
Abstract. Background/Aim: We have previously reported that
caffeine can enhance chemotherapy efficacy of bone and soft-
tissue sarcoma via cell-cycle perturbation. Valproic acid has
histone deacetylase (HDAC) inhibitory activity. The present
study aimed to investigate the efficacy of the combination of
valproic acid and caffeine on human osteosarcoma cells in
vitro and in orthotopic nude-mouse models. Materials and
Methods: Human osteosarcoma cell lines (MG63, 143B and
SaOS2) were used. Cell survival after a 72 h exposure to
valproic acid and caffeine was assessed with a WST-8 assay.
Half maximal inhibitory concentration (IC50) values and
combination indices (CIs) were calculated. Caspase 3 activity
was measured by a fluorochrome inhibitor of caspase
(FLICA) assay. 143B cells were also transplanted to the tibia
of nude mice and treated with these drugs. Results: Both
valproic acid and caffeine caused concentration-dependent
cell death of the osteosarcoma cell lines in vitro. Apoptosis
induction was observed with the Caspase 3 assay. The
combination was synergistic. The combination of valproic acid
and caffeine showed effective anti-tumor activity in vivo
without the need for conventional anticancer drugs or any
observable toxicity Conclusion: Efficacy of combination
therapy with caffeine and valproic acid in osteosarcoma was
observed in vitro and in vivo without toxicity, suggesting that

either or both drugs can be effectively combined with
appropriate chemotherapy in the future.

Osteosarcoma is a common malignant primary bone tumor
occurring predominantly in children and young adults.
Osteosarcoma has a 5-year survival rate that can exceed
70% in patients treated with surgery and chemotherapy (1-
3), including methotrexate, cisplatin, doxorubicin and
ifosfamide. However, dose escalation of chemotherapy has
not improved the outcome (4). Since survival of patients
with osteosarcoma has plateaued during the last decade,
more effective treatment approaches are needed. Many
interesting new biological approaches to therapy are being
investigated, most of which involve adding new drugs or
other new therapies to existing chemotherapy protocols (5).

Caffeine (1,3,7-trimethylxanthine) is a natural stimulatory
compound that is present in many plants, including coffee
beans and tea leaves (6). Caffeine has anti-tumor effects (7),
such as apoptosis induction (8). Caffeine can also overcome
chemotherapy- or radiation-induced delays in cell cycle
progression (9, 10), thereby enhancing their efficacy (11, 12).

We have previously reported that caffeine-modulation
chemotherapy improved the treatment of bone and soft tissue
sarcoma in the clinic (13-18).

Modulation of the cell cycle by caffeine was visualized
using time-lapse imaging of HeLa cells expressing a
fluorescent ubiquitination-based cell cycle indicator
(FUCCI). Clonogenic assays showed that caffeine increased
the inhibition by cisplatinum (CDDP) on cell proliferation.
The combination of CDDP and caffeine enhanced mitosis
and, thereby subsequently increased apoptosis. Time-lapse
imaging showed that CDDP induced cell-cycle arrest in the
S/G2 phase in HeLa-FUCCI cells and that caffeine overcame
the cell-cycle arrest, thereby increasing its efficacy (12).

Valproic acid, a short chain fatty acid that is widely used
to treat epilepsy, has been reported to be a potent histone
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deacetylase (HDAC) inhibitor. Histone deacetylase (HDAC)
inhibitors can induce apoptosis, cell differentiation,
autophagy and are anti-angiogenic (19). Clinical studies of
valproate include treatment of myelodysplastic syndrome
(20), melanoma (21) and solid tumors (22).

In the present study, we evaluated the combination
efficacy of caffeine and valproic acid in osteosarcoma in
vitro and in vivo.

Materials and Methods

Drugs. Valproic acid was obtained from Sigma Aldrich Co., Ltd.
(St. Louis, MO, USA). Caffeine was obtained from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan).

Cell lines and growth conditions. The osteosarcoma cell lines
MG63, 143B and SaOS2 were obtained from the American Type
Culture Collection (Rockville, MD, USA). All cells were grown in
RPMI-1640 medium (Fisher Scientific, Santa Ana, CA)
supplemented with 10% fetal bovine serum, 100 U/ml penicillin and
100 μg/ml streptomycin. Cells were kept in log phase by
supplementation with fresh medium 2-3 times/week.

Growth inhibition assay. Cellular viability was assessed using the
WST-8 dye (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium) reduction assay (Dojindo,
Kumamoto, Japan). Briefly, cells were seeded in 96-well flat-
bottomed microplates (5×104 cells/ml), incubated at 37˚C for 24 h
and exposed to various concentrations of tested compounds for 72
h. For each concentration, at least 8 wells were used. After
incubation with the test compounds, 10 μl WST-8 solution was
added to each well. The microplates were further incubated for 3 h
at 37˚C and absorption was measured using a microprocessor-
controlled microplate reader (iMarkTM; Bio-Rad Laboratories,
Hercules, CA, USA) at 450 nm. The cell-survival fraction was
calculated as the percentage of untreated control cells and half
maximal inhibitory concentration (IC50) values were derived.

Calculation of combination index (CI). The specific interaction
between caffeine and valproic acid on osteosarcoma cell lines was
evaluated with the combination index (CI) assay using the CalcuSyn
software from ComboSyn Inc. (Paramus, NJ, USA) (23). Synergy
is defined as a CI <1.0, antagonism as a CI >1.0 and additivity as
CI values not significantly different from 1.0.

Caspase 3 assay. 143B cells were seeded in 24-well flat-bottomed
microplates at 5×104 cells/ml, incubated at 37˚C for 24 h and exposed
to various concentrations of tested compounds for 24 h and 48 h. The
cultures were rinsed with PBS-EDTA and then incubated at 37˚C for 1
h in RPMI-1640 with 10% FBS. A FLICA solution (Immunochemistry
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Figure 1. Growth inhibitory activity of caffeine (CAF) and valproic acid
(VPA) or their combination against 143B, MG63 and SaOS2 osteosarcoma
cells. Osteosarcoma cells were incubated with each drug or their
combination for 72 h. Viability was determined with the WST-8 assay.
Experimental details are provided in the Materials and Methods section. 

Table I. Half maximal inhibitory concentration (IC50) values of caffeine
(CF) and valproic acid (VPA) alone and in combination.

                                                   CAF IC50 (mM)

Cell lines                                    +VPA 50 μg/ml         +VPA 100 μg/ml

143B                1.96 ± 0.15           0.94 ± 0.08**             0.71 ± 0.03**
MG63              1.52 ± 0.13           0.70 ± 0.08**             0.53 ± 0.07**
SaOS2              1.74 ± 0.15           1.24 ± 0.14**             0.88 ± 0.10**

IC50 values for 143B, MG63 and SaOS2 osteosarcoma cells treated
with caffeine (50 μg/ml) and valproic acid (100 μg/ml) or their
combination. Osteosarcoma cells were incubated with each drug for 72
h and then assessed with the WST-8 assay. Experimental details are
provided in the Materials and Methods section. **P<0.0001.



Technologies, LLC, Bloomington, MN, USA) was added to the cultures
and incubated an additional 1 h. Fluorescence was detected with the
Power IX71 microscope (Olympus Corp., Tokyo, Japan). Three random
fields, each containing at least 100 cells, were examined at ×100
magnification.

Orthotopic mouse model.
Mice: Female nude mice (BALB/c-nu/nu) aged 4–6 weeks were
purchased from Sankyo Laboratory Inc. (Toyama, Japan) and housed
in a barrier facility under high-efficiency particulate arrestance
(HEPA) filtration. The mice were bred under germ-free and specific
pathogen-free conditions. All animal studies were conducted in
accordance with the principles and procedures outlined in the
Kanazawa University’s guidelines for the care and use of laboratory
animals and national laws on the care and use of laboratory animals.

Intra-tibial 143B transplantation: A suspension of cells (2×105
143B in Matrigel) was implanted in the tibia of nude mice. The
mice were anesthetized with phentobarbital sodium (40 mg/kg) and
an incision was placed for a tibial exposure. A pin hole was placed
in the proximal tibia and 10 μl cell suspension was implanted
through the pin hole using a 23-gauge needle. All mice were
examined daily; tumors were measured twice weekly using digital
calipers; and mice were weighed. One week after transplantation,
mice were treated intraperitoneally (i.p.) with caffeine (100 mg/kg),
valproic acid (500 mg/kg) and normal saline (n=8 each). Treatments
were repeated five times a week for four weeks. Six weeks after
transplantation, all mice were sacrificed.

Measurement of primary tumor growth. The tumors were allowed
to form and leg dimensions were measured weekly. Tumor volumes
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Figure 2. Caspase 3/7 activity induced by caffeine, valproic acid or their combination on 143B osteosarcoma cells. Percentage of Caspase 3/7
positive cells was determined. Experimental details are provided in the Materials and Methods section. 



were calculated using the following equation: volume=4π
(A/2)(B/2)(C/2)/3, where A is the width (average distance in the
medial–lateral plane), B is the length (average distance in the
proximal–distal plane) and C is the width (average distance in the
anterior–posterior plane).

Statistical analysis. Data are presented as means±standard deviation
and were compared between groups using the unpaired Student’s t-
test. A p<0.05 value was considered statistically significant.

Results

Cytotoxicity. The cytotoxic activity of caffeine and valproic
acid was determined for 143B, MG63 and SaOS2
osteosarcoma cell lines in vitro. Each compound significantly
inhibited osteosarcoma cell growth in a dose-dependent
manner (Figure 1). Addition of 50 and 100 μg/ml of valproic
acid in combination with caffeine enhanced inhibition of all
osteosarcoma cell lines (Figure 1, Table I).

Combination effect of caffeine and valproic acid on
osteosarcoma cells. A synergistic interaction between
caffeine and valproic acid was observed for 143B and MG63
cells (Figure 1). The CI values were significantly <1 and
indicated synergy at all tested concentrations in the MG63
cell line (Table II). In the 143B cell line, synergy was
observed at caffeine concentration of 1 mM or higher. An
additive effect was observed for the SaOS2 cell line. Thus,
a synergistic or additive effect for the combination of
caffeine and valproic acid in the three osteosarcoma cell
lines was observed.

Caspase 3 assay. Caffeine and valproic acid alone and in
combination induced a high caspase activity and higher
activity at lower concentrations in combination, compared
with mono-therapy (Figure 2).

Efficacy of valproic acid and caffeine in an orthotopic mouse
model of osteosarcoma. The orthotopic 143B tumor was

treated with caffeine and/or valproic acid combination of
caffeine and valproic acid was more effective than either
compound alone (combination vs. control: p=1.66×10–7;
combination vs. valproic acid: p=6.55×10–5; combination vs.
caffeine: p=0.001). There were no animal deaths in any
group (Figure 3).
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Table II. Combination index (CI) value of the combination of caffeine (CAF) and valproic acid VPA).

                                                                                Cl                                                                                                                           Cl

CAF (mM)     VPA (μg/ml)          143B               MG63               SaOS2           CAF (mM)    VPA (μg/ml)           143B               MG63             SaOS2

0.1                           50                                                                  0.84972                0.1                   100                                                                 1.19036
0.25                         50                1.11145           0.68632             1.00805               0.25                  100                1.35178            0.79334           1.05323
0.5                           50                 1.4148            0.75329             1.07205                0.5                   100                0.77327            0.71363           1.04497
1                              50                0.99097           0.72463             0.99968                  1                    100                0.75811            0.79913           0.98349
2.5                           50                0.81052           0.84937                                          2.5                   100                0.70529            0.84814                 
5                              50                0.76739           0.99667                                            5                    100                 0.5117             0.76369                 

CI values were calculated in each combination ratio. CI values of <1, 1 or >1 indicate synergy, additivity or antagonism, respectively. 

Figure 3. In vivo antitumor efficacy of caffeine (CAF) and valproic acid
(VPA). 143B cells were orthotopically transplanted into the tibia of nude
mice and allowed to form tumors. Mice were treated with caffeine or
valproic acid or the combination, i.p. (caffeine (100 mg/kg), valproic
acid (500 mg/kg), five times a week for four weeks). Tumor volume was
measured at the indicated time points after the onset of treatment. n=8
mice/group.



Discussion

In the present study, efficacy of caffeine and valproic acid
against oseteosarcoma was evaluated alone and in combination.
Monotherapy was dose-dependently effective against
osteosarcoma cells. Combination therapy had greater efficacy
against all osteosarcoma cell lines and was synergistic for two
of them. Each agent induced apoptosis in a dose- and time-
dependent manner. Combination therapy induced apoptosis at
lower concentration compared to monotherapy. In the orthotopic
mouse model, though caffeine and valproic acid monotherapy
did not significantly inhibit tumor growth, the combination had
a significant decrease in tumor volume compared with the
untreated control group or either drug alone. These results
indicate that caffeine and valproic acid could be a potent
therapeutic combination, possibly with a first-line chemotherapy
regimen. Future studies could take advantage of the cell-cycle
perturbation effects of caffeine by combining them with the
tumor-specific cell-cycle effects of methionine depletion (24-27).
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