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The aim of this study was to determine whether caffeine enhanced
radiosensitization in an orthotopic transplant of LM3 human hepa-
tocellular cancer in nude mice. LM3 hepatocellular carcinoma cells
were infected with red fluorescent protein and irradiated, and cell
cycle distribution and survival fraction were detected. A nude
mouse model of orthotopic transplant of red fluorescent protein-
expressing LM3 hepatocellular cancer was established. Nude mice
were divided into four groups: control (NS); caffeine (Caff) alone;
irradiation (IR) alone; and caffeine + IR (Caff + IR). Tumor growth
curves were described. Expression of cyclin and apoptosis were
evaluated by analysis of phosphorylated cyclin dependent kinase 1
(CDC2) Tyr15 (CDC2-Tyr15-P), cyclinB1, TUNEL staining, and cas-
pase-3. Caffeine abrogated IR-induced G2 phase arrest and
decreased survival of irradiated LM3 cells. Caffeine enhanced
radiosensitivity of LM3 hepatocellular cancer in vivo. Tumor
growth delay time in the Caff + IR group was 14.3 days compared
with the NS group, 14.1 days compared with the Caff alone group,
and 7.2 days compared with the IR alone group. At 15 Gy, expres-
sion of CDC2-Tyr15-P in the Caff + IR group (26.0 ± 8.9%) was sig-
nificantly lower than in the IR alone group (68.4 ± 10.6%),
expression of cyclinB1 and proportion of TUNEL-positive cells in
the Caff + IR group (30.4 ± 8.7% and 59.2 ± 9.5%, respectively)
was significantly higher than in the IR alone group (7.0 ± 3.7%
and 24.2 ± 7.2%, respectively), expression of caspase-3 was consis-
tent with the TUNEL staining results. This study suggested that
caffeine might enhance the radiosensitivity of LM3 hepatocellular
cancer in vivo, and may be feasible for further clinical applications.
(Cancer Sci 2010; 101: 1440–1446)

H epatocellular cancer is the sixth most common cancer and
the third most common cause of cancer-related death

worldwide because of its poor prognosis.(1) Surgical resection is
the best choice for treatment of hepatocellular cancer. However,
a considerable number of cases are not suitable for surgical
resection because of factors such as the large size of the tumor
mass, and the coexistence of liver cirrhosis and portal vein
tumor thrombosis. Radiotherapy is an effective treatment option
for inoperable hepatocellular cancer,(2,3) although irradiation
(IR)-induced liver disease limits the dose that can be delivered.

Caffeine, a well-known radiosensitizing agent, is believed
to increase radiosensitivity by enhancing apoptosis.(4–6) In
response to various DNA damaging agents such as IR, cells
undergo G2 delay, which provides sufficient time for DNA
repair to maintain genomic integrity.(7) The ability of caffeine to
increase the radiosensitivity of cells is due to the inhibition of
G2 checkpoint activation.(8–10) Radiation-induced G2 phase
arrest is closely related to the inhibition of cyclin dependent
kinase 1 (CDC2) activity,(11,12) and activation of CDC2 in com-
bination with cyclinB1 is an important condition for G2 ⁄ M tran-
sition in the cell cycle.(13) Suppression of CDC2 activity
contributes to phosphorylation of CDC2 Tyr15 protein after
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IR.(14,15) Caffeine interferes with phosphorylation of CDC2
Tyr15 protein, resulting in increased CDC2 activity,(16) which is
necessary to promote the cell to enter the M phase. Radiation
might directly reduce the expression of cyclinB1,(17,18) whereas
caffeine can increase the expression of cyclinB1 after IR.(19)

Therefore, caffeine might enhance radiosensitivity by increasing
the activity of the CDC2 ⁄ cyclinB1 complex, which decreases
the time available for damaged DNA to undergo repair, and
hence increases the IR-induced aberration rate of DNA,
ultimately resulting in apoptosis.(20)

Caffeine has been extensively tested as a radiosensitizer in
studies in vitro. However, to our knowledge, the radiosensitiza-
tion effect of caffeine in vivo is unclear, because achieving mil-
limolar concentrations required for the effective dose of caffeine
in vitro is difficult. Nevertheless, caffeine is almost 100% bio-
available when taken orally,(21) it is absorbed by the stomach
and small intestine promptly after ingestion, accumulates rapidly
in the portal vein, and reaches the liver, where it is concentrated
in liver tumor tissue. As a result, we hypothesized that caffeine
could be uniquely suited to enhance hepatocellular cancer radio-
sensitization.

In the present study, we used a nude mouse model with ortho-
topic transplant of hepatocellular cancer with IR exposure of
5 Gy per fraction delivered every other day, to investigate
whether caffeine increases the radiosensitivity of LM3 hepato-
cellular cancer and by what possible mechanism, and to deter-
mine the feasibility of further clinical application.

Materials and Methods

Cell fluorescent protein infection, culture, and drug
treatment. LM3 hepatocellular carcinoma cell lines, with high
metastatic potential and mutant p53, were established and pro-
vided by the Liver Cancer Institute of Fudan University (Shang-
hai, China).(22) The cells were infected with red fluorescent
protein (RFP) full-length cDNA by a lentivirus as described pre-
viously(23) and cultured in high glucose DMEM supplemented
with 10% FBS (Gibco-BRL, Grand Island, NY, USA) at 37�C
in a humidified incubator in an atmosphere of 5% CO2. Caffeine
(Sigma, St. Louis, MO, USA) was dissolved in the medium at
2.5 mM and used for incubation of LM3 cells immediately after
IR.

Flow cytometry analysis. Exponentially growing anchorage-
dependent LM3 cells were irradiated using a 6-MV X-ray beam
(Oncor; Siemens, Erlangen, Germany), and fixed in 75% ethanol
at )4�C overnight in the corresponding time after IR. Cells were
suspended in 1 mL PBS containing 50 lg RNase-A and 65 lg
propidium iodide at 37�C for 1 h in the dark. Cell cycle
doi: 10.1111/j.1349-7006.2010.01564.x
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distribution was determined using a flow cytometer (FACSCalibur;
Becton Dickinson Biosciences, San Jose, CA, USA).

Clonogenic cell survival assay. LM3 cells were plated in 6-
well plates, incubated overnight, and irradiated using an acceler-
ator (Oncor; Siemens). The cells were further incubated with
caffeine for 72 h and cultured in fresh medium for 14 days. The
colonies were fixed with methanol and stained with 1% crystal
violet. Only the colonies containing more than 50 cells were
counted, and survival fractions were calculated.

Establishing the orthotopic transplant hepatocellular cancer
model and irradiation. Four-week-old male BALB ⁄ c hairless
mice were purchased from SiLaike Animal Company (Shanghai,
China). The treatment of hairless mice and this study were
approved by the local animal ethics committee. The nude mice
were s.c. injected with 1 · 107 RFP-expressing LM3 cells into
the upper flank region. When the tumors reached 1 cm in diame-
ter, they were removed, cut into 2 · 2 · 2 mm3-sized pieces,
and implanted into the liver, as described previously,(24) to
establish an RFP-expressing LM3 hepatocellular cancer ortho-
topic xenograft model. The mice were maintained under patho-
gen-free conditions with access to a normal laboratory diet and
water ad libitum after surgery. The mice were randomly divided
into four groups: control (normal saline [NS]); caffeine (Caff)
alone; IR alone; and caffeine + IR (Caff + IR). When the intra-
hepatic tumor fluorescent area, which generally represents the
tumor tissue size, reached approximately 0.5 cm in diameter
under fluorescence microscopy, the margins of tumor areas were
marked on the skin of each animal. The intrahepatic tumors in
both IR groups were exposed to IR of 5 Gy per fraction for three
fractions, every other day, for a total of 15 Gy, using a 6-MeV
electronic beam at a dose rate of 300 cGy per minute (Oncor;
Siemens), while normal tissue was protected using lead shield-
ing. Caffeine in solution (2 mg per 1 mL) at a dose of
100 mg ⁄ kg was injected into the stomachs of mice in both caf-
feine groups using gavage immediately after completion of IR,
with the same volume of saline given to mice in the control and
IR alone groups. The red fluorescent areas were imaged by using
fluorescence microscopy before IR and every 3 days after IR.
Image-Pro Plus software (Media Cybernetics, Silver Spring,
MD, USA) was used to measure the size of the red fluorescent
areas, and the resulting tumor growth curves were described. All
animals were killed 30 days after IR. Tumor tissues were iso-
lated, and length (a), width (b), and height (c) of the tumors
were measured using calipers. Tumor volume was calculated
using the formula V = (4p ⁄ 3) · (a ⁄ 2) · (b ⁄ 2) · (c ⁄ 2), and a
tumor volume histogram was described.

Western blot analysis. Tumor tissues were obtained at 12 h
and 36 h after 5-Gy IR and 12 h after 10-Gy and 15-Gy IR.
Tumor tissues were lysed in solubilizing buffer (1% Triton
X-100, 1% deoxycholate, 0.1% SDS, 1 mmol ⁄ L PMSF, and a
protease inhibitor cocktail) and centrifuged. The samples were
separated by 10% SDS-PAGE and transferred onto PVDF
membranes. The membranes were incubated with the main
antibody, either CDC2-Tyr15-P, cyclinB1, or caspase-3 (Cell
Signaling Technology, Beverly, MA, USA) overnight at 4�C,
and HRP-conjugated rabbit antimouse antibody (Dako, Copen-
hagen, Denmark) was applied. The immunoreactive signal was
visualized with an ECL detection system (Amersham Pharmacia
Biotech, Buckinghamshire, UK). The optical density value of
each protein was normalized to the tubulin level in the same
sample. Each experiment was repeated five times.

Immunohistochemical analysis and TUNEL assay. Tumor tis-
sues were obtained 12 h after completion of 5-Gy, 10-Gy, or
15-Gy IR. Tumor tissues were fixed in 4% paraformaldehyde,
dehydrated in ethanol, and embedded in paraffin. After
dewaxing, endogenous peroxidase was blocked using 3% H2O2

for 30 min, and samples were incubated with main antibodies to
CDC2-Tyr15-P and cyclinB1 (Cell Signaling Technology)
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overnight at 4�C in a humidity chamber, and HRP-conjugated
rabbit antimouse antibody (Dako) and 3,3-diaminobenzidine
were applied. For TUNEL staining, deparaffinized sections
were incubated with terminal deoxynucleotidyl transferase and
biotin-16-dUTP (Roche Applied Science, Indianapolis, IN,
USA), signals were visualized after adding HRP-conjugated
antibiotin antibody and 3,3-diaminobenzidine. Ten random
high-power fields were examined, and the number of positive
cells was manually counted by two physicians. The proportion
of positive cells was calculated as the number of positive cells
divided by the total number of cells ·100%.

Statistical analysis. Data were expressed as the mean ± SD.
Comparison among multiple groups was carried out with a non-
parametric ANOVA test. Results with P < 0.05 were considered
statistically significant.

Results

Radiation-induced G2 phase arrest was abolished by caffeine in
LM3 cells. The proportion of LM3 cells in G2 phase arrest 16 h
after IR increased with increasing IR dose, with 13.7 ± 2.9%
at 0 Gy, 25.9 ± 3.6% at 8 Gy, 40.8 ± 3.3% at 16 Gy, and
52.2 ± 4.4% at 24 Gy. In contrast, IR did not induce G1 phase
arrest (Fig. 1A). The proportion of cells in G2 phase arrest
reached a maximum of 39.9 ± 2.2% at 12 h after 12 Gy IR,
whereas the proportion of cells in G2 phase arrest treated with
2.5 mM caffeine and 12-Gy IR was 21.7 ± 2.3% (Fig. 1B). The
proportion of cells treated with 2.5 mM caffeine without IR in
G2 phase arrest was similar to the controls at the corresponding
time (data not shown).

Caffeine sensitizes cells to ionizing radiation. As shown in
Figure 2, the survival of LM3 cells decreased with IR alone in a
dose-dependent manner. Adding caffeine decreased survival
even further, also dependent on the IR dose. Survival of cells
treated with 2.5 mM caffeine alone was similar to the control
group (data not shown).

Caffeine sensitizes tumor tissues to ionizing radiation. As
shown in Figure 3(A,B), the tumor fluorescent areas in each
group before IR did not differ significantly; however, the tumor
fluorescent area in the Caff+IR group was significantly smaller
than that of the control group (P = 0.014) on day 6 from the
beginning of IR, of the Caff alone group (P = 0.026) on day 9,
and of the IR alone group (P = 0.043) on day 12. The differ-
ences increased as time went on. The tumor fluorescent area in
the Caff alone group and the NS group did not differ signifi-
cantly. The tumor fluorescent area increased to four times larger
than the initial area in the control group in 14.7 days, in the Caff
alone group in 14.9 days, in the IR alone group in 21.8 days,
and in the Caff + IR group in 29.0 days. The tumor growth
delay time in the Caff + IR group was 14.3 days compared with
the control group, 14.1 days compared with the Caff alone
group, and 7.2 days compared with the IR alone group, whereas
the tumor doubling time between the control and Caff alone
groups showed almost no difference. As shown in Figure 3(C),
tumor volume at the end of experiment in the Caff + IR group
was significantly smaller than the IR alone group.

Caffeine attenuated CDC2-Tyr15-P protein expression to
ionizing radiation. The results of Western blot investigation of
CDC2-Tyr15-P protein expression are presented in Figure 4(A).
There were no significant differences in CDC2-Tyr15-P protein
expression between the NS and Caff groups. Levels of CDC2-
Tyr15-P protein 12 h after IR increased with increasing IR dose
in the IR alone group. The CDC2-Tyr15-P protein expression
level was much lower in the Caff + IR group compared with the
IR alone group at the same IR dose. However, the protein
expression level of CDC2-Tyr15-P in the Caff + IR group was
similar to the level in the IR alone group, with both at a high
level 36 h after 5-Gy IR.
Cancer Sci | June 2010 | vol. 101 | no. 6 | 1441
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(A)

(B)

Fig. 1. Caffeine abolished radiation-induced G2 phase arrest in LM3
hepatocellular carcinoma cells. (A) The proportion of cells in G1 phase
arrest and G2 phase arrest as a function of dose 16 h after irradiation
(IR). (B) The proportion of cells in G2 phase arrest as a function of
time after 12 Gy IR with or without caffeine (Caff). Data are expressed
as the mean ± SD for five independent experiments. *P < 0.05
compared with the IR alone group; **P < 0.01 compared with the IR
alone group.

Fig. 2. Clonogenic surviving fraction of LM3 hepatocellular
carcinoma cells following treatment with irradiation (IR) alone or IR
with 2.5 mM caffeine (Caff). The surviving fraction of cells was
normalized by the occurrence of cell death in the group treated with
0 Gy IR. Data are expressed as the mean ± SD for five independent
experiments.
The results of quantitative immunohistochemical analysis for
CDC2-Tyr15-P for different IR doses, presented in Figure 4(B),
were consistent with Western blot results. In the NS group and
Caff group, the proportion of CDC2-Tyr15-P positive cells were
18.9 ± 7.1% and 19.6 ± 7.4%, respectively. In the IR alone
group, the proportion of CDC2-Tyr15-P positive cells with 5-Gy
IR was 38.8 ± 9.2%; with 10-Gy IR, 53.0 ± 9.2%; and with 15-
Gy IR, 68.4 ± 10.6%. In the Caff + IR group, the proportions of
CDC2-Tyr15-P positive cells were significantly lower than in
the IR alone group; with 5-Gy IR, the proportion of positive
cells was 24.2 ± 7.3%; with 10-Gy IR, 26.8 ± 8.5%; and with
15-Gy IR, 26.0 ± 8.9%.

Caffeine enhanced cyclinB1 protein expression to ionizing
radiation. The results of Western blot investigation of cyclinB1
protein expression are presented in Figure 5(A). There were no
significant differences in cyclinB1 protein expression between
the NS and Caff groups. In the IR alone group, expression of
cyclinB1 protein 12 h after IR decreased with increasing IR
dose. In the Caff + IR group, expression of cyclinB1 protein
was much higher than that of the IR alone group at the same IR
1442
dose. Similar to CDC2-Tyr15-P protein expression, cyclinB1
protein expression did not differ between the Caff + IR group
and the IR alone group, with both at a low level 36 h after 5-Gy
IR.

The results of quantitative immunohistochemical analysis for
cyclinB1 for different IR doses, presented in Figure 5(B), were
also consistent with Western blot results. In the NS and Caff
groups, the proportion of cyclinB1-positive cells were
38.2 ± 9.0% and 36.2 ± 7.6%, respectively. In the IR alone
group, the proportion of cyclinB1-positive cells with 5-Gy IR
was 19.0 ± 8.2%; with 10-Gy IR, 12.4 ± 4.6%; and with 15-Gy
IR, 7.0 ± 3.7%. In contrast, in the Caff + IR group, the propor-
tions of cyclinB1-positive cells were significantly higher than in
the IR alone group; with 5-Gy IR, the proportion of cyclinB1-
positive cells was 33.8 ± 9.5%; with 10-Gy IR, 33.4 ± 9.3%;
and with 15-Gy IR, 30.4 ± 8.7%.

Caffeine enhanced apoptosis to ionizing radiation. Staining
results from TUNEL assay are presented in Figure 6(A). In the
NS and Caff groups, the proportion of TUNEL-positive nuclei
were 14.4 ± 8.2% and 15.2 ± 8.8%, respectively. In the IR
alone group, the proportion of TUNEL-positive nuclei was
18.6 ± 8.2% with 5-Gy IR; 21.2 ± 6.1% with 10-Gy IR; and
24.2 ± 7.2% with 15-Gy IR, with no significant difference
between the different IR doses. In the Caff + IR group, the pro-
portions of TUNEL-positive nuclei were significantly higher
than in the IR alone group. With 5-Gy IR, the proportion of
TUNEL-positive nuclei was 31.0 ± 8.8%; with 10-Gy IR,
43.2 ± 10.9%; and with 15-Gy IR, 59.2 ± 9.5%.

We used immunoblotting to assess apoptosis by measuring
caspase-3 expression level as a marker (Fig. 6B). Consistent
with the TUNEL staining results, caspase-3 protein expression
in the NS group was not significantly different from that of the
Caff group, and caspase-3 protein expression was significantly
higher in the Caff + IR group compared with the IR alone group
at the different IR doses. Caspase-3 expression increased with
increasing IR dose and caffeine dose in the Caff + IR group,
whereas caspase-3 expression did not change significantly in the
IR alone group with different IR doses.

Discussion

In this study, we found that caffeine improved the antitumor
effect of IR in LM3 human hepatocellular carcinoma in vitro
doi: 10.1111/j.1349-7006.2010.01564.x
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(A) (B)
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Fig. 3. Caffeine (Caff) sensitized hepatocellular
tumor tissues to ionizing irradiation (IR). (A) Tumor
fluorescence images before IR and at day 30 after
IR. (B) Tumor growth curves. (C) Tumor volume
histogram at the end of the experiment. Data are
expressed as the mean ± SD (n = 10 per group). NS,
normal saline. *P < 0.05 compared with the IR
alone group; **P < 0.01 compared with the IR
alone group.

(A)

(B)

Fig. 4. Phosphorylated cyclin dependent kinase 1
(CDC2) Tyr15 (CDC2-Tyr15-P) protein expression in
LM3 hepatocellular carcinoma cells and the effect
of irradiation (IR) with or without caffeine (Caff).
(A) Western blot analysis of CDC2-Tyr15-P
expression at 0 Gy, 12 h and 36 h after 5-Gy IR,
and 12 h after 10-Gy and 15-Gy IR. (B)
Immunohistochemical analysis of CDC2-Tyr15-P
positive cells at 0 Gy, 12 h after 5-Gy, 10-Gy, and
15-Gy IR. The number of positive cells in 10
randomly selected areas was counted under the
microscope (original magnification, ·200). Data are
expressed as the mean ± SD (n = 5 per group). NS,
normal saline. *P < 0.05 compared with the IR
alone group; **P < 0.01 compared with the IR
alone group.
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(A)
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Fig. 5. CyclinB1 protein expression in LM3 hepato-
cellular carcinoma cells and the effect of irradiation
(IR) with or without caffeine (Caff). (A) Western
blot analysis of cyclinB1 expression at 0 Gy, 12 h
and 36 h after 5-Gy IR, and 12 h after 10-Gy and
15-Gy IR. (B) Immunohistochemical analysis of
cyclinB1-positive cells at 0 Gy, 12 h after 5-Gy, 10-
Gy, and 15-Gy IR. The number of positive cells in 10
randomly selected areas were counted under the
microscope (original magnification, ·200). Arrows
indicate cyclinB1-positive cells. Data are expressed
as the mean ± SD (n = 5 per group). NS, normal
saline. *P < 0.05 compared with the IR alone group;
**P < 0.01 compared with the IR alone group.
and in vivo, in which survival of cells was decreased and tumor
growth was inhibited. The IC50 of caffeine was 2.89 mM for the
LM3 cell line, as measured by the MTT assay at a previous pre-
liminary experiment, so the concentration of 2.5 mM was used
for optimal radiosensitization for our study. In the in vitro study,
G2 phase arrest reached a peak at 12 h after IR, and caffeine
reversed this effectively. As a result, we chose the time point of
12 h after IR to study the mechanism of caffeine radiosensitiza-
tion in the in vivo experiments. Radiation increased CDC2-
Tyr15-P protein expression, and caffeine inhibited this increase.
At the same time, IR significantly reduced cyclinB1 protein
expression, and caffeine restored it. Interestingly, the effect of
caffeine on reducing expression of CDC2-Tyr15-P and restoring
expression of cyclinB1 was independent of IR dose, which
should be helpful in maintaining abrogation of G2 phase arrest
during radiotherapy. The fact that CDC2-Tyr15-P and cyclinB1
protein expression levels were similar in the IR alone group and
the Caff + IR group at 36 h after the first IR suggested that if
caffeine was given again after 5-Gy IR, it could effectively
maintain the low expression of CDC2-Tyr15-P protein and the
high expression of cyclinB1 protein. The caffeine concentration
and frequency of administration in the setting of hypofraction-
ated IR improved the radiosensitivity of LM3 human hepatocel-
lular cancer, which may provide some reference for future
clinical applications.

In addition, we found that abrogation of G2 phase arrest that
leads to increased radiosensitivity is linked with enhancement of
1444
IR-induced apoptosis, as indicated by TUNEL-positive cells and
caspase-3 activity. Interestingly, the proportion of TUNEL-posi-
tive cells did not change with increasing IR dose in the IR
group. It may be that although IR-induced G2 phase arrest grad-
ually increased, as indicated by the gradual decrease in
CDC2 ⁄ cyclinB1 complex activity with increasing IR dose, this
provided enough time for DNA repair. In contrast, in the Caf-
f + IR group, the proportion of TUNEL-positive cells increased
significantly with increasing IR dose and caffeine dose. This
may be explained by the fact that caffeine maintained similar
levels of low expression of CDC2-Tyr15-P and high expression
of cyclinB1 after different IR doses, thus effectively maintaining
abrogation of G2 phase arrest during IR. High caspase-3 expres-
sion is thought to be an important factor for inducing apoptosis,
and disturbance of caspase-3 activation has been implicated in
failure of anticancer therapies.(25,26) We were pleased to find
that caffeine increased caspase-3 expression of LM3 human
hepatocellular cancer after IR, further affirming that caffeine
enhanced the anticancer effect of IR. Based on our results, we
conclude that caffeine could abolish IR-induced G2 phase arrest,
eventually leading to apoptosis of LM3 hepatocellular carci-
noma in vivo. Enhancement of radiosensitivity is perhaps due
to the decrease in DNA repair time during the G2 period.
This hypothesis is consistent with the results of many in vitro
studies.(4,5)

DNA lesions trigger cell-cycle arrest, which provides time to
repair the IR-induced DNA damage and maintain genomic
doi: 10.1111/j.1349-7006.2010.01564.x
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(B)
Fig. 6. Caffeine (Caff) enhanced apoptosis to
ionizing irradiation (IR) in LM3 hepatocellular
carcinoma cells. (A) Results of TUNEL assay at 0 Gy,
12 h after 5-Gy, 10-Gy, and 15-Gy IR with or
without caffeine. The number of positive cells in 10
randomly selected areas was counted under the
microscope (original magnification, ·200). (B)
Western blot analysis of caspase-3 expression at
0 Gy, 12 h after 5-Gy, 10-Gy, and 15-Gy IR with or
without caffeine. Data are expressed as the
mean ± SD (n = 5 per group). NS, normal saline.
*P < 0.05 compared with the IR alone group;
**P < 0.01 compared with the IR alone group.
integrity.(7,27,28) In general, cells expressing wild-type p53 arrest
in the G1 phase, whereas cells that do not express p53 or express
mutant p53 arrest mainly in the G2 phase.(29) As mutations in
the p53 gene are present in more than half of all human
tumors,(30) the majority of those tumor cells will undergo G2

phase arrest as a result of ionizing IR, and this might be an
important mechanism of resistance to radiotherapy that develops
in many cancers. The effect of caffeine seems to be most potent
in p53-deficient cells,(4,31) but it had no effect on G2 phase delay
in normal cell lines with wild-type p53.(8) This seems to under-
score the potential of caffeine as a tumor radiosensitizing agent,
because ideally, the radiosensitizing agent would not aggravate
damage of normal tissue around the tumor.

Although the radiosensitization effect of caffeine might deter-
mine its clinical application in radiotherapy, caffeine has not
been used in clinical practice as a radiosensitizing agent because
patients cannot tolerate the millimolar concentrations required
for an effective dose of caffeine in vitro. However, caffeine is
almost 100% bioavailable when taken orally,(21) it is absorbed
by the stomach and small intestine promptly after ingestion, and
it accumulates rapidly in the portal vein to reach the liver and
become concentrated in liver tumor tissue. Furthermore, caffeine
is metabolized in the liver. Consequently, it is possible that a
low dose could significantly increase the radiosensitivity of
hepatocellular cancer compared with other types of cancer. This
was also an important reason why we chose gastrointestinal
Wang et al.
administration of caffeine in this study. Normal liver tissue is
susceptible to damage from IR, with the threshold dose for
whole liver IR of be 20–30 Gy.(32,33) Consequently, IR-induced
liver injury limits the radiotherapy dose in hepatocellular cancer,
which might contribute to hepatocellular cancer recurrence after
radiotherapy. Adding caffeine may further boost IR treatment
efficacy and permit reduction of the IR dose, especially for
tumors of large size.

The addition of caffeine to radiotherapy for hepatocellular
cancer has tremendous clinical potential. Nevertheless, a number
of questions are still to be resolved.
1 Will normal liver tissue be affected by caffeine in vivo?
2 What dose of caffeine will obtain the best treatment benefit?

In the present study, caffeine (100 mg ⁄ kg body weight)
showed effective radiosensitization; would it be effective if
the caffeine dose was reduced?

3 Can we attenuate the chemical toxicity of caffeine, for exam-
ple, by enclosure in liposomes?

4 The hypofractionated treatment we chose in combination with
caffeine was effective, but what about the fractionated IR
regimens conventionally used in clinical practice? Which is
better? Thus, further study is needed.
In conclusion, due to its pharmacokinetic characteristics, caf-

feine was effective as a radiosensitizing agent for human hepato-
cellular cancer in a nude mouse model. These results support the
possibility of further clinical application.
Cancer Sci | June 2010 | vol. 101 | no. 6 | 1445
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