammatory responses in neutrophils, fibroblasts and endothelial cells.
The fibroblasts and endothelial cells respond to IL-1 and TNF by recruiting more
immune cells to the site of infection. Toll-like receptors (TLRs), such as TLR4,
recognize these pathogen-associated molecular patterns and evoke various cell
signaling pathways (Lin and Rosenberg, 2011; Fujiwara and Kobayashi, 2005).

LPS is an integral component of the outer membrane of Gram-negative bacteria.
This endotoxin binds to TLR4 and the cytoplasmic region of TLR4 then recruits
MyD88 linking TLR4 to IL-1R kinase (IRAK) associated with TRAF6. The subsequent
activation of IRAK and TRAF6 results in nuclear factor-kappa B (NFkB) activation
(Fujiwara and Kobayashi, 2005; Goldring, 2011). Even trace amounts of LPS have
been shown to activate the immune system through the TLR-4 leading to the
production of numerous pro-inflammatory mediators, such as IL-1, IL-6, and TNF-a,
as well as the anti-inflammatory cytokine IL-10. IL-1 is responsible for the promotion
of fever and sepsis. IL-6 can act as both a pro-inflammatory and anti-inflammatory
cytokine (Scheller et al., 2011), and is secreted by T-Cells and macrophages to
stimulate immune response during infection and after trauma. In mice, IL-6 has
been shown to be required for resistance against the bacterium Streptococcus
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pneumonia (Houghton and Campbell, 1999). As an anti-inflammatory cytokine, the
role of IL-6 is mediated through its inhibitory effects on TNF-alpha and IL-1, and the
activation of IL-10. IL-10 plays a crucial role in preventing inflammatory and
autoimmune pathologies. Due to the important roles these cytokines play in the
tissue regeneration process, IL-1, IL-6, IL-10, and TNF-a became the cytokines of
interest in this study.

MATERIALS AND METHODS

Cell Culture
Macrophage cell line RAW 264.7 (ATCC No. TIB-71, American Type Culture
Collection, Manassas, VA) was cultured in Dulbecco’s Modified Eagle Medium-High
Glucose (DMEM-HG from HyClone Lab, Logan, UT) media, with 10% Fetal Bovine
Serum (FBS), and 1% penicillin-streptomycin (pen/strep), then incubated in 5% CO2

at 378C and 100% humidity until, 80% confluent. Cells were detached from culture
plates using a cell scraper, then centrifuged at 309.5 g for 5min and reseeded in
4 separate culture plates at a density of 5.0 x 105 cells/ml in FBS-starved media
(DMEM-HG with percent pen/strep only). After a 12 h starvation period, cells were
induced with LPS.

Lipopolysaccharide (LPS) Induction
A bacterial lipopolysaccharide (LPS) pellet from E. coli 055:B5 (Sigma, St. Louis, MO)
was resuspended in Dulbecco’s sterile phosphate buffered saline at a concentration
of 1mg/ml and applied to cell solution at serial concentrations of 1.5 mg/ml, 3 mg/ml,
5 mg/ml, 8 mg/ml, and 10 mg/ml, then incubated for 1 h in 5% CO2 at 378C and 100%
humidity. The 1 h induction period was chosen to illicit an acute inflammatory
response as opposed to a chronic response. Four separate samples were individually
induced with LPS, forming n ¼ 4 samples for each experimental group.

Measurement of Inflammatory Response
Before any tests were run it was important to be assured that an inflammatory
response had occurred, so a peak concentration of LPS dosage was determined using
a Nuclear Factor kappa B (NFkB) assay (Thermo Scientific, Waltham, MA). NFkB is a
family of transcription factors implicated in the regulation of genes involved in
inflammatory and immune responses. The NFkB transcription factor assay detects
active NFkB in both the primary antibody p65 and a secondary HRP conjugated
antibody. The assay was run immediately on the cell lysate following the 1 h LPS
induction period. After LPS induction, cells were harvested with a disposable cell
lifter and cell suspensions were centrifuged at 859.7 g for 10min at 258C. The
supernatant was aspirated and cells were washed with sterile phosphate buffer to
remove any phenol red in the cell media that could interfere with the
chemiluminescence reading. Again the cells were centrifuged at 859.7 g for 10min,
and then a 50 ml aliquot of wet cell pellet was lysed with 500 ml of M-PERMammalian
Protein Extraction Reagent (Thermo Scientific No. 78,503) and used as the extract for
the NFkB assay. Typical LPS induction concentration for these cells has been shown
to be between 5 mg/ml and 8 mg/ml (Hambleton et al., 1996). Results from NFkB
assay confirmed that 8 mg/ml was the best concentration for this study.

Magnetic Field Exposure
A commercially manufactured time-varying magnetic field device (Nu-Magnetics,
Port Jefferson, NY) was used to produce an active field with a spherical shaped static
magnet. The MF was characterized using a Gauss meter (Sypris Model 5180,
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FW BELL, Orlando, FL) to determine an average surface MF exposure at the level of
cells in the plate (Fig. 1a) to be ,0.04 Tesla (T). The frequency of ,30Hz was
measured at the level of the cells in plate using an oscilloscope (Tektronix, Model
TDS 20,248, Beaverton, OR). The 30Hz cycle was the only available frequency on the
commercially manufactured device. Cells were placed directly under MF device
in incubator.

In contrast to a pulsed electromagnetic field device, which uses electrical energy
to direct a magnetic pulse, this device has a spherical shaped permanent magnet

FIGURE 1 (a) MF device is shown atop a cell plate in an incubator. (b) Measurement of MF from a
device as measured on and off axis. Cells experienced probe position 1 where MF was recorded
perpendicular to the device representing the MF field. Probe Angle 2 – off-angle orientation of the
magnet created additional 11Hz frequency. (c) Sine wave of probe position 1 shows magnitude of
frequency with respect to time. (d) Sine wave of probe position 2 shows magnitude and frequency of
MF off angle. (e) Probe position 1 - Fast Fourier Transform (FFT) shown with 30Hz peak and 60Hz
peak. (f) Probe position 2 - FFT transform of off angle probe position 2 shows peaks of angle at
20 and 40Hz.
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(24.67mm in diameter) which rotates in a biaxial direction (Fig. 1b). A magnetic
profile of this device was determined and the field strength measured as a function of
time (Fig. 1c). Fourier analysis of the data showed peak frequencies of 30Hz as well
as 60Hz. The second peak is not surprising due to the biaxial component of the MF
device, which would be indicative of the second harmonic resonance in a bi-axial
field (Fig. 1d). The device also contained a DC driven system, which when used
eliminated the 60Hz peak, but reproducibility concerns regarding the heat and
humidity effects of the incubator (causing inconsistencies in the battery life)
motivated the use of the AC driven system. The sine wave produced was not a pure
sine wave, but complex due to the biaxial rotation of the MF. To measure the
magnitude of the MF, a Gauss meter probe was placed perpendicular to both the MF
device and the cells. The distance between the magnetic device and tissue culture
measured 22.63mm exact using a digital caliper. Frequency at cell level varied
between 27.88 and 29.64Hz. The background flux density in the control incubator
was measured to be no greater than the total magnitude of the Earth’s magnetic field,
which is about 0.00005 Tesla (T). The cell plates were always placed on the same two
shelves in the incubators where the ambient MF was ,0.00005 T.

In order to determine the MF exposure on and off axis during production the
biaxial field, measurements were taken in the well plate with a Gauss meter probe
held at a position that aligns parallel with the cell plate and also at a position that is at
a 458 angle to the cell plate. Fast Fourier Transform (FFT) was computed for probe at
30Hz peak and 60Hz peak. The second peak is not surprising due to the biaxial
component of the MF device (Fig. 1e). If the Gauss meter was placed off axis, there
was an additional frequency at 11Hz detected. FFT transform of probe position 2 off
angle shows at peaks 20 and 40Hz (Fig. 1f) again due to the biaxial rotation of the
magnet, so care was taken to maintain the same orientation of the magnet on the
cells throughout repeated experiments.

Experimental Groups
Four experimental groups were set up as follows: (a) RAW 264.7 macrophages
(cells only) were used as the negative control; (b) RAW 264.7 macrophages induced
with LPS (Cellsþ LPS) were used as the positive control; (c) RAW 264.7 macrophages
exposed tomagnetic field (Cellsþ MF) were one treatment group; and (d) RAW 264.7
macrophages induced with LPS and exposed to magnetic field (Cells þ LPS þ MF)
was the other treatment group. For all experiments 4 polystyrene, tissue treated
6-well culture plates were placed directly beneath the MF device for 1 h of
continuous exposure. Control groups were placed in identical but separate
incubators under the same conditions. After 1 h of continuous exposure to MF, the
supernatant was extracted from the cell plates and used as extract for a multi-analyte
enzyme-linked immunosorbent assay (ELISA) which measured the cytokines of
interest.

Measurement of Cytokine Production
All cytokine measurements were obtained using a Mouse Inflammatory Cytokine
Multi-Analyte Enzyme Linked ImmunoSorbent Assay (ELISA catalog # MEM-004A,
SA Biosciences, Valencia, CA). This ELISA analyzed multiple cytokines using a
conventional protocol where the capture antibodies bind to specific proteins. After
washing away unbound protein, biotinylated detection antibodies adhered to the
captured analyte. Avidin-horseradish peroxidase was then added along with a
colorimetric substrate solution. The color development was read at an absorbance
level of 450 nm. Since possible turbidity which goes uncorrected in a 450 reading
ELISA may yield an artificially high signal, we subtracted the A570 reading from an
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A450 reading to correct for any minor optical imperfections in the ELISA plate. The
cytokines measured in this array were IL-1a, IL-1b, IL-6, IL-10, and TNF-a. These
cytokines were chosen due to their beneficial and protective effects during
inflammatory response and their instrumental role in the healing process in immune
regulation.

STATISTICAL ANALYSIS

All data measured are the result of five independent experiments presented as
mean ^ Standard Error of the Mean (SEM) for n ¼ 4 samples per experimental
group. For all assays, a one-way analysis of variance (ANOVA) with Tukey’s post hoc
test was used to assess the differences between controls and cells exposed to the
magnetic field, with p , 0.05 considered statistically significant for all tests.

RESULTS

This feasibility study was designed to test the effect of a hand-held commercially
manufactured time-varied magnetic field device on IL-1, IL-6, IL-10, and TNF-a
production in inflamed macrophage-like RAW 264.7 cells. Statistically significant
results were seen in three of the five cytokines measured. An upregulation of IL-1 did
not occur, so the effect of MF treatment on either IL-1a (Fig. 2) or IL-1b (Fig. 3) was
not apparent in any of the five trials due to the lack of significant production of IL-1
in cells exposed to LPS. Results suggest that the 1 h induction period of LPS on cells
was not long enough to stimulate the production of either IL-1a or IL-1b; however,
both IL-6 and IL-10 were produced during the 1 h LPS induction period. Exposure to
MF did show a statistical significance (p , 0.05) in the down regulation of both IL-6
(Fig. 4) and IL-10 (Fig. 5) in the positive controls. TNF-a production in cells exposed
to LPS was not significant, however the MF exposure did show an effect in the
expression of TNF-a in the RAW 264.7 cells alone as compared to the negative
control (Fig. 6).
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FIGURE 2 A trend was shown in the up regulation of IL-1a (Cells þ LPS) for all five trials, but no
significant peak in inflammatory response for IL-1a. No apparent effect from MF in any of the four
groups was seen either. Sample size n ¼ 4 for all experimental groups.
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DISCUSSION

TNF-a and IL-1 are considered early response cytokines that are quickly produced
by macrophages in response to inflammatory response (Laskin and Laskin, 2001).
Figs 2 and 3 show treatment of cells with LPS did not activate production of IL-1a and
IL-1b in any of the five trials. This was unexpected since it has been widely shown
that the activation of RAW 264.7 cells with LPS results in significantly rapid increases
in IL-1b secretion (Ferlito et al., 2001). LPS induction peaks have been most
commonly reported between 6 and 12 h, with monocytic diffusion peaks at 24 h, and
lymphocytic diffusion peaks at 48 h; so lack of IL-1 production must be attributed to

IL-1β

Cell
s o

nly

Cell
s +

 L
PS

Cell
s +

 M
F

Cell
s +

 L
PS +

 M
F

0.00

0.05

0.10

0.15

Cell treatment

O
pt

ic
al

 d
en

si
ty

 (
45

0 
nm

 –
 5

70
 n

m
)

FIGURE 3 No apparent effect from either LPS or MF was shown in IL-1b in any of the five trials.
Sample size n ¼ 4 for all trials.
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FIGURE 4 The down-regulation of pro-inflammatory cytokine IL-6 was shown to be statistically
significant in Cells þ LPS vs. Cells þ LPS þ MF (*p , 0.05). Sample size n ¼ 4 for all trials.
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the short 1 h LPS induction period. In an effort to produce only acute inflammatory
response the 1 h LPS induction period was used. This was repeated in five
independent trials.

Figs 4 and 5 show significant down regulation of both IL-6 and IL-10 in the
positive control treated with MF. IL-6 is considered a regulator of acute phase
inflammatory response (Lee et al., 2000) and is required for resistance to bacteria in
mice, and stimulating the immune response during infection and after tissue trauma
(Amura et al., 1998); therefore, the down regulation of IL-6 is important once the
damaged area has been cleared for regeneration. IL-10 plays an essential part in
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FIGURE 5 The down-regulation of IL-10 was shown to be statistically significant in cells exposed to
MF as compared with controls (Cells þ MF vs. Cells þ LPS þ MF) (*p , 0.05). Sample size n ¼ 4
for all trials.
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FIGURE 6 TNF-a was shown to be up regulated in cells exposed to MF but not LPS (Cellsþ MF) for
statistical significance *p , 0.05. Sample size n ¼ 4 for all trials.
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controlling inflammation and regulating adaptive immune responses. The
dysregulation of IL-10 is linked to numerous infections and autoimmune diseases
in mouse models and humans (Wertz et al., 2004) and is secreted primarily by T- and
B-lymphocytes, monocytes, and macrophages (Strauch et al., 2007). IL-10 is a potent
inhibitor of pro-inflammatory activity, including suppression of IL-6 production
(Ohashi, 2002). These two cytokines complement each other in order to sustain
inflammatory homeostasis (Chow and Tung, 2000). Down regulation of these two
cytokines can aid in the control of inflammation.

Interestingly, there was an increase in TNF-a production in cells that were
exposed to the MF but not exposed to LPS (Fig. 6). TNF is a prominent inflammatory
mediator and is essential in initiating the inflammatory reactions of the innate
immune system, including cytokine production (Zhang and An, 2007). The potency
of TNF on biological activity explains the danger of tissue damage when TNF
production is not carefully controlled (Cheng et al., 1982). An upregulation of TNF-a
in healthy macrophages via MF could initiate an unwarranted inflammatory
response. The normalization of all cytokine production (Fig. 7) shows a 10% decrease
in the production of IL-6 between the positive control (Cellsþ LPS) and treatment of
positive control (Cells þ LPS þ MF). IL-10 production decreased by thirty-three
percent after positive control was treated with MF. TNF-a showed a 90% increase
after negative control (Cells only) was exposed to MF (Cells þ MF).

The results of this study suggest that the biological effect of a hand-held time-
varied magnetic field device may influence cytokine production during an acute
inflammatory response. While the down regulation of IL-6 would be beneficial as an
adjunct to controlling inflammation before delivery of pharmaceuticals, the
upregulation of TNF-a could be beneficial in initiating an acute immune response
in a weak immune system.

CONCLUSION

The inflammatory response is a well-organized system of signals that control and
maintain homeostasis in the immune system. An imbalance in the up- or down-
regulation of these signals can leave inflammation unchecked, resulting in cell and
tissue damage. MF has been shown to be clinically beneficial in the repair of many
types of cells and tissues through membrane and cytoskeletal organization in
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receptor and kinase activity (Selvam et al., 2007; Hambleton et al., 1996; Rohde et al.,
2009). Because the cell membrane has been proposed as the primary site of
transduction for MF effects, relevant mechanisms may include changes in cell-
membrane binding and transport processes, displacement or deformation of
polarized molecules, and modifications in the conformation of biological water
(Eichwald and Kaiser, 1995). Although it is not well understood how an extremely
low-frequency magnetic field affects cytokine production, studies have shown that
the outcome of MF interactions significantly depends on the metabolic states of the
cells during exposure (Bawin et al., 1978; Adey, 1988; Aoki et al., 1990; Binhi and
Savin, 2003).

Cells in a metabolically stable state can counteract weak cellular changes so that
no significant biological alterations occur, but when homeostatic changes such as
inflammation overwhelm a regulatory system, the organism will move into an
imbalanced state. Cells in unstable homeostatic states, where they have been
invaded with stressors like traumatic injury or pathogens, are more susceptible to MF
resonances because of their instability. Homeostasis in the immune system is
dependent on a balance between responses that control infection and tumors, and
the reciprocal responses which prevent inflammation and autoimmune diseases
(Mills et al., 2004). It is possible that a MF is able to affect cytokine production due to
the imbalance caused by inflammatory response in cells and tissues. More research
is necessary to determine the effects of a 30Hz time-varying MF on both pro- and
anti-inflammatory cytokines in the immune system.

ACKNOWLEDGEMENT

This work was sponsored by the Caryl Guth Energy Medicine Fund.

Declaration of interest
The authors report no conflicts of interest. The authors alone are responsible for the
content and writing of this article.

REFERENCES

Adey, W. (1988). Physiological signaling across cell membranes and cooperative influences of extremely
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