
Bioelectromagnetics

Effects of a Moderate-Intensity Static Magnetic
Field and Adriamycin on K562 Cells

Qi Hao,1* ChenWenfang,2 Ai Xia,1 Wei Qiang,1 LiuYing,2 Zhang Kun,1 and Sun Runguang2
1College of Life Science, ShaanxiNormal University, Xi’an, Shaanxi, P. R. China

2College of Physics and InformationTechnology, ShaanxiNormalUniversity, Xi’an,
Shaanxi, P. R. China

The aim of this study was to investigate whether a moderate-intensity static magnetic field (SMF) can
enhance the killing effect of adriamycin (ADM) on K562 cells, and to explore the effects of SMF
combined with ADM on K562 cells. We analyzed the metabolic activity of cells, cell cycle
distribution, DNA damage, change in cell ultrastructure, and P-glycoprotein (P-gp) expression after
K562 cells were exposed continuously to a uniform 8.8mT SMF for 12 h, with or without ADM. Our
results showed that the SMF combined with ADM (25 ng/ml) significantly inhibited the metabolic
activity of K562 cells (P< 0.05), while neither ADM nor the SMF alone affected the metabolic
activity of these cells. Cell ultrastructure was altered in the SMFþADM group. For example, cell
membrane was depressed, some protuberances were observable, and vacuoles in the cytoplasm
became larger. Cells were arrested at the G2/M phase and DNA damage increased after cells were
treatedwith the SMFplusADM.ADMalso induced the P-gp expression. In contrast, in the SMFgroup
and SMFþADM group, the P-gp expression was decreased compared with the ADM group. Taken
together, our results showed that the 8.8mT SMF enhanced the cytotoxity potency of ADM on K562
cells, and the decrease in P-gp expression may be one reason underlying this effect.
Bioelectromagnetics. � 2010 Wiley-Liss, Inc.
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INTRODUCTION

Adriamycin (ADM) is an anthracycline antitumor
drug that has been widely used in the clinic for the
treatment of various cancers [Samson et al., 1987;
Krommer and Szalai, 1992]. The antitumor activity of
ADM results from its interactionswithDNA,which can
inhibit both DNA replication and RNA transcription, or
impair topoisomerase II activity [Meriwether and
Bachur, 1972; Tewey et al., 1984]. However, drug
resistance of cancer cells and side effects of ADM are
major obstacles for a successful ADM therapy [Minotti
et al., 2004].

Recently, some studies have suggested that static
magnetic fields (SMFs) have the potential as an
adjunctive treatment method for chemotherapy, since
SMFs influence cell growth, proliferation, and cell
structure of cancer cells [Raylman et al., 1996; Chionna
et al., 2005; Brix et al., 2008; Strieth et al., 2008;
Strelczyk et al., 2009; Feng et al., 2010;Hsu andChang,
2010; Kim and Im, 2010; Martino et al., 2010; Yang
et al., 2010]. In particular, the killing effect of
antineoplastic drugs on cancer cells is enhanced with
a combined treatment of SMFs and chemotherapeutic
drugs, indicating that SMFs act synergically with the
pharmacological treatment [Gray et al., 2000; Sabo
et al., 2002; Tofani et al., 2003]. For example, 64 h
exposure to a 7 Tesla uniform SMF produced a

reduction in viable cell number in HTB 63 (melanoma),
HTB 77 IP3 (ovarian carcinoma), and CCL 86
(lymphoma, Raji cells) cell lines [Raylman et al.,
1996]. Gray et al. [2000] evaluated the effects of non-
uniform 110mT SMF for four 4 h periods, with 8–12 h
between each exposure, and doxorubicin (10mg/kg, i.p.)
on female B6C3F1 mice with transplanted mammary
adenocarcinoma. Their results revealed that the groups
exposed to SMF combined with doxorubicin achieved
significantly greater tumor regression than the group
treatedwithADMalone. In an invitro cell growth assay,
the application of 1 T SMF for 72 h on HL-60 cells,
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combined with a mixture of antineoplastic drugs
(5-fluorouracil, cisplatin, doxorubicin, and vincristine),
enhanced the cytotoxic effect of antineoplastic drugs
[Sabo et al., 2002]. In an in vivo experiment, mice
bearing murine Lewis lung carcinomas (LLCs) were
treated with 3mT SMF for 35min/day and cisplatin
(3mg/kg, i.p.) [Tofani et al., 2003]. The survival time of
mice treated with cisplatin and SMF was significantly
longer than that of mice treated only with cisplatin or
SMF exposure. These results show that SMF can inhibit
the proliferation of cancer cells, and the killing effects
of SMF combined with antineoplastic drugs on cancer
cells are greater than those of SMFs or anticancer drugs
alone. These observations suggest a potential strategy
for chemotherapy, that is, the combination therapy of
SMFs and chemotherapeutic drugs. However, so far it
remains unclear which mechanism underlies the killing
effects of SMFs combined with chemotherapy drugs on
cancer cells.

Therefore, we aimed to examine the killing effects
of SMFs coupled with ADM on K562 cells, and to
explore the interrelationship between SMFs and ADM
on cell activity, cell ultrastructure, cell cycle distribu-
tion, and DNA damage of K562 cells. We chose K562
cells as the model because multidrug resistance (MDR)
can be easily induced by ADM, resulting from
the overexpression of the MDR-1 gene product,
P-glycoprotein (P-gp) [Hamada and Tsuruo, 1988].
Next, we investigated the P-gp expression of K562 cells
exposed to ADM, with or without SMF, in order to
understand the mechanism of the killing effects of SMF
and ADM.

MATERIALS AND METHODS

Cell Cultures

K562 cells (ATCC, CCL-243) were obtained from
the cell bank of the Type Culture Collection of the
Chinese Academy of Sciences (320 Yue Yang Road,
Shanghai, China). They were grown at 37 8C in an
atmosphere containing 5% CO2 and with a relative
humidity of 100%. The culturemediumusedwas RPMI-
1640 (Sigma–Aldrich, St. Louis, MO), supplemented
with 10% fetal bovine serum (Gibco-Invitrogen, Grand
Island, NY), and 1mM L-glutamine (Sigma–Aldrich).
Logarithmic phase cells were used for the experiments.

Magnetic Field Application

The SMFwas produced by a solenoid provided by
the College of Physics and Information Technology,
Shaanxi Normal University, Shaanxi, China. The SMF
was made of copper wire wound around a ring former

with a radius of 4 cm and length of 54.7 cm. The
solenoid was set on supports made of non-magnetic
material that had maximal thermal and mechanical
stability, suitable for operations extending over
several weeks. The power source was a direct current
power supply with an accuracy of 0.5% at 50� 5Hz
(WYJ, Shanghai, China). This device produced a
homogeneous SMF in a volume close to the axis with
a calculated magnetic flux intensity of 9mT. A gauss
meter (HT20, Hengtong Magnetoelectricity, Shanghai,
China) measured the actual value of the magnetic flux
intensity at 8.800� 0.106mT. The water flow from a
cooling bath was circulated through a tube surrounding
the solenoid to disperse the Joule effect. A non-
magnetic and airtight incubator (length 25 cm, width
5 cm, and height 5 cm) was used to place the samples
within the middle of the solenoid. The samples were
placed on the bottom of the incubator. The temperature
in the incubator was monitored by a heater and a
thermo-controller to keep the incubator temperature
constant at 36.5� 0.5 8C. Then, 32ml of CO2 was
insufflated into the incubator to maintain the pH of the
medium between 7.2 and 7.4. The CO2 concentration
was measured using a handheld CO2 concentration
measurement net adapter (InControl 1050, Dräger,
Luebeck, Germany), and a measurement system that
could maintain the CO2 concentration for at least 40 h.
Pre-testing results showed that the proliferation of cells
was similar in both incubators (P> 0.05). Figure 1
shows the exposure position and magnetic flux density
at the floor level of the incubator. For the sham-exposure
system, a unit with the same coil shape was used, but
without the SMF generator.

Considering that the cell cycle of K562 cells is
12 h [Lozzio and Lozzio, 1975], multiples of 12 h were
chosen as the exposure time at different magnetic flux
densities (3–15mT) in pre-experiments. Fortunately,
the exposure time at which SMF inhibited the
proliferation of K562 cells was twice that of the cell
cycle time at 8.8mT. Therefore, we chose 8.8mTas the
magnetic flux density for our experiments.

Experimental Groups

Logarithmically growing K562 cells were inocu-
lated in cell culture bottles at a density of 1� 105 cells/
ml and randomly divided into four groups: (1) control
group, in which all conditions were the same, except for
the SMF treatment, (2) SMF group, in which cells were
continuously exposed to the SMF for 12 h, (3) ADM
group, in which cells were incubated with different
concentrations of ADM (25, 35, and 50 ng/ml) for 12 h,
and (4) SMFþADM group, with the combined SMF
and ADM treatment as described above.
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MTT Assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assay was performed as
previously described [Mosmann, 1983]. Briefly, cell
suspensions were cultivated in 96-well cell culture
clusters (Corning, Lowell, MA) at a final volume of
100 mL. Concomitantly, 10ml MTT (1mg/ml, Sigma–
Aldrich) was added to each sample. The cultivationwas
performed at 37 8C in a humidified 5%CO2 atmosphere
for 4 h. During this period, the living cells produced a
blue, insoluble formazan product. The metabolic
activity of cells was directly associatedwith the amount
of formazan produced. After solubilization of the
crystals in 0.2ml of dimethyl sulfoxide (DMSO) per
well, the optical density (OD) was obtained at 570 nm
using a microplate reader (Model 680, Bio-Rad
Laboratories, Irvine, CA). Each group contained 6–8
wells and the experiments were performed at least
three times.

Atomic Force Microscopic Observation

The atomic force microscope (AFM) used was an
SPM-9500J3 with WET CNII (Shimadzu, Kyoto,
Japan) that operated in air. AV-shaped, Si3N4 cantilever
(OMCL-TR800PSA-1, Olympus, Tokyo, Japan) with a
0.12N/m spring constant was used in the experiment.
During the experiment, the scan rate was adjusted
between 1.0 and 1.5Hz in contact mode. The obtained
images were processed by custom software.

According to the modified protocol by Zhuang
et al. [2005] for cell samples, cells were gently rinsed
twice with phosphate-buffered saline (PBS, pH 7.2,
0.1M). The cells were fixed by 1% glutaraldehyde for
15min and then gently rinsed with PBS (pH 7.2, 0.1M)

twice. The cell density was adjusted to 1� 106 cells/ml.
The cell suspension was dropped onto the surface of
freshly cleaved mica (the size of mica was fitted to the
size of the sample holder). After airing, the mica was
mounted on the AFM stage and observed with the
contact mode of the AFM in the atmosphere.

Transmission Electron Microscopic Observation

Transmission electron microscopic (TEM) anal-
yses of K562 cells were performed as previously
described [Liu et al., 2003]. After treatment, the cells
were rinsed, pelletized, and then resuspended in 0.1M
phosphate buffer (pH 7.3) containing 1% (v/v)
glutaraldehyde at 4 8C for 2 h. The cells were rinsed
three times in 0.1M phosphate buffer for 10min
each time. Post-fixation was carried out with 1%
(w/v) osmium tetroxide prepared in 0.1M phosphate
buffer for 1–2 h at room temperature. The cells were
then dehydrated with 50% (v/v) ethanol for 15min,
followed by 75% (v/v) ethanol for 15min, 95% (v/v)
ethanol for 15min twice, 100% (v/v) ethanol for 15min
twice, and finally 100% (v/v) acetone for 20min.
Infiltration was conducted with a mixture of acetone
and Epon 812 in ratios of 3:1, 1:1, and 1:3 for 1 h. Then,
Epon 812was infiltrated for 24–48 h. Subsequently, the
cells were embedded and polymerized at 60 8C for
24–48 h, sectioned with ultramicrotome, and stained
with uranyl acetate and lead citrate. The samples were
examined and observed under a Hitachi H-600 TEM
(Tokyo, Japan).

Cell Cycle Distribution Analysis

Cells were harvested by centrifugation, washed
with PBS, and fixed overnight in 70% ethanol at 4 8C.

Fig. 1. A: Sketch of the static magnetic field (SMF) exposure system. A non-magnetic and airtight
incubatorwasused tohold thesamplesplacedwithin themiddleof solenoid.B:Distributionofmag-
netic fluxdensity, measured along the centeraxis at the floor level of the cell culture bottles.TheX-
directionisthewidthof the incubatorand theY-directionisthelengthof thesolenoid.
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The sampleswere stainedwith aDNA-Prep reagents kit
(Beckman Counter, Fullerton, CA) in darkness for
25min at 25 8C and detected using flow cytometry
(FACSCalibur, Becton Dickinson, Franklin Lakes, NJ).
The data from 20000 cells was analyzed using ModFit
LT 3.0 for Mac software (Verity House, Topsham, ME)
that was designed for this apparatus.

Comet Assay

Before the experiment, slides were coated with
0.2% agarose. A clean cover slipwas placed on the slide
to build a 22mm� 10mm� 0.17mm small gap. After
K562 cells were treated with SMF and/or ADM, cells
were collected by centrifugation (400g, 3min), and the
cell density was adjusted to 3� 105 cells/ml with PBS.
According to the modified comet assay protocol [Luo
et al., 2006], approximately 3� 104 cells in 0.1ml PBS
were mixed with 0.1ml of 1% low-melting-point
agarose (Sigma–Aldrich). The mixture was placed in
the above-mentioned gap. The cover glasses were
carefully removed after the agarose layerwas solidified.
The layer was treated with lysis buffer (2.5M NaCl,
100mM EDTA, 10mM Tris, 200mM NaOH, 1%
N-lauroyl-sarcosine, pH 10; 1% Triton, and 10%
DMSO were added immediately before use) for
60min at 4 8C. After the cells were lysed, the slides
werewashed three times in triple-distilledwater at 4 8C.
The lysed cells were then placed in an electrophoresis
chamber, exposed to alkali (300mM NaOH, 1mM
EDTA, pH 13) for 20min at 4 8C, and electrophoresed
for 20min at 0.86V/cm and 4 8C.After electrophoresis,
the slideswerewashed three timeswith 0.4MTris–HCl
(pH 7.4) at 4 8C. The slides were subsequently dried
with 90% and 100% ethanol, stained with ethidium
bromide (20 mg/ml, Sigma–Aldrich) and imagedwith a
fluorescent microscope (E600, Nikon, Sendai, Japan)
with a digital sight (DS-SMC, Nikon). The image
analysis was performed using Comet Assay Software
Project (CASP) freeware (University of Wroclaw,
Poland) [Hellman et al., 1995; Helma and Uhl, 2000;
Bowden et al., 2003; Konca et al., 2003]. In each
experimental group, 150 cells were evaluated from
three different slides and the cellular DNA damage was
calculated based on olive tail moment (OTM) visual-
ization. The experiment was performed at least
three times.

Analysis of P-Glycoprotein Expression Using
Flow Cytometry

Analysis of P-gp expression using flow cytometry
was performed according to a method described by
Guerci et al. [1995]. Briefly, cells were harvested by
centrifugation (100g, 5min) and washed with PBS.
After 4% polyformaldehyde was added for 20min at

4 8C, the cells were permeabilized with 3% methanol
for 10min, blocked with 5% goat serum (Zhongshan
Goldenbridge Biotechnology, Beijing, China) for 1 h at
37 8C, and incubated with a mouse monoclonal
antibody, MDR Ab-2 (clone F4, 1:100, Thermo Fisher
Scientific, Fremont, CA) for 1 h at room temperature.
After washing, the cells were stained with fluorescein
isothiocyanate (FITC)-labeled goat anti-mouse IgG1

antibody (1:100, Zhongshan Goldenbridge Biotechnol-
ogy) and detected using flow cytometry. The analysis
was based on acquisition of data from 10000 cells using
ModFit LT 3.0 for Mac software.

Statistical Analysis

Statistical analyses were performed using
ANOVA and theMann–WhitneyU-test with a minimal
confidence level of 0.05 for statistical significance.
Each experiment was performed at least three times.

RESULTS

Inhibition Effect of SMF and ADM on Cell
Proliferation

Pre-testing results showed that cell proliferation
was significantly inhibited by a 24 h exposure to SMF
(P< 0.05) or a 12 h incubation with 35 ng/ml ADM
(P< 0.05) when K562 cells were seeded at a density of
1� 105 cells/ml (data not shown).

Figure 2 shows the change in cell proliferation
after K562 cells were treated with the SMF, with or
without ADM. There was no significant difference
between the ADM and control groups (P> 0.05) when
the concentration of ADMwas 25 ng/ml, while the cell
proliferation of the SMFþADM group was signifi-
cantly reduced compared with the other three groups
(P< 0.01). With an increase in the concentration of
ADM, the killing effects of SMF combined with ADM
became more obvious. These results suggested that the
combined treatment of the SMF and the antineoplastic
drug,ADM, significantly inhibited the cell proliferation
of K562 cells, and the SMF enhanced the cytotoxic
effect of ADM on K562 cells.

Fine Structure of Cell Surface and Combined
Treatment of K562 Cells With SMF and ADM

Figure 3 shows the change in the cell surface
ultrastructure observed by an AFM after K562 cells
were treated with the SMF and ADM (25 ng/ml) for
12 h. The cell surface of controls was smooth and had a
few minor folds (C in Fig. 3). When K562 cells were
exposed to the SMF for 12 h, holes appeared in the cell
surface (SMF in Fig. 3). The cell surface became rough,
and the minor folds disappeared after K562 cells were
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incubated in a concentration of 25 ng/ml ADM for 12 h
(ADM in Fig. 3). In the SMFþADM group, the
holes and apophyses increased on the cell surface
(SMFþADM in Fig. 3). These results showed that the
cell membrane damage in the SMFþADM group was
larger than the SMF group or the ADM group.

Cell Organelle Ultrastructure of Combined
Treatment of K562 Cells With SMF and ADM

Figure 4 shows the change in the cell organelle
ultrastructure observed by a TEM after K562 cells were
treated with the SMF combined with ADM (25 ng/ml)
for 12 h. In controls, the cell membrane was integrated,
vacuoles in the cytoplasm were observed occasionally,
and the cell nuclear membrane was integrated (C in
Fig. 4). After cells were exposed to the SMF for 12 h,
cystidiform structures with high electron density in the
cytoplasm were increased. Other structures showed no

Fig. 2. Effect of 8.8mT SMF coupled with ADM on the metabolic
activityof K562 cells.Barsrepresentmean�SD; n¼ 6. *P< 0.05,
**P< 0.01 compared with controls; þþ P< 0.01 compared with
SMF;##P< 0.01comparedwithADM.

Fig. 3. Effect of 8.8 mTSMF combinedwith ADMon the fine structure of the K562 cell surface.The
smallblackandwhitehistogramontheright side ofeachimagerepresents theheight distributionof
the cellsurface.The colorpaletteon the left of thehistogrampresents therelativeheight bydifferent
colorsintheimage.C,Controls;SMF,SMF-exposuregroup;ADM,25 ng/mlADMgroup;SMFþADM,
SMFcombinedwith ADM (25 ng/ml).
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significant difference compared with controls (SMF in
Fig. 4). In the ADM group, different-sized vacuoles in
the cytoplasm were obviously increased, and a few
strongly stained granules were randomly distributed in
the cytoplasm (ADM in Fig. 4). The vacuole size in the
cytoplasm was magnified during the 12 h exposure by
the combination of SMF and ADM (SMFþADM in
Fig. 4). These data indicated that the killing effects on
K562 cellswere enhanced by the combined treatment of
SMF and ADM.

Effect of the SMF and ADM Combination on Cell
Cycle Distribution of K562 Cells

K562 cells were exposed to the SMF with or
without 25 ng/ml ADM for 12 h, and the cell cycle
distribution (Fig. 5A) and DNA damage (Fig. 5B) were
subsequently analyzed using flow cytometry and comet
assay. After exposure to the SMF for 12 h, the G2/M
phase cell ratio was significantly increased compared
with controls (P< 0.05) and the ratio of cells in the S
phase was significantly lower than controls (P< 0.05),
while the ratio of cells in the G1 phase was slightly but
not significantly increased. The ADM treatment
significantly increased the ratio of cells in the G2/M
phase (P< 0.05) and significantly reduced the ratio of
cells in the S phase compared with controls (P< 0.01).
In the SMFþADMgroup, the ratio of cells in theG2/M

phase was increased, there were significant differences
between the other three groups (P< 0.05 or<0.01), and
the proportion of cells in the S phase was significantly
reduced compared with controls (P< 0.01) or the SMF
group (P< 0.05); however, there was no difference in
the ADM group (P> 0.05).

OTM was used as the parameter to quantify the
extent of cellular DNA damage when K562 cells were
exposed to ADM with or without the SMF for 12 h
(Fig. 5B). The experimental data showed that OTM of
the SMFþADM group was significantly higher than
that of the other three groups (P< 0.05 or<0.01) when
K562 cells were incubated with 25 ng/ml ADMwith or
without the SMF for 12 h. From these observations, we
inferred that K562 cells treated with SMF and ADM
were arrested in the G2/M phase due to DNA damage.

Effect of SMF Combined With ADM on
P-Glycoprotein of K562 Cells

Figure 6 shows the proportion of P-gp expression
in K562 cells that were exposed to the SMF and/or
ADM for 12 h. When K562 cells were exposed to the
SMF for 12 h, the ratio of P-gp expression was slightly
but not significantly reduced compared with controls
(SMF in Fig. 6). The ADM treatment induced the
expression of P-gp in K562 cells, but there is no
difference between controls and the ADMgroup (ADM

Fig. 4. Effect of 8.8 mT SMF combined with ADM on cell organelle ultrastructure of K562 cells. C,
Controls; SMF,SMF-exposuregroup; ADM,25 ng/ml ADMgroup; SMFþADM,SMFcombinedwith
ADM (25 ng/ml).Thebarsrepresent 5 mm.
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in Fig. 6). In the combined treatment of SMF and ADM
(SMFþADM in Fig. 6), the ratio of K562 cells with P-
gp expression was significantly reduced compared with
the ADM group (P< 0.01), but there was no difference
compared with controls (P> 0.05). These results
showed that the SMF significantly inhibited the
expression of P-gp induced by ADM; namely, the

treatment of SMF plus ADM partially reversed the
expression of P-gp induced by ADM.

DISCUSSION

In this study, we reported the in vitro biological
effects of a uniform 8.8mT SMF and ADM on human
myelogenous leukemia K562 cells. We found that the
SMF and ADM imposed a strong and replicable effect
on the metabolic activity of cells, cell surface and inner
ultrastructure modifications, and cell cycle distribution
ofK562 cells. Our study provided valuable evidence for
changes in cell proliferation, surface fine structure, cell
inner organelles, cell cycle distribution, and DNA
damage. Meanwhile, we also examined the P-gp
expression.

Several studies have reported the change in the
metabolic activity of cells as a consequence of exposure
to SMFs or electromagnetic fields (EMFs) combined
with anticancer drugs in other cell lines [Raylman et al.,
1996;Chakkalakal et al., 1999; Sabo et al., 2002; Tofani
et al., 2003]. These studies and the present study suggest
that the treatment of SMF plus antineoplastic drugs
produces a synergetic killing effect on cancer cells.

An increasing number of studies evaluated the
abilities of both SMF and EMF to enhance the in vivo or
in vitro activity of a chemotherapeutic agent, but only a
few of them have focused on various bio-effects. Gray
et al. [2000] reported that the static field (static electric
and SMFs) and ADM groups achieved significantly
greater tumor regression than those with ADM only.
Sabo et al. [2002] reported a metabolic activity
retardation effect in the presence of SMF plus a mixture
of the antineoplastic drugs (5-fluorouracil, cisplatin,
doxorubicin, and vincristine). However, our data
showed that when K562 cells were exposed to the
SMF and ADM, cell surface and inner ultrastructure
were injured, and the cell cyclewas blocked at theG2/M
phase. Previous studies reported similar results in other
cell types or with other field types and intensities
[Chionna et al., 2003, 2005; Tenuzzo et al., 2006].
Morphological modifications and the variations of the
cell cycle distribution may be considered a common
stress upon exposure to SMF and ADM, regardless of
cell type and species. Interestingly, vesicle-like struc-
tures with high electron density, similar to organelles,
were increased in K562 cells exposed to the SMF,
suggesting that SMFs promoted the differentiation of
K562 cells [Manni et al., 2004; Lisi et al., 2006; Sun
et al., 2009].

We used an alkaline comet assay to assess DNA
damage after exposure ofK562 cells to 8.8mTSMFand
ADM for 12 h; this assay can detect DNA strand breaks
with a high sensitivity [Olive et al., 1992]. Our results

Fig. 5. K562 cells treated with SMF and 25 ng/ml ADM for 12 h.
A: Distribution of the cell cycle in K562 cells exposed to 8.8 mT
SMF with or without 25 ng/ml ADM. Bars represent mean�SD;
n¼ 4. *P< 0.05, **P< 0.01 compared with controls; þ P< 0.05
comparedwithSMF;#P< 0.05comparedwithADM.B:DNAdam-
agewasdetectedby the comet assay.Olive tailmoment wasused
as the parameters to describe the extent of cellular DNAdamage.
Bars represent mean�SD; n¼150. **P< 0.01, compared with
controls;þþ P< 0.01comparedwith SMF;# P< 0.05 compared
with ADM.

Fig. 6. Effects of 8.8 mTSMF combinedwith ADMon P-glycopro-
tein (P-gp) expression of K562 cells. Bars represent mean�SD;
n¼ 6. **P< 0.01comparedwith ADM.
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showed that DNA lesions were significantly increased
when K562 cells were treated by ADMwith or without
the SMF, but there was no detectable damage in the
DNA of the SMF group. Considering that the ADM
interactions with DNA can inhibit both DNA repli-
cation and RNA transcription [Meriwether and Bachur,
1972; Tewey et al., 1984],we considered that the lesions
in DNA mainly resulted from ADM, and the SMF
enhanced the cytotoxicity of ADM on K562 cells.
Moreover, the role of ADM-induced free radicals and
the concentration of free radicals in different exposure
conditions has been described elsewhere [Rajagopalan
et al., 1988; Jajte et al., 2002; Okano, 2008]. The role of
oxygen free radicals in the cellular DNA lesions
induced by SMF combined with ADM is worthy of
further investigation.

K562 cells are characterized by multidrug resist-
ance. Under the condition of anticancer drugs (e.g.,
ADM), K562 cells can easily produce P-gp [Hamada
and Tsuruo, 1988]. P-gp is a transmembrane glyco-
protein, and it functions as an adenosine 50-triphosphate
(ATP)-dependent drug transporter that unilaterally
transports intracellular drugs out of the cells to acquire
drug resistance [Gottesman et al., 2002; Teodori et al.,
2006; Sauna and Ambudkar, 2007]. Increase in P-gp
activity or expression induction leads to both a lowered
intracellular accumulation and an increased efflux of
drugs. In our study, an increase in the P-gp expression of
K562 cells incubated with ADM was consistent with a
previous study [Hamada and Tsuruo, 1988]. P-gp
expression was slightly but not significantly decreased
in the SMF-exposed cells compared with controls.
However, the expression of P-gp in K562 cells exposed
to SMF and ADM was significantly lower than that of
cells exposed to ADM alone, suggesting that SMFs
significantly inhibited the ADM-induced P-gp expres-
sion. Decreasing the induction of P-gp expression
results in a higher intracellular accumulation and a
decreased efflux of drugs. Thus, the inhibitory effect of
SMFs on ADM-induced P-gp expression may be one of
the reasons why SMFs synergize the killing effects of
ADM on K562 cells.
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