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APOPTOSIS OF EHRLICH MOUSE ASCITES
CELLS INDUCED BY LONG-TERM EXPOSURE

OF WEAK ELECTROMAGNETIC FIELDS
IN VIVO

Hong-Li Jiao, Yan Wang, and Jiin-Ju Chang*

Institute of Biophysics, Chinese Academy of Sciences, 15 Dantun
Road, Chaoyang District, Beijing 100101, People’s Republic

of China

ABSTRACT

To study the possibility of apoptosis of tumor cells induced by weak electro-
magnetic fields (EMFs) in vivo, mice were inoculated with Ehrlich ascites
cells and exposed to a long-term electromagnetic field (1 mT, 700 KHz). Dur-
ing the treatment, growth curves of mice were measured and compared be-
tween exposed and sham-exposed mice. The results show that the growth
curves of healthy controls agree well with the ideal curve of logistic growth,
but the growth curves of cancer mice deviate from the ideal curve. There is
no difference in growth curves between exposed, and sham-exposed healthy
mice, and they both agree with the ideal curve. However, a notable difference
in growth curves between exposed and sham-exposed cancer mice was ob-
tained. Moreover, the curves of sham-exposed mice deviate even more than
those of the exposed mice; in other words, the growth curves of Ehrlich ascites
mice deviate from the ideal curve of healthy mice but are shifted toward it
by the EMF treatments. After the treatment, apoptosis of Ehrlich ascites cells
from inoculated mice was analyzed by several methods, including flow cytom-
etry, fluorescence microscopy, and DNA gel electrophoresis. Statistical analy-
sis from flow cytometry shows that the apoptotic ratio of cells from exposed
Ehrlich ascites mice was significantly higher than that from sham-exposed
treated mice. Microscopic observation of Ehrlich ascites cells stained with
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acridine orange (AO) and propidium iodide (PI) showed typical apoptotic
changes in exposed animals whose cell nuclei were highly condensed or frag-
mented and uniformly stained green by the AO, whereas cell nuclei from
sham-exposed mice were stained green and showed a fine reticular pattern.
Agarose gel electrophoresis of DNA from exposed mice showed that the chro-
matin DNA exhibited ladders, a characteristic feature of internucleosomal deg-
radation of DNA by EMF treatments. For interactions between external elec-
tromagnetic fields and DNA, the mechanism of apoptosis of tumor cells
induced by weak EMFs is discussed.

Key Words: Apoptosis; Ehrlich ascites cells; Long-term exposure; Weak
electromagnetic fields (EMFs)

INTRODUCTION

Apoptosis, or programmed cell death, plays a major role during develop-
ment, homeostasis, and in many human diseases, including cancer. The ‘‘deci-
sion’’ of cells to undergo apoptosis can be influenced by a wide variety of stimuli,
and is regulated by many different signals originating from both extracellular and
intracellular environments (1).

Tumors develop not only from abnormal cell proliferation and inhibition of
differentiation, but also from reduced cell death due to inhibition of apoptosis (2).
Promoting apoptosis of tumor cells is a new strategy for cancer treatment.

Recently, apoptosis in various cell types, induced by electromagnetic fields
(EMFs), has been reported from several laboratories (3–5). However, up to now,
research reports concerning apoptosis of tumor cells induced by EMFs in vivo
have not appeared. To address the possibility of apoptosis of tumor cells induced
by exposure of weak EMFs to animals, Ehrlich ascites mice were exposed to a
weak EMF at 700 KHz and 1 mT, and the apoptosis of the cancer cells from
exposed and sham-exposed mice was analyzed by flow cytometry, fluorescence
microscopic assay, and DNA gel electrophoresis. According to our scanning mea-
surements, the EMF absorbance is the highest at this frequency for many biologi-
cal materials, such as chicken embryos and mice. In this article, the preliminary
experimental results are presented.

MATERIALS AND METHODS

Animals and EMF Treatment

Mice [male, 20 � 2 g, Mus musculus (km)] used in this study were purchased
from the Animal Center, Institute of Genetics, Chinese Academy of Sciences. The
mice were given food and water ad libitum. To induce Ehrlich ascites in mice,
each was inoculated with 0.3 ml of the cells at a concentration of 2 � 107 cells/
ml. The experimental exposure condition is shown in Figure 1. Exposed mice
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Figure 1. The experimental exposure condition.

were placed in a solenoid connected to a generator which produced a 700 KHz,
1 mT alternating sinusoidal magnetic field.

The mouse cage in the solenoid was specially made, and was narrow enough
to limit the movement of the exposed mouse. The long axis of the mouse was
parallel with the magnetic force line of the EMF and parallel to the Earth’s field.
Sham-exposed mice were handled under the same conditions but without connec-
tion with the generator, and served as the controls for the treatments.

In this coil, the specific absorption rate (SAR) of exposed mice is about 0.3–
0.5 mW/g. The room temperature was controlled at 25°C.

Thermal effect was monitored by measuring the changes of temperature in-
side of the solenoid with a thermometer. No visible temperature increase was
observed during the exposures. Healthy mice were taken as the controls for inocu-
lated mice. In this study, mice were treated in three groups (Table 1). The course
of exposure was 10 days for group 2 and 8 days for group 3. The treated mice
were exposed 6 hr each day. During the treatments, the weight of each mouse
was measured every day and growth curves were made according to statistical
means of the measurements.

Flow Cytometric Analysis of Apoptosis

Ehrlich ascites cells were drained from the abdomens of exposed and sham-
exposed mice with a syringe. After cells were sterilized with 75% ethanol, centri-

Table 1. The Characteristics of the Groups

Group Number of Number of Number of
No. Unexposed Sham Exposed Exposed

1 9 Healthy mice 9 Healthy mice 9 Healthy mice
2 8 Healthy mice 8 Inoculated mice 8 Inoculated mice
3 9 Healthy mice 9 Inoculated mice 9 Inoculated mice

Mice in group 2 were exposed right after inoculation, in group 3 they were exposed on the seventh
day after inoculation.
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fuged, and washed in phosphate-buffered saline (PBS), they were then resus-
pended at 106 cells/ml with PBS. Propidium iodide (PI) was added in a final
concentration of 5 µg/ml. The cells were stained for 30 min, and then directly
analyzed by flow cytometry (FACScan, Becton Dickinson, San Jose, CA). The
program of CellFIT Cell-Cycle Analysis version 2.01.02 was used to analyze cell
cycle phase. The apoptotic ratio was analyzed by the program of LySYS II ver-
sion 1.1.

Fluorescence Microscopic Assay of Apoptotic Nuclei

Cells from exposed and sham-exposed animals were collected and stained
with a dye mixture of 10 µg/ml acridine orange (AO) and 10 µg/ml PI, then
examined under a Nikon fluorescence microscope to determine which cells were
undergoing nuclear changes characteristic of apoptosis. AO (a fluorescent DNA-
binding dye) intercalates into DNA, making it appear green, and also binds to
RNA, staining it red–orange. PI is taken up only by nuclei of nonviable cells,
and its fluorescence overwhelms that of the AO, making the chromatin of dead
or lysed cells appear red (6).

Agarose Gel Electrophoresis of DNA

A total of 106 cells from each treated or sham-treated mouse were harvested
by centrifugation at 4000 � g for 4 min, the supernatant was removed, and the
cells were resuspended in 500 µl of lysis buffer (100 mM Tris, 5 mM ethylene-
diaminetetraacetic acid [EDTA], 200 mM NaCl, 0.2% sodium dodecyl sulfate
[SDS], pH 8.5). Twenty microliters of proteinase K (10 mg/ml) was added and
the lysed cells were incubated at 50°C for 2 hr and cooled to 0°C. An equal
amount of cold ethanol (at �20°C) then was added to precipitate DNA, which
was collected by centrifugation (12,000 � g, 30 min), dried in air, and dissolved
in 50 µl TE buffer (10 mM Tris, 1 mM EDTA at pH 8.0). Each DNA preparation
was mixed with 2 µl RNase (10 mg/ml) and 6 µl loading buffer (0.25% bromophe-
nol blue, 0.25% xylene cyanol, and 30% glycerol dissolved in deionized H2 O)
and incubated for 15 min at 37°C. Samples were then run on a 1.6% agarose gel
containing 0.5 µg/ml ethidium bromide (EB), at 2.5 V/cm for 1.5 hr. The gel
was then observed under ultraviolet light and photographed.

Statistics

All data are expressed as mean � standard error (SE). Data were processed
by using a program of Statistic, Inc. Statistical significance was assessed by the
Student’s t-test ( p � 0.05).
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RESULTS

Difference in Growth Curves

Growth curves of mice are shown in Figures 1–3, where the curves of ex-
posed, sham-exposed, and healthy control mice are shown by solid lines, broken
lines, and dotted lines, respectively. According to the logistic growth model (7),
the ideal curve of growth for healthy mice is illustrated by the thick dashed line.

Figure 2 shows that there is no difference in growth curves between exposed
and sham-exposed healthy mice, and they both fit well with the ideal curve. From
Figures 3 and 4, a notable difference in growth curves between exposed and sham-
exposed cancer mice was obtained.

It is obvious that the growth curves of healthy controls fit well with the ideal
curve, but the growth curves of cancer mice deviate from the ideal curve. More-
over, the curves of sham-exposed mice deviate more than those of the exposed
mice. In other words, the growth curves of exposed mice are closer to the ideal
curve. In Figure 4, an identical difference in growth curves between exposed and
sham-exposed inoculated mice in group 3 only can be seen after day 7, when
the treatments were undertaken. Comparing Figure 2 with Figure 4, the difference

Figure 2. Growth curves of healthy mice in group 1. Each curve was constructed from statistical
averages of 9 mice (n � 9). The solid line describes the growth curve of exposed mice; the broken
line shows the growth curve for sham-exposed mice. The thick dashed line shows the ideal growth
curve of unexposed healthy mice according to the logistic growth model.
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Figure 3. Growth curves of cancer mice in group 2 where EMF treatments were carried out imme-
diately after the inoculation. Each curve was constructed from statistical means of 8 mice (n � 8).
Growth curves of exposed, sham-exposed, and unexposed healthy mice are described by solid lines,
broken lines, and dotted lines, respectively. The thick dashed line shows the ideal growth curve of
healthy mice according to the logistic growth model.

in the growth curves between early exposed and sham-exposed cancer mice in
group 2 is greater than between those of late-exposed and sham-exposed mice
in group 3.

Changes in Cell Cycles Analyzed by Flow Cytometry

Figure 5 shows typical changes in cell cycles of Ehrlich ascites cells analyzed
by flow cytometry with Cell FIT software. Figure 5(A) is a histogram of DNA
content from sham-exposed mice and Figure 5(B) is from exposed mice in group
2. The percentages in G0–G1, G2–M, and S phases are 27.83, 32.06, and 40.11%
in (A), and 33.03, 29.34, and 37.63% in (B), respectively. No apoptotic peak was
observed in the sham-exposed control. Compared with the control, the number
of cells in S–M and G2–M phase as a fraction of the total cells decreased, and
the number of cells in G0–G1 phase increased in the treated animals. A distinct
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Figure 4. Growth curves of cancer mice in group 3, where EMF treatments were begun on day
7 after inoculation. Each curve was the result of statistical means of 9 mice (n � 9). Growth curve
of exposed, sham-exposed, and unexposed healthy mice are described by solid lines, broken lines,
and dotted lines, respectively. The thick dashed line shows the ideal growth curve of unexposed
healthy mice according to the logistic growth model.

population of apoptotic cells in sub-G1 phase (apoptosis peak, AP) appeared. The
apoptotic cells were about 9.40% of the population.

The results indicated that EMFs can promote apoptosis of Ehrlich ascites
cells in vivo. The apoptosis of Ehrlich ascites cells might be associated with G1
arrest. The characteristics of the cell cycle from cancer mice in group 3 were
similar to those in group 2 (data not shown).

Difference in Apoptosis Levels Analyzed by Flow Cytometry

To observe the effects of weak EMFs on apoptosis of Ehrlich ascites cells
in vivo, the apoptosis ratio was analyzed by flow cytometry with LySYS II soft-
ware. The statistical averages of apoptosis ratios of cells from exposed and sham-
exposed cancer mice in group 2 were 5.460 � 2.927 and 0.889 � 0.995 (n �
8), respectively. The average apoptotic ratios of cells from exposed and sham-
exposed animals in group 3 were 9.729 � 1.791 and 4.131 � 1.035, respectively
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Figure 5. Typical histograms of DNA contents showing differences in cell cycle phases and
apoptosis of Ehrlich ascites cells from sham-exposed controls (A) and EMF treated mice (B). A
distinct population of apoptotic cells in sub-G1 phase (apoptosis peak, AP) was identified in (B).
The apoptotic cells were about 9.40% of the population.

(n � 9). Figure 6 shows that the average apoptotic ratios of cells from exposed
Ehrlich ascites mice is significantly ( p � 0.05) higher than those from sham-
exposed mice, and the difference between exposed and sham-exposed mice in
group 2 was greater than that in group 3.

Morphological Changes Observed by Fluorescence Microscope

Under the fluorescence microscope, we observed morphological changes of
Ehrlich ascites cells stained with AO and PI from mice of group 2. As shown in
Figure 7, cell nuclei from sham-exposed controls (A) were stained green and ap-
peared as a fine reticular pattern, whereas cell nuclei from exopsed animals (B)
were highly condensed or fragmented, and were uniformly stained green by the
AO, demonstrating that there were typical apoptotic changes in cells from exposed
animals. Cells from the mice in group 3 appeared to have similar morphological
changes (data not shown).

Characteristics Assayed by Agarose Gel Electrophoresis of DNA

Figure 8 is and illustration of agarose gel electrophoresis of DNA from ex-
posed and sham-exposed mice in group 2, showing that the chromatin DNA exhib-
ited ladders, a characteristic feature of internucleosomal degradation of DNA by
the EMF treatments. This result also demonstrated that apoptosis of cells occurred
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Figure 6. Statistical averages of apoptotic ratios of cells from exposed and sham-exposed mice
in group 2 (left, n � 8) and in group 3 (right, n � 9) showing that the average apoptotic ratios in
cells from exposed Ehrlich ascites mice were significantly higher than those from sham-exposed
mice ( p � 0.05).

Figure 7. Fluorescence micrographs of Ehrlich ascites cells in control (A) and treated (B) mice
in group 2 after cell staining with AO and PI: The cells from sham-exposed mice were stained green
and appeared in a fine reticular pattern. The cells from exposed animals were highly condensed or
fragmented and uniformly stained green by the AO.
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Figure 8. Agarose gel electrophoresis of DNA of the cells from exposed mice and sham-exposed
mice. Lane 1-marker (Hind III /Hae III; GIBCO); lane-2,3 EMFs sham-exposed mice of Groups 2
and 3; lanes 4 and 5: and EMF-exposed mice of Groups 2 and 3. The chromatin DNA exhibited
ladders, a characteristic feature of internucleosomal degradation of DNA.

after the animals were exposed to weak EMFs. Analysis of agarose gel electropho-
resis of DNA from group 3 yielded similar results.

DISCUSSION

It has become generally accepted that EMFs cause various biological effects
(8,9) and thus they have been used for some clinical purposes; for instance, for
promoting neural regeneration and bone healing. However, whether certain EMFs
can be used for cancer treatment has remained unknown until now. In the present
report, we provide evidence that long-term exposure of Ehrlich ascites mice to
weak EMFs promoted apoptosis of the cancer cells and inhibited the deviation
of the growth curves of the cancer mice from the ideal growth curve of healthy
mice. This suggests that EMFs may damage cancer cells by inducing apoptosis.
This result confirmed the findings of some previous experiments. Hisamitsu et al.
(3,4) found that EMFs could induce apoptosis of cultured human myelogenous
leukemia cell lines HL-60 and ML-1 in vitro. Ismael et al. (5) reported that EMFs
accelerated dexamethasone-induced apoptosis of mouse thymocytes in vivo. Blu-
menthal et al. (10) found that EMFs may initiate the apoptosis of rat tendon fibro-
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blast (RTF) and rat bone marrow (RBM) osteoprogenitor cells in vitro and result
in significant alteration in cell metabolism and cytoskeleton structure.

To determine the mechanism of induced apoptosis by EMFs, it is important
to discuss the mechanism of interaction between weak EMFs and living systems;
in particular, between weak EMFs and DNA. Blank (11) believed that direct inter-
action of EMF with DNA should be considered as a possible mechanism. Re-
cently, an interference model has been suggested by Popp and Chang (12). Ac-
cording to these authors, destructive interference of incoming and reflected waves
is established outside of the living cells. As a consequence, on the inside, construc-
tive interference takes place at the same time.

The results of the interaction depend not only on EMFs, but also on the
characteristics of the biological matter. Therefore, it may happen that under certain
conditions, tumor cells are more sensitive to EMFs than are normal cells, since
their DNAs are in different excited states. The synergistic effects of EMF exposure
and X-ray or chemotherapy in vitro can be easily understood from this point.
Cadossi et al. (13,14) pointed out that mice irradiated with X-ray and then exposed
to pulsing EMF (PEMF) suffered more rapid decline in white blood cells in pe-
ripheral blood than mice that were only irradiated, and that the growth of bone
marrow and spleen cells was inhibited more strongly. They also found that mice
injected with cyclophosphamide (CY) and then exposed to PEMF showed increase
in the damage induced in mice by the CY. In addition, Flipo et al. (15) demon-
strated the correlation between apoptosis of thymic cells and lymphocytes with
Ca2� influx into the cells. There were also numerous other hypotheses dealing
with the mechanism of interactions between EMFs and living systems (16–21).

Although the detailed mechanism of apoptosis induced by weak EMFs re-
mains to be elucidated, these experimental results show that EMFs may have a
valuable potential in anticancer treatment. We would like to emphasize here that
the small number of animals is one of the major limitations of the present study,
and a great deal of fundamental research concerning the therapeutic effects of
EMFs on cancer remains to be conducted. The most important area for study is
the mechanism of the interaction between weak EMFs and living systems.
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