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Abstract

This study aimed to investigate the therapeutic mechanism of treating SMMC-7721 liver cancer cells with magnetic fluid
hyperthermia (MFH) using Fe,O3; nanoparticles. Hepatocarcinoma SMMC-7721 cells cultured in vitro were treated with
ferrofluid containing Fe,O3 nanoparticles and irradiated with an alternating radio frequency magnetic field. The influence of the
treatment on the cells was examined by inverted microscopy, MTT and flow cytometry. To study the therapeutic mechanism of
the FeoO3 MFH, Hsp70, Bax, Bcl-2 and p53 were detected by immunocytochemistry and reverse transcription polymerase
chain reaction (RT-PCR). It was shown that Fe,O; MFH could cause cellular necrosis, induce cellular apoptosis, and
significantly inhibit cellular growth, all of which appeared to be dependent on the concentration of the Fe,O3; nanoparticles.
Immunocytochemistry results showed that MFH could induce high expression of Hsp70 and Bax, decrease the expression of
mutant p53, and had little effect on Bcl-2. RT-PCR indicated that Hsp70 expression was high in the early stage of MFH (<24 h)
and became low or absent after 24 h of MFH treatment. It can be concluded that Fe,O; MFH significantly inhibited the
proliferation of in vitro cultured liver cancer cells (SMMC-7721), induced cell apoptosis and arrested the cell cycle at the G,/M
phase. Fe,O3 MFH can induce high Hsp70 expression at an early stage, enhance the expression of Bax, and decrease the

expression of mutant p53, which promotes the apoptosis of tumor cells.
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Introduction

In 1997, Jordan et al. (1) first reported a novel method
of using magnetic fluid hyperthermia (MFH), which is
carried out through the combination of nanotechnology and
magnetic induction hyperthermia, to treat tumors, and
remarkable results were obtained. This therapy is also
known as targeted intracellular hyperthermia. Yanase et al.
(2) and Shinkai et al. (3) subsequently wrapped the
magnetic nanoparticles in lipid membranes to generate
magnetic liposomes (MLs) as intracellular hyperthermia
agents with increased efficacy. It was found in later studies
(4) that intracellular hyperthermia could also trigger
immune responses.

One of the therapeutic mechanisms of MFH in killing
tumor cells is the induction of cellular apoptosis (5,6).
Apoptosis is a physiological orderly cell death with a very
complex mechanism that is subject to a variety of promoting

and inhibiting factors. A variety of oncogenes and tumor
suppressor genes have been demonstrated to regulate
apoptosis, such as p53, Bcl-2, c-Myc, and transforming
growth factor (TGF)-p (7,8). The Bcl-2 family has received
extensive attention, since it appears to be the common
destination of various apoptosis pathways and thus
regulates apoptosis. These genes play important roles not
only in the formation and development of tumors but also in
tumor therapies. Regulation of apoptosis by the Bcl-2 and
Bax genes, both of which are members of the Bcl-2 family,
has increasingly become a research topic in molecular
biology. Bcl-2 is antiapoptotic and its overexpression (Bcl-2-
Bcl-2) results in apoptosis inhibition and cell survival,
whereas Bax is proapoptotic (9,10), and its overexpression
(Bax-Bax) leads to cell death. However, the expression of
the apoptosis suppressor gene Bcl-2is low or nonexistentin
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hepatoma cells (11,12), whereas Bax is widely distributed
in various organs including normal liver tissues, which
indicates that Bax is probably an important apoptosis-
regulating gene (13). Bai et al. (14) reported the abnormal
expression of Bax in Hodgkin’s disease. Bcl-2 and Bax have
been shown to have an important influence in regulating
the apoptosis of gastric cancer, prostate cancer, ovarian
cancer, and other tumor cells (15). However, correlation of
the apoptosis index with Bcl-2, Bax, and related proteins in
hepatocellular carcinoma has not been reported (16). In
addition, the p53 gene not only regulates cell proliferation
and differentiation but also participates in regulating
apoptosis. The wild-type p53 gene promotes apoptosis,
whereas the mutant p53 gene inhibits apoptosis (17). The
mutant p53 can downregulate the expression of Bcl-2 (18).
Guo et al. (19) reported no significant relationship between
Bax and p53. The abnormal expression of Bax and p53 in
hepatocellular carcinoma indicates that the two proteins
may be associated with liver cancer but have different
mechanistic pathways.

In this study, hepatocarcinoma cells were treated in vitro
with ferrofluids containing various concentrations of Fe,O3
nanoparticles and irradiated with an alternating magnetic
field. The influence of the treatment on the cells was
examined by inverted microscopy, transmission electron
microscopy (TEM), methylthiazoletetrazolium (MTT) viabi-
lity assay and flow cytometry. To further evaluate the
therapeutic mechanism of the treatment, Hsp70, Bax, Bcl-2
and p53 were detected by immunocytochemistry (IC) and
reverse transcription polymerase chain reaction (RT-PCR).
The experimental results are expected to establish a
reliable basis for the clinical treatment of liver cancer.

Material and Methods

Reagents and equipment

SMMC-7721 human hepatoma cells were purchased
from the Shanghai Institute of Biology and Cell
Biochemistry, Chinese Academy of Science. RPMI 1640
culture medium was purchased from Gibco-BRL (USA).
Trypsin (0.25%) was purchased from AMRESCO (USA).
MTT and diethyl bicarbonate (DEPC) were purchased from
Sigma (USA). Giemsa dye was purchased from Chroma
(USA). AMV reverse transcriptase, dNTP, Oligo(dT)18, Taq
DNA polymerase, 100 bp DNA ladder, RNasin (40 U/L), and
RNase-free DNase | were all purchased from Takara Co.
(China). The immunocytochemical reagents, streptavidin-
peroxidase (SP) staining kit and liquid aminoethyl carbazole
(AEC) enzyme substrate visualization kit were purchased
from Beijing Zhongshan Biotechnology Co., Ltd., China. All
biochemical reagents used in this study were of analytical
grade.

A PTC-100 thermal cycler, Multiskan MK3-353 enzyme
linked immunosorbent assay (ELISA) reader and Vantage
SE fluorescence-activated cell sorting (FACS) system
(USA) were used. An inverted microscope and JEM-2010
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high-resolution transmission electron microscope (JEOL,
Japan) were used. An SP-04C high-frequency induction
heater (Shenzhen Shuangping High-Frequency Heater
Factory, China) was used with the following operating
parameters: frequency =200 kHz; power=4 kW; output
alternating heating current=100-350 A.

Experiment

The experiment was divided into 4 groups. The blank
group contained the RPMI 1640 culture medium only
(control group A), while a second control group with the
same composition received magnetic irradiation (control
group B). The third group contained 8 g/L Fe,O3; nano-
particle ferrofluid in RPMI 1640 medium but was not
heated (spiking group). The final group contained various
concentrations of Fe,O3; nanoparticle ferrofluid (2, 4, 6,
8 g/L) in RPMI 1640 and was heated by magnetic
irradiation (MFH group). The Fe,O3 nanoparticle ferrofluid
was prepared using sterile RPMI 1640 medium. SMMC-
7721 cells in the logarithmic proliferation phase were used
in the experiments. MFH heating was carried out by
placing the sample on the coil plate of the SP-04C high
frequency heater and applying a high frequency alternat-
ing current (AC) alternating magnetic field (200 kHz, 4 kW,
output current 300 A).

Preparation and characterization of Fe,O3; magnetic
nanoparticles

The magnetic nanoparticles used in the present study
were made of maghemite (y-Fe>O3), which was synthe-
sized according to the following procedures: 1) Fe3O4
nanoparticles were prepared. Briefly, a combined solution
of FeCls (1 mol/25 mL water) and FeSO4.7H,0 (0.6 mol/
25 mL water) was stirred under nitrogen followed by the
rapid addition of 15 mL ammonia (25%) and further
stirring for 15 min. The dark precipitate of magnetite
particles (Fe;O4) that formed was isolated using a
permanent magnet and dried under vacuum. 2) y-Fe,O3
nanoparticles were prepared as follows. The Fe3;O,4
nanoparticles were suspended in solution of Fe(NO3) at
a concentration of 5 g/L. The particles were oxidized into
maghemite at 90°C with O, for 30 min. When the dark
precipitate became brown, the y-Fe,Oz; nanoparticles
were isolated with a permanent magnet. The nanoparticle
diameters (ranging from 10 to 20 nm) were controlled
by varying the proportion of iron (Il) and iron (lll), as
previously described (20).

Microscopic observation of cell morphology

Cells were added to the culture medium (5 mL)
corresponding to each experimental group. Each sample
of the MFH group received 1 hirradiation. All samples were
then further cultured for 48 h at 37°C in an incubator with
5% CO,, and saturated humidity. Cell morphology was
observed and photographed using an inverted optical
microscope and TEM.
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Cell proliferation rate measured by MTT

The SMMC-7721 cells were digested with 0.25% trypsin
and prepared as a cell suspension. The cell concentration
was adjusted to 6 x 10%/mL and 100 uL suspension (6 x 10°
cells) was added to each well of a 96-well culture plate.
Each group was assigned 8 wells, and 24 h after cell
seeding, 100 pL of the corresponding medium was added.
The control group B and the MFH group were irradiated
for 1 h. After culturing for 48 h, MTT (20 pL per well) was
added. The mixtures were further cultured for 4 h and the
liquids were discarded. To each well 160 pL dimethylsulf-
oxide (DMSO) was added, the plate was shaken for 10 min,
centrifuged at 2500 g for 10 min, and the supernatant
liquids were transferred to the wells in another 96-well plate.
The absorbance (A) at 493 nm was measured using an
automatic ELISA reader. The inhibition rate (%) = (1-
Aexperimental group/Acontrol group)x 100 and the proliferation
rate (OAU) = (Aexperimental group/AcontroI group) x100.

Flow cytometry analysis

SMMC-7721 cells (3x 10°/mL) were inoculated into
50 mL flasks (2 mL per flask) and cultured for 24 h. A3 mL
volume of culture medium from control group A, the spiking
group and the MFH group were added to individual flasks.
The MFH group was irradiated for 1 h while the other two
groups were placed at room temperature (26°C) for 1 h,
after which all groups continued in culture for 48 h. The cells
were collected, washed twice with phosphate buffered
saline (PBS), then fixed with 70% ethanol at 4°C for >24 h.
Before flow cytometry, cells were washed twice with PBS,
resuspended in 0.5 mL propidium iodide (PI; 0.05 g/L PI,
0.1 g/L RNase A) for staining 30 min at 26°C in the dark.
They were then passed through a 300-mesh filter and
analyzed with the flow cytometer. Data were analyzed using
the Lysis Il software (Becton-Dickinson, USA) software.

TUNEL apoptosis assay

DNA fragmentation was detected by terminal deox-
ynucleotidyl transferase dUTP nick end labeling (TUNEL)
assay, using the DeadEnd™ Fluorometric TUNEL System
(Promega Corporation, USA). Cells (5x 10® per well)
were plated onto 96-well flat bottom plates (Corning Inc.,
USA) and allowed to attach overnight prior to treatment.
The assay was performed as previously described by
Kristjansdottir (21). Experiments were performed in
triplicate.

Immunocytochemistry detection of Hsp70, Bax, Bcl-2
and p53 expression

Cells seeding and handling. The SMMC-7721 cells
(3 x 10%/mL) were inoculated into 6-well plates where each
well carried a coverslip. A volume of 2 mL cell suspension
and 3 mL RPMI 1640 culture medium were added to each
well. The mixtures were cultured for 24 h until the cells
attached to the coverslip and were then assigned to the
control group A and the MFH group. The wells of the MFH
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group were irradiated for 1 h. After further culturing for 24-
48 h, the coverslips were removed, washed twice with
pH 7.2-7.4 PBS, air dried, fixed with cold acetone for
5-10 min, air dried (or blow dried), fixed onto 26 x 76 mm?
slides using neutral gum, and stored at —20°C.

Immunocytochemical staining. The cell-seeded
coverslips were washed twice with PBS and dried. An
appropriate amount of 3% H,O, was added dropwise and
the mixture was incubated for 10 min at 37°C in a 100%
humidity incubator, washed with distilled water and soaked
in PBS for 5 min. Normal goat serum blocking solution was
added dropwise and the mixture was incubated at room
temperature for 15 min, then decanted (but not washed).
From this point on, the dilute solution of mouse anti-human
antibodies (Hsp70, Bax, bcl-2, p53) was added dropwise
and the mixture was incubated at 37°C for 2 h; then the
biotinylated goat anti-mouse secondary antibody was
added dropwise and the mixture was incubated at 37°C
for 15 min; and finally the working solution of horseradish
peroxidase (HRP)-labeled streptavidin was added dropwise
and the mixture was incubated at 37°C for 15 min. Each
incubation stage was followed by washing three times,
3 min each time, with PBS. Finally, freshly prepared AEC
solution was added at room temperature and the mixture
was examined under the microscope while staining for
10-30 min. The mixture was then extensively flushed with
tap water for 10 min and restained with hematoxylin for
40-60 s. The appropriate timing was determined by
microscopic observation. The re-staining step was omitted
if observation indicated nuclear expression. The stained
coverslip was sealed with ClearMount (Shanghai Sangge
Biological Technology Co., Ltd., China) and heated at
70-80°C in an oven for 10-20 min, then examined
microscopically and photographed.

RT-PCR detection of Hsp70 expression

RNA concentration, purity and integrity. The SMMC-
7721 cells cultured in groups were extracted according to
the Trizol manual and total RNA was purified. The RNA
concentrations corresponding to the samples were
calculated. RNA samples (5 uL) were loaded in buffer
solution and electrophoresed in 0.8% agarose denaturing
gel. The presence of at least two full strips indicated that
the RNA quality was sufficient to enable the reverse
transcription experiment to continue.

Reverse transcription. The reverse transcription
reaction system (total volume 20 plL) consisted of the RNA
samples (5 pL), Oligo dTqg (1 pL), dNTP (10 mM, 2 pL),
RNasin (0.5 pL), AMV (1 pL), 5 x buffer (4 pL), and DEPC
water (13.5 uL). The RNA sample was pre-denatured at
65°C for 10 min and placed in an ice bath for 10 min before
its final addition to the reaction system. The reverse
transcription then proceeded at 42°C. The mixture was
inactivated at 99°C for 5 min and then stored at —=20°C.

PCR amplification. 1) Primer customization and
dilution: Hsp70 and B-actin primers were synthesized by
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Table 1. PCR reaction system

Material Volume (uL)
10 x PCR buffer 2
dNTP 0.5
Hsp70 forward primer 1
Hsp70 reverse primer 1
B-actin forward primer 1
B-actin reverse primer 1
cDNA 4

TagE 0.5
MgCl, 2

Shenneng Bocai Biotechnology Co., Ltd (China) as
previously described (22). The primers were diluted to
20 pmol/uL, divided into aliquots and stored at —70°C until
use. 2) PCR reaction system (Table 1): the reaction system
was diluted with DEPC water to 25 uL. cDNA was first
denatured at 94°C for 2.5 min and then added to the
reaction system. Amplification was carried out on the
PTC-100 cycler (MJ Research Watertown Inc., USA).
The amplification cycle for Hsp70 included denaturation at
94°C for 30 s, annealing at 59°C for 30 s and extension at
72°C for 45 s, for a total of 25 cycles; and then extension
at 72°C for 10 min and storage at —20°C. The PCR
conditions for B-actin were identical to those of Hsp70,
except for annealing at 64°C and a total of 24 cycles. In the
control experiment, distilled water was used as a negative
control instead of cDNA in the PCR reaction system.
Untreated MCF-7 cells that expressed Hsp70 were used as
a positive control. Each DNA amplification was performed
in the presence of positive and negative controls to ensure
the reliability of the results. 3) Agarose gel electrophoresis:
agarose (0.5 g) was added to 0.5x Tris-borate-EDTA
(TBE) buffer (25 mL) to prepare 2.0% agarose gel. TBE
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was added to adjust the final concentration to 0.5 pg/mL.
When the temperature of the gel solution was approxi-
mately 50°C, the gel was poured while avoiding air bubbles
and the comb was inserted. After solidification, the gel was
placed in the electrophoresis tank. Samples were spotted
(5 pL PCR product, 1 pL loading buffer) and electropho-
resed in 0.5x TBE buffer at 80 V. After 30 min, the
electrophoresis products were examined under UV light,
scanned and photographed.

Statistical analysis

Data are reported as means+SD. The Poisson
distribution was used to evaluate differences between the
control group and treatment groups. ANOVA was per-
formed between treatment groups. All statistical analyses
were performed using SAS 8.1 and SPSS version 10.0.

Results

Cell morphological changes

It was observed under the inverted microscope that the
cells of control group A exhibited uniform size with no cell
rupture or fragmentation. The cells were abundant and
attached well. The spiking group was essentially the same
as control group A except that some magnetic material had
entered into or deposited among the cells. The cells of the
MFH group showed notable changes in morphology. The
temperature increase was positively correlated with the
concentration of the Fe,O3 nanoparticle ferrofluid (2 g/L —
39°C, 4 g/L — 41°C, 6 g/L — 43°C, 8 g/L — 47°C). The
number of normal cells gradually decreased whereas
necrotic cells and cell debris became abundant. Cell
attachment was poor or absent. The magnetic material
was increasingly deposited, and in some cases the cells
were not visible (Figure 1).

Electron microscopy results showed that the control

Figure 1. Morphology of SMMC-7721 cells under inverted microscope (100 x ). A, 2 g/L Fe,O3 MFH group; B, 4 g/L Fe;O3 MFH group;
C, 6 g/L Fe,O3 MFH group; D, 8 g/L Fe,O3 MFH group; E, 8 g/L Fe,O3 spiking group (no radiation); F, control group A (RPMI 1640

culture medium only). MFH: magnetic fluid hyperthermia.
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Figure 2. Morphology of SMMC-7721 cells after treatment. A,
spiking group (8 g/L Fe,O3, no radiation); B-D, MFH groups (4, 6
and 8 g/L Fe,O3, respectively). MFH: magnetic fluid hyperthermia.

group A had normal cell morphology. The cells of the
spiking group also appeared normal with nanomaterials
visibly deposited inside and outside the cells. The
hepatoma cells of the MFH group exhibited chromatin
condensation, cytoplasmic vacuolization, and formation of
apoptotic bodies. Nanomaterials were visibly deposited in
the nucleus, cytoplasm and lysosomes (Figure 2), and
were confirmed to be Fe,Oz nanoparticles by spectral
analysis (Figure 3).

MTT experimental results (Table 2)

The viability of each group was calculated from the
measured absorbance (A) values as cell survival rate (%)
= (Aaverage, experimental group/Aaverage, control group) x100. The
results of the MTT assay are shown in Figure 4. MFH using
Fe,O3 nanoparticles significantly inhibited the proliferation
of SMMC-7721 cells. The inhibition rate was clearly
dependent on the ferrofluid concentration, and the
maximum inhibition rate reached 81.77%. A significant
difference (P<0.05) was noted between the MFH group
and all other groups (control group A, control group B, and
spiking group) (Figure 4).

Flow cytometry

The flow cytometry results showed that in the MFH
group after 48 h, obvious hypodiploid DNA (apoptotic)
peaks appeared before the G1 peak, and the apoptosis
rate increased with rising concentration of the Fe,O3
nanoparticle ferrofluid. The cell cycles were arrested at the
G2/M phase to various degrees. The control group and
the spike group showed no obvious apoptosis peaks
(Figure 5).

TUNEL assay results
The TUNEL assay results revealed many apoptotic cells
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Figure 3. Energy spectrum of intracellular magnetic nanoparticle
deposits in SMMC-7721 cells.

in the MFH groups. The apoptosis rate increased with rising
concentration of the Fe,O3 nanoparticle ferrofluid. However,
fewer, or no, apoptotic cells were found in the Fe,O3
nanoparticle group and the simple magnetic radiation group.
Compared with the control group and the spiking group, the
MFH groups showed significant differences in apoptotic
cells rate. The proportion of apoptotic cells was significantly
increased with increased Fe,O3 nanoparticle concentrations
in the MFH groups (Figures 6 and 7).

Immunocytochemical test results

Staining criteria. Hsp70 positive sites were concentrated
in the cell membrane and cytoplasm as rings or patches of
red or reddish-brown color. The nuclei were negative. Bax
and Bcl-2 staining was mainly in the cytoplasm appearing as
red or reddish-brown patches. p53 staining was mainly in the
nucleus appearing as uniform red or red-brown particles.
The morphology of the entire nucleus was clearly visible.

The cells adhering to a coverslip were deemed
positive if the percentage of positive cells accounted for
>10% of the tumor cells examined in 10 high-power fields
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Table 2. MTT results of SMMC-7721 cells after MFH using Fe,O3 nanoparticles.

Groups ABS value Cell survival rate (%) Toxicity classification
Control group A 0.384 + 0.027 100.00 0
Control group B 0.383 + 0.026 99.74 1
Spiking group 0.376 + 0.025 97.91 1
MFH group
2 g/L Fe;0O3 0.270 + 0.037° 70.31 2
4 g/L Fe;03 0.266 + 0.050% 69.27 2
6 g/L FeO3 0.170 + 0.040% 44.27 3
8 g/L Fex03 0.070 + 0.014% 18.23 4

Data are reported as means & SD. Control group A: RPMI 1640 culture medium only; Control group B: RPMI 1640 culture medium and
radiation; spiking group: 8 g/L Fe,Os, no radiation; MFH: magnetic fluid hyperthermia. ®P<0.05 compared with control group A, control

group B, and spiking group (-test).

selected in different regions. A total of 200 clearly
distributed tumor cells were counted by two observers in
a double-blind manner and the mean was calculated. The
positive index (PIl) values of each group were calculated
as: Pl=number of positive cells/number of total tumor
cells x 100%.

Immunocytochemistry results for Hsp70

The cells of the control group A and the spiking group
were barely stained, if at all. In contrast, the membrane
and cytoplasm of the MFH group cells were visibly red or
reddish-brown (Figure 8). The PI of the MFH group
increased with rising ferrofluid concentration, suggesting
that hyperthermia induced Hsp70 expression.

Immunocytochemistry results for p53

For the control group and the spiking group, a large
number of tumor cells were stained red in the nucleus due
to p53 expression. The nuclear morphology was clearly

100%
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80% 1~ * %
50% =
* HGR
0% 1 & 3 =R
/ *
20% 1
& < L
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Figure 4. MTT histogram of SMMC-7721 cells after treatment.
GR: growth rate; IR: inhibition rate; NCG: control group A (RPMI
1640 culture medium only); SMFG: control group B (RPMI 1640
culture medium and radiation); SMUHG: spiking group (8 g/L
Fe,03, no radiation); MFHG: magnetic fluid hyperthermia groups
with Fe,O3 concentrations of 2, 4, 6, and 8 g/L, respectively.
*P<0.05 compared with NCG growth rate; *P<0.05 compared
with NCG inhibition rate (t-test).

Percentage
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visible and the color was light. For the MFH group,
particulate red or reddish-brown staining areas could be
observed in the nucleus of the tumor cells. The number of
positively stained cells and the staining intensity were
negatively correlated with the ferrofluid concentration
(Figure 9). The deposition of brown magnetic nanoparticles
could be noted in intracellular and intercellular zones
(Figure 10).

Immunocytochemistry results for Bax and Bcl-2

In the control group A, Bax and Bcl-2 had different levels
of expression. Specifically, particulate red-stained areas
were visible in the cytoplasm whereas no obvious staining
reaction was observed in the nucleus. The spiking group
was largely identical to the control group A. In the MFH
group, increasing the ferrofluid concentration significantly
enhanced Bax expression while Bcl-2 expression changed
little, and the staining was relatively light. Deposition of
brownish magnetic nanoparticles could be noted both inside
and outside the tumor cells (Figures 11 and 12). The ratio
of Bax/Bcl-2 appeared to increase with rising ferrofluid
concentration.

RT-PCR results for Hsp70

RNA concentration and purity. The Ageg and Aogg
values of the RNA samples were measured and the ratios
for all samples were found to be greater than 1.8, which met
the requirement for RNA extraction. The presence of three
complete strips (5S, 18S, 28S) following electrophoresis
confirmed the RNA integrity (Figure 13).

Electrophoresis

After hyperthermia treatment for 8-12 h, electropho-
resis results showed that Hsp70 and B-actin strips were not
observed in control group A, the cells of the spiking group
did not express Hsp70 but did express B-actin, and the
target fragment was 240 bp in size. For control group B,
target fragments appeared at 240 and 348 bp, correspond-
ing to B-actin and Hsp70, respectively. The electrophoresis
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Figure 5. Flow cytometry of SMMC-7721 cells after treatment. A, Control group A (RPMI 1640 culture medium only); B, spiking group
(8 g/L Fe,0Og3, no radiation); C, 2 g/L Fe,O3 MFH group; D, 4 g/L Fe,O3 MFH group; E, 6 g/L Fe,O3; MFH group; F, 8 g/L Fe,O3; MFH
group. MFH: magnetic fluid hyperthermia.

EUTET

Figure 6. Apoptosis of SMMC-7721 cells (200 x ) after treatment. A, Control group (RPMI 1640 culture medium only); B, spiking group
(8 g/L Fe,03, no radiation); C, 2 g/L Fe,Oz MFH group; D, 4 g/L Fe,O3 MFH group; E, 6 g/L Fe,O3; MFH group; F, 8 g/L Fe,O3 MFH
group. MFH: magnetic fluid hyperthermia.
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Figure 7. Apoptosis rates of treatment groups. CG: control group,
SMUHG: spiking group (8 g/L Fe,O3, no radiation), MFHG:
magnetic fluid hyperthermia groups with 2, 4, 6, and 8 g/L Fe,O3.
*P<0.05 compared with control and spiking group (t-test).

images of the MFH group showed both f-actin and Hsp70
strips at 240 and 348 bp. The Hsp70 strip of the MFH group
with 6 g/L Fe,O3 nanoparticle ferrofluid was the brightest
(Figure 14A).

After hyperthermia treatment for 24 h, there were no
Hsp70 and B-actin strips in the control group A electro-
phoresis lane, the spiking group did not express Hsp70, but
did express B-actin, and the target fragment was 240 bp in
size. For the control group B, target fragments appeared
at 240 and 348 bp, corresponding to B-actin and Hsp70,
respectively. The electrophoresis images of the MFH group
were similar to those of the control group A and the spiking
group with no strip at 348 bp (Figure 14B), indicating that
after hyperthermia for 24 h, the expressed proteins were
degraded or Hsp70 expression was inhibited.

S.Y. Yan et al.

Discussion

Effect of MFH on SMMC-7721 cells

The tumor cells could load a significant amount of
superparamagnetic Fe,O3 nanoparticles, and the daughter
cells received 50% of the magnetic particles during cell
division. Hence, not only the tumor cells but also their
daughter cells were susceptible to the alternating magnetic
field irradiation and both exhibited a high death rate (23).
We found that Fe,O3; nanoparticles could enter into the
cytoplasm and lysosomes of the SMMC-7721 cells. The
Fe,O3 nanoparticles could efficiently convert the energy of
the high-frequency alternating magnetic field (200 kHz,
4 kW, output current 300 A) into heat. When the ferrofluid
was diluted with 0.9% NaCl to concentrations of 2, 4, 6,
or 8 g/L and then heated for 60 min in high-frequency
alternating magnetic field (output current 300 A), the
temperature rose to 39-54°C. Note that after heating for
40 min, the ferrofluid temperature no longer increased but
remained at a constant level. Hence, the Fe,O3 nanopar-
ticle ferrofluid can be a relatively noninvasive means to
treat tumors with constant-temperature hyperthermia.

Electron microscopy, MTT assay and flow cytometry
analysis showed that after MFH treatment, there were
notable changes in the apoptotic SMMC-7721 cells, such
as chromatin condensation, formation of crescent bodies,
fragmentation of nuclei, and cell shrinkage. In addition,
MFH induced SMMC-7721 cell apoptosis in a dose-
dependent manner, and the maximum apoptosis rate
reached 69.33%. Compared with control group cells, the
MFH cells exhibited a notable hypodiploid peak ahead of

Figure 8. Immunochemical images (400 x) of Hsp70 expression in SMMC-7721 hepatoma cells. A, Control group A (RPMI 1640
culture medium only); B, spiking group (8 g/L Fe,;O3, no radiation), after 12 h; C, 2 g/L Fe,O3 MFH group, after 12 h; D, 4 g/L Fe,O53
MFH group, after 12 h; E, 6 g/L Fe;O3 MFH group, after 12 h; F, 8 g/L Fe;O3 MFH group, after 12 h. MFH: magnetic fluid

hyperthermia.
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Figure 9. p53 histogram of SMMC-7721 cells after treatment.
CG: control group A; SMUHG: spiking group (8 g/L Fe,O3, no
radiation); MFHG: MFH group; PI: positive index. *P<0.05
compared with CG (t-test).

the G1 peak. The cell cycle thus appeared to be arrested
at the G2/M phase (24). Yuguchi also observed that
hyperthermia could arrest the cell cycle at the GO/G1
phase (25). The MTT results showed that Fe,O3
nanoparticle ferrofluid hyperthermia inhibited the prolif-
eration of SMMC-7721 cells. The inhibition rate increased
with rising ferrofluid concentration and reached a max-
imum of 81.2%.

Effect of MFH on hepatocarcinoma-related genes and
proteins

Immunocytochemical staining showed that the tumor
cells in the control group expressed Bax and Bcl-2 to
various extents, as demonstrated by the particulate red
staining zones in the cytoplasm; the nucleus showed no
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obvious coloration. The tumor cells of the spiking group
appeared largely identical to those of the control group. In
the MFH group, the Bax expression was enhanced
remarkably with rising ferrofluid concentration, whereas
the Bcl-2 expression changed little and the staining
reaction was relatively light. Deposition of brown nano-
particles was visible both inside and outside the tumor
cells. In addition, the Bax/Bcl-2 ratio appeared to increase
with rising ferrofluid concentration, suggesting that MFH
could induce high Bax expression and exercise an
antitumor effect by altering the Bax/Bcl-2 ratio. This is in
agreement with Zhang (26) (24), who argued that Bcl-2
and Bax constitute a pair of positive and negative
regulators. Their proteins are both homogeneous dimers,
and during reaction one molecule of Bcl-2 and one
molecule of Bax are needed to combine into a hetero-
dimer. The Bax/Bcl-2 ratio plays a key role in determining
cell survival upon stimulation. Overexpression of Bcl-2
(Bcl-2-Bcl-2) leads to cell survival whereas overexpres-
sion of Bax (Bax-Bax) causes cell death. Bian et al. (27)
also reported that the expression of Bcl-2 in tumor cells
decreased significantly after hyperthermia treatment
whereas Bax expression was strongly enhanced. Tumor
necrosis was not observed during cancer regression.
Thus, it can be considered that hyperthermia can be used
clinically to kill tumor cells through apoptosis.

It has also been reported that treating malignant
fibrous histiocytoma MFH-2NR cells at 43°C for 1 h led
to morphological changes indicative of apoptosis. The
expression of Bax mRNA increased significantly and
peaked after 30 min of heating, and the increased Bax
expression was realized through the specific p53-
independent pathway (28). Immunocytochemistry studies
showed that in the control group and the spiking group,

Figure 10. Immunocytochemical images (200 x ) of p53 expression in SMMC-7721 hepatoma cells. A, Control group A (RPMI 1640
culture medium only); B, spiking group (8 g/L Fe,;Os, no radiation); C, 2 g/L Fe,O3 MFH group; D, 4 g/L Fe,O3 MFH group; E, 6 g/L
Fe,O3; MFH group; F, 8 g/L Fe,O; MFH group. MFH: magnetic fluid hyperthermia.
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Figure 11. Immunocytochemical images (400 x ) of Bax expression in SMMC-7721 hepatoma cells. A, Control group A (RPMI 1640
culture medium only); B, spiking group (8 g/L Fe,Os, no radiation); C, 2 g/L Fe,O3 MFH group; D, 4 g/L Fe;O3 MFH group; E, 6 g/L
Fe,O3 MFH group; F, 8 g/L Fe,O3; MFH group. MFH: magnetic fluid hyperthermia.

the tumor cells nuclei readily expressed p53, which was
stained red. The nucleus showed clear morphology with
light staining color. In contrast, particulate red or reddish-
brown stained areas could be seen in the nuclei of tumor
cells in the MFH group. The number of positively stained
cells and the staining intensity were negatively correlated
with the ferrofluid concentration. The deposition of brown
magnetic nanoparticles could be noted in intracellular and
intercellular zones. Hyperthermia was found to increas-
ingly inhibit mutant p53 expression with rising ferrofluid
concentration. Low expression of mutant p53 resulted in
relatively high expression of wild-type p53, which initiated
a variety of proapoptotic pathways and promoted the

antitumor effect. In addition, Matsumoto et al. (29) argued
that heating can also stimulate the expression of wild-type
p53 and suggested that hyperthermia-induced apoptosis is
regulated by the p53 gene. Ohnishi et al. (30) suggested
that P21/WAF1/CIP1 protein, which is the product of the
oncogene k-ras, is an inhibitor of the cyclin D kinase (CDK)
that can be activated by p53 at the transcription level to
inhibit the progression of G1/S phase cells and promote
apoptosis. Heating can induce the expression of tumor
necrosis factor (TNF)-o. and promote apoptosis. Thus,
hyperthermia mainly induces the expression of wild-type
p53, inhibits the expression of mutant p53, increases the
ratio of wild-type/mutant p53 proteins, and promotes the

Figure 12. Immunocytochemical images (400 x ) of Bcl-2 expression in SMMC-7721 hepatoma cells. A, Control group A (RPMI 1640
culture medium only); B, spiking group (8 g/L Fe,Os, no radiation); C, 2 g/L Fe,O3 MFH group; D, 4 g/L Fe,O3 MFH group; E, 6 g/L
Fe,O3 MFH group; F, 8 g/L FeoO3; MFH group. MFH: magnetic fluid hyperthermia.
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Figure 13. Results of RNA electrophoresis of SMMC-7721 cells
in 3 groups. CG: control group A (RPMI 1640 culture medium
only); SMUHG: spiking group (8 g/L Fe,O3, no radiation); MFHG:
magnetic fluid hyperthermia group (lane 3: 2 g/L Fe,Og; lane 4:
8 g/L Fex03).

apoptosis of SMMC-7721 cells through a series of
proapoptotic pathways.

The so-called thermal tolerance phenomenon can be
experienced in hyperthermia, where more repetitions of
treatment appear to deteriorate the efficacy. It has been
suggested that the thermal tolerance of tumor cells is

A MARK NC UHG MFH4 MFH3 PC MFH2 MFH1

B MARK NC UHG MFH4 MFH3 MFH2 MFH1

400bp—»
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associated with the Hsp family (31,32). The expression of
Hsp70 protein and mRNA of SMMC-7721 cells after MFH
treatment was examined by immunocytochemistry and
RT-PCR. It was found that the expression of both Hsp70
protein and mRNA increased after 8 h and peaked after
12 h of MFH treatment, and no expression was observed
after 24 h. The results indicate that Hsp70 is relevant to
the thermal tolerance in the early stage of the MFH
treatment, but has little influence on the apoptosis.

Therefore, in this study, the therapeutic effect of
Fe,O3; nanoparticle ferrofluid on SMMC-7721 cells in
hyperthermia treatment was mainly due to increased Bax/
Bcl-2 ratio and increased wild-type/mutant p53 protein
ratio, which promoted the apoptosis of hepatoma cells.
Hsp70 has relatively little direct effect of tumor cell
apoptosis in the hyperthermia treatment. Hsp70 may be
responsible for the thermal tolerance observed in the early
stage of hyperthermia and for part of the antitumor
immunity.
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Figure 14. RT-PCR detection of Hsp70 expres-
sion for SMMC-7721 cells after treatment for 12 h
(A) and 24 h (B). NC: control group A (distilled
water only); UHG: spiking group (8 g/L Fe;O3, no
radiation); MFH4: MHF group with 8 g/L
Fe,03; MFH3: MHF group with 6 g/L Fe,O3; PC:
control group B (MCF-7 cell group only); MFH2:
MHF group with 4 g/L Fe;O3; MFH1: MHF group
with 2 g/L Fe,O3.
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