
Abstract. Background: Caffeine-assisted chemotherapy has
been used in the treatment of osteosarcomas. However, there
is little in vivo evidence for this treatment, and thus we sought
to verify the dose and effect of caffeine in combination with
cisplatin in osteosarcoma-bearing rats. Materials and
Methods: Seven-week-old male Fischer rats were transplanted
with chemical carcinogen-induced osteosarcoma, selected
lung metastatic lesions tumor block. The osteosarcoma-
bearing rats were treated with saline, caffeine, cisplatin or
cisplatin and caffeine. Results: The most growth inhibition
was observed in the co-administration group. When three
different dosing schedules of caffeine were given, the extent
of tumor inhibition was closely correlated with the average
plasma concentration of caffeine. The cisplatin concentration
in the tumor was significantly increased when caffeine was
co-administered. Conclusion: This study confirms that a high
concentration of caffeine (about 0.4 mM) is effective in
enhancing the antitumor effects of cisplatin.

Osteosarcoma is the most common primary malignant bone
tumor in children and young adults and is usually
unresponsive to antitumor drugs. High-dose methotrexate is
considered the most potent chemotherapy for osteosarcoma,
but its antitumor effect remains unsatisfactory. Meta-analyses
of several neoadjuvant chemotherapy protocols have been
reported (1, 2), however, the 5-year survival rates of patients

with osteosarcomas treated with these protocols are still only
60-70% . During trials to develop more efficient
chemotherapy, caffeine-assisted chemotherapy has been
proposed (3) and has been reported to enhance the 5-year
survival rate, to as high as 90% (4).

Several in vitro studies have shown that caffeine
dramatically enhanced the tumoricidal effect of several
antitumor drugs, such as cisplatin (5, 6), tiotepa (7),
doxorubicin, cyclophosphamide, mitomycin C, vincristine
and methotrexate (8). The effect seemed to be dose-
dependent within the range of 0.2 to 2 mM caffeine in the
culture media (5-9), however, the dose dependency of
caffeine has not been established in vivo. If caffeine were
administered to patients, at the high concentrations of the in
vitro experiments it could induce nausea, vomiting, seizures,
reduced consciousness level and even death. Thus, it is
important to establish effective and appropriate doses of
caffeine to avoid overdosing.

We have previously shown a rapid and sensitive
monitoring method for caffeine and its metabolites, and have
indicated the importance of monitoring of caffeine and its
metabolites during caffeine-assisted chemotherapy (10). To
confirm the effectiveness of caffeine-assisted chemotherapy,
the effects of several different doses of caffeine combined
with cisplatin were examined in osteosarcoma-bearing rats.

Materials and Methods
Drugs. Caffeine (sodium benzoic acid caffeine 20% w/v, Fuso,
Osaka, Japan) and cisplatin (Randa, Nippon Kayaku, Osaka, Japan)
were used for the in vivo study. The caffeine, methanol and
NaH2PO4･2H2O used for analysis were obtained from Wako
(Osaka, Japan), and 7-(β-hydroxypropyl)theophylline (Sigma, St.
Louis, MO, USA) was used as an internal standard for the high-
performance liquid chromatography (HPLC).

In vivo antitumor experiments. Male Fischer rats were used at 7
weeks of age (Japan SLC, Inc., Hamamatsu, Japan). They were
housed in a clean room with laminar air flow and controlled
temperature and humidity, at the Institute for Experimental Animals,
Kanazawa University Advanced Science Research Center.
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Chemical carcinogen-induced osteosarcoma, selected lung
metastatic legion (C-SLM) (11, 12) tumor was kindly provided by
Dr. Mii (Nara Medical School) and was maintained for
subcutaneous inoculation (13). Animal treatment was in accordance
with our institution’s guidelines for animal welfare.

The osteosarcoma-bearing rats were randomly divided into four
groups, a control group, a caffeine-treated group, a cisplatin-
treated group and a cisplatin plus caffeine-treated group. A C-
SLM tumor block, 2×2×2 mm in size, was inoculated into the
subcutaneous tissue on the back of the rats. When the tumors
reached a size of about 300 mm3, the treatments were initiated.
Saline (1 mL) or Cisplatin (3.5 mg/kg) was injected
intraperitoneally (i.p.) and for the combination treatment caffeine
was first injected 2 h after the cisplatin injection. The caffeine was
administered i.p. three times at intervals of 8 h, at the following
doses: dosing schedule I, 50, 30 and 30 mg/kg; dosing schedule
II, 60, 60 and 60 mg/kg; and dosing schedule III, 100, 60 and 60
mg/kg. The tumor size was measured every 2 days for 2 weeks,
according to Equation 1.

Tumor size (mm3)=1/2 × Major axis × (Short diameter)2
Equation 1

On the 14th day, the tumor inhibition rate was calculated,
according to Equation 2.

Equation 2

Measurement of caffeine and cisplatin concentrations. Blood
samples obtained from the cervical vein under mild ether

anesthesia were mixed with anti-coagulant and centrifuged for 5
min at 3,000 rmm, then the plasma samples were collected and
stored at –20˚C until analyzed. The caffeine levels were
determined by HPLC, as reported previously (10). The plasma
concentration of caffeine was measured at the trough (just before
administration) and at the peak (1 h after administration), for 6
times. The area under the plasma concentration curve (AUC) was
calculated from these trough and peak concentrations by
trapezoidal rule, and the average plasma concentration (Cp,av)
was evaluated, using Equation 3.

Cp, av=(AUC0-8/8) + (AUC8-16/8) + (AUC16-24/8)
Equation 3

At the end of each experiment, fourteen days after the start of the
treatment, the rats were weighed and sacrificed by cervical
dislocation under ether anesthesia. The liver, kidneys, skeletal
muscles and tumor were removed, and the cisplatin concentration
in each tissue was measured by atomic absorption spectroscopy (A-
8000, Hitachi, Tokyo, Japan). Briefly, 0.5 g of tissue was minced
and heated with 5 mL of 60% HNO3 for about 4 h, until the sample
volume reached 0.2 mL. Then, 3 mL of 30% H2O2 were added to
each concentrated sample. The mixture was heated for 1 h, and a
further 1 mL of 0.1 N HNO3 was added. Then, atomic absorption
spectroscopy was conducted.

Measurement of cisplatin concentration in various tissues. The
rats were administered cisplatin (3.5 mg/kg) i.p. and then, for
the combination treatment caffeine was administered 2 h after
the cisplatin administration, at the dosing schedule III, 100, 60
and 60 mg/kg. At 24, 48 and 72 h after cisplatin administration,
the blood sample was obtained from the cervical vein, and rats
were immediately sacrificed, kidney, tumor, liver and skeletal
muscle were removed, cisplatin concentration in each tissue was
measured.

Data analysis. The pharmacokinetic parameters were estimated
according to a non-compartmental analysis, using WinNonlin
standard software (ver. 1.5, Pharsight Co., CA, USA). Student’s t-test
was used to compare the unpaired mean values of two sets of data.
The number of determinations is noted in each table and figure. A
value <0.05 indicated a statistically significant difference between
data sets.
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Table I. Values of area under the curve (AUC) and plasma concentration
of caffeine in rats after intraperitoneal administration of caffeine on
three schedules (see text).

Dose (mg/kg) AUC0-24 (μg/mL･h) Cp,av (μg/mL)

Schedule I 50, 30, 30 610±6 26.0±0.3
Schedule II 60, 60, 60 1140±140 48.3±5.9
Schedule III 100, 60, 60 1930±190 82.1±8.2

Cp,av, the average plasma concentration was calculated as:
Cp,av=(AUC0-8/8) + (AUC8-16/8) + (AUC16-24/8);
each value represents mean±S.D. (n=3).

Figure 1. Relationship between tumor volume and average plasma
concentration of caffeine, 14 days after the start of treatments. Rats
were inoculated with osteosarcoma cells into the subcutaneous tissue of
the back. Caffeine was administered intraperitoneally every 8 h
beginning 2 h after intraperitoneal cisplatin (3.5 mg/kg) injection with
three dosing schedules indicated in Table I. Tumor inhibition rates were
calculated according to Equation 2 (see Materials and Methods). Each
point with a bar represents the mean±SD (n=3-5).



Results

Relationship between the plasma concentration of caffeine and
its effect on anti tumor activity of cisplatin. As shown in Table
I, the AUC and average plasma concentration of caffeine
increased with increasing caffeine doses, in the following order:
schedule I < schedule II < schedule III. The average caffeine
concentration with dosing schedule III (82.1±8.2 μg/mL) was
very near the concentration in caffeine-assisted chemotherapy
in the clinic (73.0±12.8 μg/mL) at 72 h after the start of
caffeine infusion (1,500 mg/m2/day) (10).

As shown in Figure 1, caffeine administration according
to dosing schedule I (Cp,av=26.0 μg/mL) had no effect on
cisplatin-induced tumor inhibition, whereas the tumor
inhibition rates at the 14th day were 29.3% with dosing
schedule II (Cp,av=48.3 μg/mL) and 48.2% with dosing
schedule III (Cp,av=82.1 μg/mL). This indicated that the
combined effect of caffeine and cisplatin on tumor growth
inhibition depended on the caffeine dose. Figure 2 shows the
tumor growth curves after the administration of saline,
caffeine alone, cisplatin alone or combined treatment with
cisplatin and caffeine according to dosing schedule III. By
day 14, the tumor size had increased to 9,131±2,055 mm3 in

the saline control group and to 8,011±3,069 mm3 in the
caffeine-alone group. In the cisplatin-alone group, the tumor
size was 2,790±436 mm3 at day 14, almost one-third of the
size in the control group. The co-administration of cisplatin
and caffeine, according to dosing schedule III, significantly
inhibited tumor growth, resulting in a tumor size of
1,238±674 mm3 at day 14, which was less than half of that
in the cisplatin-alone group.

Cisplatin concentrations in various tissues. The cisplatin
concentrations in the plasma, tumor and kidney of the
osteosarcoma-bearing rats were measured up to 72 h after
cisplatin administration, with or without the co-
administration of caffeine. As shown in Figure 3, the plasma
concentrations of cisplatin in both groups linearly decreased
by 48 h after cisplatin administration. The concentration in
the kidney was very high until 48 h and then decreased in
both groups. More cisplatin was distributed in the liver than
muscle (Figure 4) at 48 h after administration, but there was
no significant difference in cisplatin concentration between
these normal tissues with and without caffeine co-
administration. On the other hand, the cisplatin concentration
in the tumor tissue was significantly higher in the caffeine-
combination group than in the cisplatin-alone group at 48 h
after cisplatin administration (Figure 3).

Discussion

The serious side-effects of cisplatin, which include bone
marrow depression, renal failure, auditory difficulties and
nausea, are usually dose-limiting. Thus, drugs potentiating
cisplatin antitumor activity, such as caffeine have been
explored in the clinic. In the present study, the effects of
caffeine on the cisplatin-induced inhibition of tumor
growth were strongly dependent on the plasma
concentration of caffeine. Dosing schedule III (caffeine at
100, 60 and 60 mg/kg) significantly potentiated the
antitumor effect of cisplatin (Figures 1, 2). With dosing
schedule III, the average plasma concentration of caffeine
over 24 h was 82.1±8.2 μg/mL (0.42 mM), which was
near the concentration reported to be effective in vitro (0.5
mM) (5), and was near the concentration used in caffeine-
assisted chemotherapy in the clinic, 73.0±12.8 μg/mL at
72 h after the start of caffeine infusion (1,500 mg/m2/day)
(10). These results indicated that caffeine had a dose-
dependent effect on cisplatin activity, but that it required
a plasma concentration of about 0.4 mM caffeine, which
may be a limiting concentration in humans. For the
effective treatment of osteosarcoma with cisplatin in vivo,
we recommend a plasma caffeine concentration of at least
50 μg/mL, such as that produced by dosing schedule II.

The proposed mechanisms of the enhanced antitumor
effect of caffeine is to induce G1/S-arrest and to reverse
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Figure 2. Antitumor effects of cisplatin and caffeine in osteosarcoma-
bearing rats. Rats were inoculated with osteosarcoma cells into the
subcutaneous tissue of the back. Tumor growth was measured every
other day after inoculation. The tumor volume was calculated according
to Equation 1 (see Materials and Methods). All drugs were administered
intraperitoneally. Symbols represent control saline injected (open
circle), caffeine alone (open triangle), cisplatine alone (closed circle),
and cisplatin with caffeine (closed triangle). The cisplatin dose was 3.5
mg/kg, and the caffeine doses were according to dosing schedule III. For
the co-administration protocol, cisplatin was administered 2 h before
caffeine. * and **, significantly different from cisplatin alone at p<0.05
and p<0.005, respectively. Each point with a bar represents the
mean±SD (n=5).



or abrogate the G1/S and the G2/M checkpoint delay
periods (14), or to initiate rapid apoptosis in spindle
checkpoint-arrested cells. In this checkpoint, p21-
activated kinase 1 (PAK1) being at least a significant
contributor to the caffeine-induced apoptosis in response
to either microtubule poisons or DNA-damage (15).
Furthermore, Bode et al. reported that the effect of
caffeine on cell cycle is seems to be different with its
concentration (14).

The cisplatin concentration in the plasma, kidney and
tumor at 24, 48 and 72 h after intraperitoneal cisplatin
administration in the present study showed that the
cisplatin concentration in the tumor was higher with
caffeine than without (Figure 3). Sadzuka et al. reported
that the doxorubicin concentration in tumors was
significantly increased with co-administration of caffeine
and suggested that the efflux of doxorubicin from tumor
cells was inhibited by caffeine (16). Kawai et al. found the
over-expression of multidrug resistance-associated protein-
3 (MRP-3) mRNA and decreased intracellular
accumulation of cisplatin in a drug-resistant non-small cell
lung cancer cell line (EBC-2/R) (17). It is not known
whether caffeine influences the activity and/or expression
of any member of the ATP-binding cassette (ABC)
transporter superfamily such as the MRP family of
transporters, but caffeine may be able to affect the activity
of some transporters in tumors, thereby raising the
intracellular concentration of cisplatin.

In conclusion, a high concentration of caffeine (about
0.4 mM) is needed to enhance the antitumor effect of
cisplatin.
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Figure 4. Effect of caffeine on the cisplatin concentration in liver and
muscle at 48 h after administration of cisplatin in osteosarcoma-bearing
rats. The open bar represents cisplatin alone. The closed bar represents
the co-administration of cisplatin and caffeine. The cisplatin dose was
3.5 mg/kg, and the caffeine doses were according to dosing schedule III.
For the co-administration protocol, cisplatin was administered 2 h
before caffeine. Each column with a bar represents the mean±SD (n=3).

Figure 3. Effects of caffeine on cisplatin concentration in the plasma,
kidney and tumor after administration of cisplatin in osteosarcoma-
bearing rats. Symbols represent cisplatin alone (open circle) and
cisplatin with caffeine (closed circle). The cisplatin dose was 3.5 mg/kg,
and the caffeine doses were according to dosing schedule III. For the
co-administration protocol, cisplatin was administered 2 h before
caffeine administration. Each point with a bar represents the mean±SD
(n=3). *, significantly different from cisplatin alone at p<0.01.
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