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Abstract
Aim: To investigate effects of adenosine on cell proliferation and apoptosis in
human HepG2 cells.  Methods: HepG2 cells were incubated in the presence of
adenosine (0.1–5 mmol/L) for 12–48 h, and the effect of adenosine on cell prolifera-
tion was evaluated by using 3-(4,5-dimethyl-2-yl)-2,5-diphenyl-2H-tetrazolium bro-
mide (MTT) assay.  Hoechst 33342 fluorescent staining, dUTP-fluorescein
isothiocyanate (FITC) fluorescence and flow cytometric analysis techniques were
used to observe cell apoptosis.  The effects of adenosine receptor (A1, A2a, A3
and nonspecific receptor) antagonists (8-cpt, DMPX, MRS1191, and theophylline)
and an adenosine transporter protein inhibitor (dipyridamole) on adenosine-in-
duced cell apoptosis were observed.  Mitochondrial membrane potential was ana-
lyzed using DePsipher fluorescent staining, and caspase activity was detected
using a Fluorometric assay kit and a fluorescence microplate reader.  Results:
Adenosine significantly reduced cell viability in a dose- and time-dependent
manner.  The cytotoxicity of adenosine was related to the induction of cell apoptosis.
Four adenosine receptor antagonists had no effect on cell apoptosis.  However,
dipyridamole significantly reduced the percentage of adenosine-induced apoptotic
cells from 27.3% to 7.1% (P<0.05).  At 48 h after treatment, 3 mmol/L adenosine
increased caspase-3 activity 3.5-fold; dipyridamole markedly decreased caspase-
3 activity 1.6-fold, and decreased apoptotic cell numbers.  When HepG2 cells were
treated with 3 mmol/L adenosine, mitochondrial membrane potential and the
activity of caspase-8 or -9 remained unchanged.  Conclusion: Our results suggest
that adenosine-induced apoptosis in HepG2 cells is related to intracellular events
rather than cell surface receptors, and that a caspase-3 cascade activation is
required, which is not mediated via a mitochondrial pathway.
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Introduction

China is a high-risk region for primary hepatocellular
carcinoma.  Treatment for primary hepatocellular carcinoma
is still difficult, and depends on basic medical research.  Re-
cent evidence suggests that apoptosis of cells is closely
related to the occurrence, progress and metastasis of tumors[1–3].
Study of the mechanisms of apoptosis in tumor cells is an
important field of tumor therapy and cancer molecular biol-
ogy[4–7].  Adenosine has been shown to induce apoptosis in

various systems[8,9] and in the clinical setting, adenosine has
also been used to treat some diseases, including arrhythmia.
ATP, a precursor of adenosine, has also been used in the
treatment of advanced lung cancer in a clinical phase II study
[10].  However, there are very limited reports about adenos-
ine-mediated apoptosis in hepatocytes and hepatoma cells.

Adenosine is thought to arise from the sequential de-
phosphorylation of extracellular ATP by ecto-ATP dipho-
sphohydrolase and 5'-nucleotidase, and also from diverse
cells such as fibroblasts, endothelial cells, epithelial cells,
cardiac myocytes, muscle cells and platelets at micromolar
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concentrations.  This concentration of adenosine has been
documented in the interstitial fluid of carcinomas growing in
laboratory animals[11,12].  It is transported in and out of cells
through specific nucleoside transporter proteins or specific
cell surface receptors.  These receptors, all of which are G
protein-coupled, are classified into 4 categories (A1, A2a,
A2b, and A3) on the basis of their molecular structures, their
distinct pharmacological profiles, and tissue distribution[13].
The availability of agonists and antagonists specific for the
4 adenosine receptor subtypes has allowed investigators to
explore the roles of adenosine and these receptors[2,3] .

Up to now, several mechanisms of adenosine-mediated
cell apoptosis have been described.  In bovine endothelial
cells[14], U-937 human histiocytic leukemia cells[15], and hu-
man leukemia HL-60 cells[16], adenosine induces apoptosis
after being transported into the cells, but in human epider-
moid carcinoma (A431 cells)[17], human arterial smooth muscle
cells[18], and astrocytes[19], adenosine exerts its effect extra-
cellularly, mediated by the adenosine receptors.

Evidence has indicated that caspases play an important
role in the apoptotic response in some cell lines.  In the
unstimulated state, caspases are present in the form of inac-
tive proenzymes in cells.  Upon treatment with anticancer
drugs or stimulation with other factors, cellular caspases are
activated.  There are at least 2 regulatory pathways of the
caspase activation cascades.  The first extra-mitochondrial
pathway (extrinsic pathway) is mediated by death receptors
such as Fas and caspase-8.  The other intra-mitochondrial
pathway (intrinsic pathway) is mediated by cytochrome c
and caspase-9.  Caspase-8 and caspase-9 activate effector
caspase-3, which cleaves target proteins, causes DNA degra-
dation, and eventually leads to programmed cell death[19].

In the present study, we explore whether adenosine in-
duces apoptosis in human HepG2 cells, and examine the
molecular mechanisms underlying adenosine-mediated
cytotoxicity.  To investigate the possibility, the effects of
extracellular adenosine on cell proliferation, apoptosis
induction, mitochondrial membrane potential and caspase
activity were studied.

Materials and methods

Materials  Dulbecco’s modified Eagle’s medium
(DMEM), penicillin G, streptomycin, glutamine, trypsin/eth-
ylenediamine tetraacetic acid (EDTA), phosphate-buffered
saline (PBS), theophylline, and fetal bovine serum (FBS) were
purchased from Equitech-Bio (USA).  An in situ cell death
detection kit was purchased from Boehringer Mannheim
Biochemicals (Indianapolis, USA); a Hoechst 33342 stain-

ing-Vybrant Apoptosis Assay Kit was purchased from Eu-
gene Biochemical Co (Oregon, USA); a caspase-3, -8, -9 colo-
rimetric protease assay kit (R&D Systems, Minneapolis,
USA); adenosine, 3,7-dimethyl-1-propargylxanthine
(DMPX), 8-cyclopenthyl-1,3-dioropylxanthine (8-cpt), and
3-ehtyl-S-benzyl-2-methyl-4-phenylethnyl-6-phenyl-1,4(±)-
dihydrophyridime-3,5-dicarboxylate (MRS1191) were pur-
chased from Biotrend (Germany); and 3-(4,5-dimehthyl-2-yl)-
2,5-diphenyl-tetrazolium bromide (MTT) was purchased from
Dojindo (Japan).

Cell lines and culture conditions  HepG2 cells derived
from a human hepatocellular carcinoma line (HB 8065, Ameri-
can Type Culture Collection) were grown in DMEM supple-
mented with 10% heat-inactivated FBS, antibiotics (100 U/mL
penicillin G, 100 µg/mL streptomycin) and 2 mmol/L glutamine
at 37 °C in a humidified atmosphere of 95% air and 5% car-
bon dioxide.  The media were changed every 3 d, and the
cells were separated by trypsinization using trypsin/edetic
acid when they reached 90% confluence.

MTT assay  Cell proliferation was determined by using
the MTT method[20].  Approximately 5000 cells/well were
seeded in 96-well plates (Coster) and incubated for 24 h be-
fore treatment with 0.1–5 mmol/L adenosine.  The initial num-
ber of viable cells at the time of treatment, termed t=0, was
then determined to correct for differences in starting cell
number between experiments and to monitor changes in cell
number over time.  At the indicated times, MTT tetrazolium
salt with phenazine methosulfate were added directly to the
culture media and the cells were allowed to incubate for 2–3 h.
Mitochondrial dehydrogenases of viable cells convert MTT
into a color-dense formazan.  The media from each well were
collected in microfuge tubes, and detached cells were recov-
ered by centrifugation.  Dimethylsulfoxide (Me2SO) was
added to the cell pellets in the tubes as well as the attached
cells remaining in the wells to dissolve the insoluble formazan.
The Me2SO solutions were combined, and absorbance was
measured at 570 nm in a microplate reader (SpectraMax Plus
384; Molecular Devices, USA) to determine the number of
viable cells at 12, 24, 36, and 48 h after adenosine treatment.
All data presented in the present report were obtained from
6 independent experiments.

Identification of apoptosis by Hoechst 33342 staining
To observe cells undergoing apoptosis, Hoechst 33342 stain-
ing was performed as described previously[6].  Briefly, cells
were fixed with 4% paraformaldehyde for 30 min at room tem-
perature and then washed once with PBS.  Hoechst 33342
(50 ng/mg) was added to the fixed cells, incubated for 30 min
at room temperature, and then washed with PBS.  Cells were
counted and examined by fluorescence microscopy at 480
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nm (Eclipse TE300; Nikon, Japan).  Apoptotic cells were iden-
tified by their characteristic nuclei condensation and
fragmentation, whereas nuclei from normal cells demon-
strated a normal uniform chromatin pattern.  The percentage
of apoptotic cells was calculated from the ratio of apoptotic
cells to total cells counted.  At minimum, 500 cells were
counted from more than 5 random microscopic fields by two
observers.

Identification of apoptosis by flow cytometry and TUNEL
assay  To determine the effects of adenosine on cell apoptosis,
DNA fragmentation was determined using a Tdt-mediated
dUTP-FIFC nick-end labeling (TUNEL) assay as described
previously[3] according to the manufacturer’s instructions.
Briefly, HepG2 cells (1.5×106 cells/mL) were incubated for 48
h in the presence or absence of adenosine, then these cells
were washed with PBS, and cell suspensions were prepared
by trypsinization.  Cells were then fixed with 4% paraformal-
dehyde, permeabilized with 0.1% Triton X-100, and labeled
with 0.3 nmol FIFC-12-dUTP, 3 nmol dATP, 2.5 mmol/L Cocl2,
12.5 U Tdt, and 5 µL 10×Tdt buffer in a total volume of 50 µL
at 37 °C for 1 h.  Samples were analyzed on a FACScan flow
cytometer using lysis-11 software (Becton Dickinson,
Germany).  At least 10 000 cells were analyzed per sample.

Use of adenosine receptor antagonists or adenosine
transport inhibitors  Extracellular adenosine interacts with
cells mainly through two mechanisms: (1) cellular uptake by
transmembrane transporter proteins[1]; or (2) specific activa-
tion of adenosine receptors[2].  To investigate the mecha-
nisms responsible for the adenosine-mediated cytotoxic
effects, adenosine receptor antagonists or an inhibitor of
transport protein were used.  Cells were seeded into 96-well
plates (5000 cells/well) and cultured for 24 h.  Then, the me-
dium was removed and replaced with fresh medium, contain-
ing various concentrations of the compounds to be tested,
for another 48 h: adenosine alone, adenosine plus its A1
receptor antagonist 8-cpt, A2a receptor antagonist DMPX,
A3 receptor antagonist MRS1191, nonspecific receptor an-
tagonist theophylline, or the inhibitor of the nucleoside trans-
membrane carrier, dipyridamole[18].  Cell viability was deter-
mined by using the MTT assay.

Assessment of mitochondrial membrane potential  To
determine whether the mitochondria-mediated apoptotic
pathway is involved in adenosine-induced apoptosis, mito-
chondrial membrane potential was analyzed using the lipo-
philic cation 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimi-
dazolylcarbocyanine iodide (DePsipher, Molecular Probes)[22].
DePsipher is a fluorescent compound that exists as a mono-
mer at low concentrations and fluoresces green.  At higher
concentrations, DePsipher forms aggregates and fluoresces

red.  Under physiologic conditions, DePsipher aggregates
upon membrane polarization and forms an orange-red fluo-
rescent compound.  However, de-energized mitochondria
cannot concentrate DePsipher and fluoresce green.  If the
potential is disturbed, the dye has no access to the trans-
membrane space and remains in or reverts to its green mono-
meric form.  Induction of mitochondrial damage is a key step
for apoptosis in many experimental systems, so changes in
mitochondrial membrane potential are considered to be indi-
cators of mitochondrial damage[21].  DePsipher fluoresces
red in its multimeric form in healthy mitochondria and is the
active reagent in the DePsipher Mitochondrial Potential As-
say Kit (Trevigen).  HepG2 cells were seeded onto 96-well
plates and incubated with or without adenosine as described
earlier.  Approximately 25 µg/mL of DePsipher reagent was
added at 48 h after treatment with adenosine and incubated
for a further 20 min.  The aggregate red form was observed
by fluorescence microscopy (Eclipse TE300; Nikon) after
excitation at 518 nm and emission at 605 nm.  Quantification
of the fluorescent signal was determined using Metamorph
imaging software.

Assay of caspase activation  After treatment with 3 mmol/L
adenosine for 48 h, cells were washed with PBS and lysed in
lysis solution.  Activity of caspase-3, -8, or -9 was detected
by using Fluorometric Assay Kits according to the
manufacturer’s instructions (R&D Systems, Minneapolis,
MN, USA)[22].  In brief, control or treated cells were lysed in
50 µL of cold lysis buffer, kept on ice for 10 min and centri-
fuged for 10 min at 15 000×g, after which the supernatant
was collected.  Cell lysate was added to 50 µL of reaction
buffer and 5 µL of fluorogenic report substrates specific for
caspase-3 (DEVD-ρNA), caspase-8 (IETD-ρNA) or caspase-9
(LEHD-ρNA).  After incubation at 37 °C for 4 h, the fluores-
cence was detected by a fluorescence microplate reader
(SpectraMax Plus 384, Molecular Devices, USA) with excita-
tion at 400 nm and emission at 505 nm.  Comparison of the
absorbance of ñNA in cells with and without adenosine al-
lows the determination of relative caspase activity (expressed
as a percentage of control).

Statistical analysis  All data are presented as mean±SD.
The statistical significance of differences was determined
using one-way ANOVA with SPSS 11.5 software (SPSS,
Chicago, IL, USA).  P<0.05 was considered statistically
significant.

Results
Adenosine reduces HepG2 cell number  As seen in

Figure 1A, cell growth inhibition was observed with expo-
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sure to adenosine at different concentrations.  Adenosine
time- and dose-dependently increased cell death with 12–48
h treatment.  The effective adenosine concentration for 50%
inhibition (EC50) of HepG2 cell growth after 48 h was 3 mmol/L.
So we choose 3 mmol/L for the subsequent experiments.  The
effect of adenosine on cell proliferation over time is shown
in Figure 1B; treatment with 3 mmol/L adenosine for 12 h
caused a reduction in viable cell number to 90.7%±6.3% as
compared with 120.3%±10.8% in controls, representing a
24.6±1.5% inhibition of cell growth.  After 24 h, 36 h, and
48 h of treatment, the percentages of viable cells were
79.6%±5.5%, 46.2%±3.8%, and 33.3%±2.1%, respectively, in
adenosine-treated cells; and 135.1%±12.1%, 211.7%±16.8%,
and 248.1%±21.6%, respectively, in normal controls, repre-
senting decreases of 41.1%±3.3%, 78.2%±5.1%, and 86.6%±
6.8%, respectively.  There was a significant difference after

12 h, 24 h, 36 h, and 48 h of treatment between the control
and adenosine-treated cells (all P<0.05 ).

Adenosine induces apoptotic HepG2 cell death  To
explore the potential mechanisms by which adenosine inhib-
ited HepG2 cell proliferation, we further studied whether
adenosine induced apoptosis in HepG2 cells by using
Hoechst 33342 staining and TUNEL techniques.  In experi-
ment 1, cells were treated with 3 mmol/L adenosine for 48 h,
and apoptotic cell death was analyzed by Hoechst 33342
staining and quantified by using fluorescence microscopy.
In the control, most cells contained intact genomic DNA
(Figure 2A); however, in adenosine-treated cells, many cells
had condensed chromatin (Figure 2B).  Approximately
27.3%±2.3% of adenosine-treated cells showed DNA changes,
but in the controls, only 2.1%±0.2% of cells were apoptotic.
There was a significant difference between the control and
adenosine-treated cells (Figure 4; P<0.01).  In experiment 2,
cells were treated with 3 mmol/L adenosine, and DNA frag-
mentation was determined 24 h later by using the TUNEL
and FACScan flow cytometer assays.  As shown in Figure
3A, cells without adenosine formed a very single population
in which only 1.1%±0.1% cells exhibited DNA fragmentation
(low dUTP-FITC fluorescence with a mean channel fluores-
cence intensity of  3).  Following exposure to 3 mmol/L ad-
enosine for 48 h, a second population of cells (27.5%±2.1%)
appeared that exhibited DNA fragmentation (increased dUTP-
FITC fluorescence with a mean channel fluorescence inten-
sity of 136; Figure 3B).  There was a significant difference in
the relative cell number between the controls and adenos-
ine-treated cells (P<0.01).  The same results were obtained
by using 2 different experimental methods, which indicates

Figure 1.  Adenosine inhibited HepG2 cell proliferation.  (A) Time-
and dose- dependent cytotoxic effects of extracellular adenosine on
HepG2 cells.  Cells (5000 cells/well) were treated with different con-
centrations of adenosine (0.1–5 mmol/L) for 12, 24, or 48 h.  Cell
viability was determined by using the MTT assay.  Results are ex-
pressed as percentages of cell growth relative to initial number of
viable cells in controls.  (B) Effects of 3 mmol/L adenosine on cell
proliferation over time.  Equal numbers of HepG2 cells were seeded in
96-well culture plates in DMEM and allowed to adhere for 24 h.
DMEM and 3 mmol/L adenosine was then added, and the number of
viable cells was determined at 12, 24, 36, and 48 h by using the MTT
assay.  Mean±SD.  n=6.  bP<0.05 vs control.

Figure 2.  Morphological changes in the nuclei of HepG2 cells.  (A)
In controls, the majority of cells had uniformly stained nuclei after
staining with the membrane-permeable DNA-binding dye Hoechst
33342.  (B) A total of 48 h exposure to 3 mmol/L adenosine induced
morphological changes typical of apoptosis (ie nuclei fragmentation
with condensed chromatin), as detected by fluorescent microscopy.
×400.
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that adenosine mediates apoptotic cell death in HepG2 cells.
Adenosine induces HepG2 cell death via an intracellu-

lar pathway  HepG2 cells were pretreated with 4 receptor
antagonists and then treated with 3 mmol/L adenosine for
48 h, after which apoptotic cell death was quantified by analy-
sis of nuclear chromatin morphology as previously described.
Neither 8-cpt (A1 receptor antagonist), DMPX (A2a recep-
tor antagonist), MRS1191 (A3 receptor antagonist), nor theo-
phylline (nonspecific adenosine receptor antagonist) affected
apoptosis induced by adenosine.  The percentage of
apoptotic cells in cultures with adenosine plus 8-cpt,
adenosine plus DMPX, adenosine plus MRS911, and ad-
enosine plus theophylline was 25.1%±2.0%, 25.9%±2.3%,
28.8%±2.2%, and 22.5%±1.7%, respectively; there was no
significant difference between adenosine alone and adenos-

ine plus any of these antagonists (all P>0.05; Figure 4).  The
results indicate that the cytotoxic effects of adenosine on
HepG2 cells were not mediated by adenosine receptors.  To
further investigate whether adenosine-induced apoptosis is
caused by transmembrane transporter proteins, dipyrida-
mole, an inhibitor of facilitated intracellular transport of
adenosine, was tested.  HepG2 cells were pretreated with
dipyridamole, then treated with 3 mmol/L adenosine for 48 h,
after which the apoptotic effect was evaluated.  Control cells
were not treated with dipyridamole.  The percentage of
apoptotic cells in the adenosine plus dipyridamole group
(7.1%±0.5% ) was significantly lower than that in cells treated
with adenosine alone (27.3%±2.3%; P<0.05 ), suggesting that
the cytotoxic effects of adenosine on HepG2 cells are medi-
ated by an intracellular pathway.

Effect of adenosine on mitochondrial membrane poten-
tial  The mitochondria of both controls and adenosine-treated
cells exhibited bright red fluorescence signals and no accu-
mulation of green fluorescence signals (Figure 5).  Average
DePsipher fluorescence was quantified using Metamorph
imaging software.  The fluorescence of adenosine-treated
cells and controls was 94% and 100%, respec-tively; there
was no significant difference between the two groups
(P>0.05), indicating that adenosine does not perturb mito-
chondrial function.

Figure 4.  Effects of adenosine receptor antagonists and dipyridamole
(inhibitor of the adenosine transporter)  on adenosine-induced
apoptosis.  Cells were incubated for 24 h, then the cells were pre-
treated with one of 4 adenosine receptor antagonists or dipyridamole
for 30 min.  The antagonists used were 8-cpt (A1), DMPX (A2a),
MRS1191 (A3), and theophylline, a nonspecific adenosine receptor
antagonist, each at a concentration of 100 µmol/L.  Dipyridamole
was used at a concentration of 10 µmol/L.  Cells were treated with 3
mmol/L adenosine and the above compounds for 48 h.  The percent-
ages of apoptotic cells were determined by using fluorescence
microscopy.  n=6.  Mean±SD.  bP<0.05 vs control.  eP<0.05 vs ad-
enosine-treated cells.

Figure 3.  Effect of adenosine on DNA fragmentation. HepG2 cells
were incubated with or without 3 mmol/L adenosine for 48 h. DNA
fragmentation was determined by using the TUNEL assay. Data shown
are DNA fragmentation (as dUTP-FITC fluorescence detected by
flow cytometry). (A) Control cells form a very single population in
which only 1.1%±0.1% of cells exhibit DNA fragmentation. (B) Af-
ter exposure to 3 mmol/L adenosine for 48 h, 27 .5%±2.1% cells
exhibit DNA fragmentation.  n=6.  P<0.01  vs control.
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Effects of adenosine on caspase-3, -8, and -9 activity
When HepG2 cells were incubated with 3 mmol/L adenosine,
caspase-3 was significantly activated (Figure 6).  Caspase-3
activity was increased 3.5-fold (P<0.01).  However the activi-
ties of caspase-8 and caspase-9 were unchanged.  Dipy-
ridamole significantly decreased caspase-3 activation 1.6-
fold (P<0.05) but did not affect caspase-8 and caspase-9

activity (P>0.05).  These observations indicate that caspase-
3 activation plays a role in adenosine-induced apoptosis in
HepG2 cells.

Discussion
Apoptosis is a morphologically distinct form of pro-

grammed cell death that plays a major role during develop-
ment, homeostasis, and in many diseases, including cancer,
acquired immunodeficiency syndrome, and neurodegenera-
tive disorders.  Diverse signals originating from either within
or outside a cell (eg tumor suppressor protein, cyclin death
kinase inhibitor, cell surface receptor, and cysteine proteases)
can modulate this cell-intrinsic suicide program and lead to
cell apoptosis.  Induction of apoptosis can be recognized by
characteristic biochemical and morphological alterations of
the plasma membrane, mitochondria, and nucleus, including
cell shrinkage, membrane blebbing, chromatin condensation,
and formation of a DNA ladder with multiple fragments[22].
The present study demonstrates that HepG2 cells undergo
cell death when exposed to adenosine, because adenosine
causes antiproliferation in a dose- and time-dependent
manner.  In the present study, to confirm that cell death was
apoptosis, we used two established methods to detect
apoptosis.  The coincident results were obtained by observ-
ing chromatin condensation using fluorescence microscopy
(Figure 2B) and DNA fragmentation (TUNEL) in a flow
cytometry assay (Figure 3B), which demonstrates that the
extensive cell death induced by adenosine in the HepG2 cell
line is due mainly to apoptosis.

Adenosine has been shown to inhibit cell growth and
induce apoptosis of several types of cells via at least 2 inde-
pendent pathways[15,19].  Adenosine can exert its effects
extracellulary, mediated by the adenosine receptors, result-
ing in an increase of the activation of adenylate cyclase,
phospholipase C, protein kinase C and intercellular Ca2+ [23]

as shown for human epidermoid carcinoma (A431 cells)[17],
human arterial smooth muscle cells[18], and astrocytes[19].
Alternatively, adenosine causes cell growth inhibition and
apoptosis induction after being transported into the cells,
via intracellulary or non-receptor-mediated pathways.  Our
results show that none of the adenosine receptor antago-
nists tested effectively inhibited apoptosis of the cells, but
dipyridamole significantly reduced the percentage of adenos-
ine-induced apoptotic cells from 27.3%±2.3% to 7.1%±0.5%
(P<0.05; Figure 4).  These findings are consistent with those
of previous studies using bovine endothelial cells[14], human
breast cancer cells[1], U-937 human histiocytic leukemia
cells[15], and human leukemia HL-60 cells [16].  These findings
demonstrate that the cytotoxicity of adenosine in HepG2

Figure 5.  Mitochondrial membrane potentia l assay.  Cells were
incubated with or without 3 mmol/L adenosine (control) for 48 h,
and then adherent cells were incubated with medium containing
DePsipher (25 µg/mL) for 30 min at 37 °C.  Red fluorescence repre-
sents mitochondria with intact membrane potential.  Representative
fluorescent images of DePsipher fluorescence in control (A) and
adenosine-treated cells (B) are shown.  Photographs were taken with
a Nikon Eclipse E800 microscope. ×400.

Figure 6.  Detection of caspase activity. After adherence, cells were
cultured in 10% fetal calf serum medium and incubated with or with-
out 3 mmol/L adenosine for 48 h. Caspase activity in lysates was
measured using a caspase-3 substrate (DEVD-ρNA), a caspase-8 sub-
strate (IETD-ρNA) and a caspase-9 substrate (LEHD-ρNA). After
incubation at 37 °C for 1 h, fluorescence was detected by using a
fluorescence microplate reader. Comparison of the absorbance of
ρNA from a treatment sample with that of the controls allowed the
determination of the relative caspase activities.  n=6.  Mean±SD.  bP<0.05,
cP<0.01 vs control.  eP<0.01 vs Adenosine.
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cells is mediated by an intracellular mechanism rather than
by the adenosine receptors.

There are several different metabolic routes for intracel-
lular adenosine[14]: it can be phosphorylated to AMP by ad-
enosine kinase or deaminated by adenosine deaminase to
form inosine, which is then phosphorylized to hypoxanthine,
and is also related to homocystine metabolism by S-adenosyl-
L-homocysteine hydrolase.  These mechanisms involving
active adenosine catabolic products and key enzymes in the
salvage pathways have been further investigated in our
study.

Although extracellular stimuli-induced apoptosis may
involve multiple mechanisms, accumulated data suggest that
the mitochondria-initiated death pathway plays an impor-
tant role in triggering apoptosis in response to those stimuli.
In the mitochondria-initiated death pathway, mitochondria
undergoing permeability transition release apoptogenic pro-
teins such as cytochrome c or apoptosis-inducing factor
from the mitochondrial intermembrane space into the cytosol.
Released cytochrome c can activate caspase-9, and activated
caspase-9 in turn cleaves and activates executioner caspase-3.
After caspase-3 activation, some specific substrates for
caspase-3 such as poly(ADP-ribose)polymerase (PARP) are
cleaved, and eventually lead to apoptosis[24].  However, mi-
tochondria are not always involved in the process of
apoptosis[25,26].  In the present study, the mitochondrial mem-
brane potential was maintained in adenosine-induced HepG2
cell apoptosis (Figure 5).  The fluorescence of adenosine-
treated cells and controls was 94% and 100%, respectively
(P>0.05), indicating that adenosine does not perturb mito-
chondrial function, and that other pathways might be in-
volved in the apoptotic process in HepG2 cells.  Similar find-
ings have been reported for human gastric cancer cells (GT3-
TKB cells)[26], but these results are contradictory to those of
another study using HL-60 cells[27].  HL-60 cells were ex-
posed to extracellular adenosine, and apoptosis was associ-
ated with adenosine active transport.  These findings may
indicate that adenosine uses a number of different pathways
to exert its action and that it acts via different mechanisms in
different cell types.

Recently, many investigators have suggested that
caspases play an important role in the apoptotic response in
some cell lines[6,28,29] .  In particular, caspase-3 is a key execu-
tioner of apoptosis, whose activation is mediated by the
inhibitor caspases such as caspase-8 and caspase-9.  Corbiere
et al reported that diosgenin-induced apoptosis in different
human cancer cells is caspase-3-dependent, and is concomi-
tant with a fall of mitochondrial membrane potential[30].  Shieh
et al investigated the role of caspase-3 in emodin-induced

apoptosis in HepG2/C3A cells.  They found that the activity
of caspase-3 was not significantly increased at the early stage,
that it reached a maximal activity value after 48 h emodin
treatment, and that the time point was in accordance with the
appearance of DNA fragmentation and upregulation of p53
and p21 proteins[31].  In the present study, we observed that
adenosine resulted in a time- and dose-dependent increase
of apoptotic cell number, and that 3 mmol/L adenosine in-
creased caspase-3 activity 3.5-fold after 48 h treatment (Figure
6).  Dipyridamole markedly decreased caspase-3 activity 1.6-
fold (Figure 6) and attenuated apoptotic cell numbers (Figure
4), supporting the earlier findings that adenosine is a potent
apoptogen and that caspase-3 participates in adenosine-in-
duced apoptotic pathways in human hepatoma cells[20,31].
Okamura et al also reported similar results for cisplatin-in-
duced cell apoptosis in human hepatoma and oral squamous
cell carcinoma cell lines[22].  However, we noticed that there
were no significant changes in the activities of caspase-8
and -9, or in mitochondrial membrane potential after adenos-
ine treatment; the inhibitor of transporter protein had no
effect on caspase-8 or -9 activity, which suggests that ad-
enosine mediates apoptosis in part in a caspase-dependent
manner, but that an additional, as yet unidentified, apoptotic
pathway underlies cell death[32,33].  To address this question,
we are currently carrying out further experiments.

In summary, the present study shows that adenosine
can inhibit HepG2 cell proliferation via induction of apoptosis.
An intracellular pathway is involved, not activation of ad-
enosine receptors and mitochondria dysfunction.  The
nucleoside transporter activates caspase-3 and causes cell
apoptosis.  This result indicates that adenosine could be a
useful chemotherapeutic agent for the treatment of hepato-
cellular carcinoma.  The primary anticancer effect of adenos-
ine in vitro is reported here, and the potential effects, includ-
ing elucidation of its active catabolic components and evalu-
ation of its anticancer activity in vivo need further investi-
gation.
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