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ABSTRACT. The mechanism by which cycloheximide induces apoptosis in isolated rat hepatocytes was
studied. Cycloheximide (1–300 mM) induced apoptosis within 3–4 hr in the hepatocytes. Specific apoptotic
characteristics such as blebbing, phosphatidyl serine (PS) exposure, chromatin condensation, and nuclear
fragmentation were induced. Cycloheximide (CHX) dose dependently activated the caspase-3-like proteases, but
not the caspase-1-like proteases. Pretreatment of the hepatocytes with 100 mM of the caspase inhibitors
z-Val-Ala-DL-Asp-fluoromethylketone or Ac-Asp-Glu-Val-Asp-aldehyde completely abrogated the caspase
activation and the apoptosis. Addition of adenosine (100 mM) reduced phosphatidyl serine exposure and other
morphological characteristics of apoptosis by 50%; however, it did not prevent the activation of the caspases,
suggesting that adenosine inhibited downstream of caspase activation. The adenosine receptor antagonist
8-[4-[[[[(2-aminoethyl)amino]-carbonyl]methyl]oxy]phenyl]-1,3-dipropylxanthine abolished the capacity of
adenosine to prevent apoptosis, indicating that prevention was receptor-mediated. During apoptosis, the
mitochondrial membrane potential in apoptotic cells (cells with PS exposition) was decreased to 50–60% of the
control value; in the population viable cells, however, the mitochondrial membrane potential remained stable.
Prevention of apoptosis by the caspase inhibitor z-Val-Ala-DL-Asp-fluoromethylketone or adenosine prevented
the decrease in mitochondrial membrane potential. In conclusion, CHX rapidly induces apoptosis in isolated rat
hepatocytes, which is inhibited by adenosine at a relatively late step. BIOCHEM PHARMACOL 58;12:1891–1898,
1999. © 1999 Elsevier Science Inc.
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The protein synthesis inhibitor CHX† has been used in the
past to prevent apoptosis. However, it was shown recently
that CHX could also induce apoptosis in selected cell types
[1, 2]. In vivo, CHX induced apoptosis in the liver [3, 4],
similar to other, endogenous compounds such as tumor
necrosis factor-a and Fas ligand [5, 6], suggesting that
apoptosis in the liver may be an important pathophysiolog-
ical process. However, the development of apoptosis in
liver cells has been characterised poorly; it has been only
recently that the upregulation of c-myc, c-fos, and p53 after
CHX-treatment in vivo [4] and activation of caspases in
hepatocytes after stimulation of the Fas pathway have been

described [7]. In general, during apoptosis several charac-
teristic morphological changes are induced in cells, both in
the cytoskeleton (leading to bleb formation) and in the
nucleus (chromatin condensation and nuclear fragmenta-
tion). Recently, it was shown that upon an apoptotic
stimulus the DC decreases and mitochondrial factors (cy-
tochrome c and apoptotic-inducing factor (AIF) [8, 9] are
released from the mitochondria. Also characteristic of
apoptosis is the exposition of phosphatidyl serines on the
extracellular side of the plasma membrane and the activa-
tion of caspases.

In this study, we investigated these processes during
development of apoptosis in hepatocytes that were exposed
to CHX. To study the mechanisms involved, we used
several compounds that may prevent the development of
apoptosis and found that inhibitors of caspases blocked
apoptosis. We also tested adenosine, which in general
protects tissues [10–12], although it may also induce apo-
ptosis in a variety of cell types such as neuronal and
astroglial cells [13, 14], human thymocytes [15], T lympho-
cytes [16], the human leukaemia HL-60 cell line [17, 18],
and endothelial cells [19]. We found that adenosine did not
induce apoptosis, but rather seemed to have an anti-
apoptotic effect. In the present study, we report the protec-
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tive effect of adenosine against CHX-induced apoptosis in
rat hepatocytes.

MATERIALS AND METHODS
Materials

Collagenase and HEPES were obtained from Boehringer.
Hoechst 33258, PI, TMRM, and Alexa™488 were from
Molecular Probes. Fluorescent annexin V was prepared by
labelling human recombinant protein annexin V obtained
from Bender Med Systems with Alexa™488 using the
Alexa™488 protein labelling kit from Molecular Probes.
The caspase inhibitors zVAD-fmk and DEVD-cho were
obtained from BACHEM. Caspase substrates DEVD-AMC
and YVAD-AFC were obtained from Calbiochem. Bovine
serum albumin (type V), poly-L-lysine hydrobromide and
all other chemicals were from Sigma. Male wistar rats
(200–250 g) from Broekman were fed ad lib. and kept on a
12-hr day–light cycle for at least one week at the animal
facilities of Sylvius Laboratories.

Isolation and Incubation of Rat Hepatocytes

Hepatocytes were isolated from liver by collagenase perfu-
sion as described previously [20]. Viability of the freshly
isolated cells was . 95% as determined by trypan blue
exclusion. After isolation cells were kept on ice until use.
Cells were preincubated for 45 min in Hanks’/HEPES buffer
(pH 7.4, 37°) composed of 120 mM NaCl, 5 mM KCl, 4.2
mM NaHCO3, 1.2 mM NaH2PO4, 1.3 mM CaCl2, 0.4 mM
MgSO4, 25 mM HEPES supplemented with 10 mM glu-
cose, and 1% (w/v) BSA, gassed for 30 min with 95%
O2/5% CO2. Cells (3.0 3 105 cells/mL) were allowed to
attach to circular glass coverslips coated with poly-L-lysine
(1 mg/mL in water) [21]. The coverslips were placed in
6-well culture plates and 2 mL hepatocytes was added. The
plates were incubated at 37° in a humidified atmosphere
(5% CO2/air) throughout the experiment. For experiments
using cell suspension, 2 mL hepatocytes (3.0 3 105 cells/
mL) was incubated in small polyethylene vials of 12 mL.
The vials were incubated at 37° in a humidified atmosphere
(5% CO2/air) throughout the experiment, and were gently
shaken every 30 min.

Morphological Determination of Apoptosis

After incubation the cells were carefully rinsed once with
PBS (pH 7.4, 37°) and fixed for 20 min with 3.7% (w/v)
paraformaldehyde in PBS at room temperature. Then, cells
were washed twice with PBS prior to incubation with
Hoechst 33258 (2 mg/mL) in PBS for 20 min. Cells were
washed twice with PBS, and the glass coverslips were
mounted with Polyaquamount. In normal hepatocytes, the
nuclei had uncondensed chromatin, but in apoptotic hepa-
tocytes the nuclear chromatin was condensed at the nuclear
membrane or the nuclei were fragmented.

Imaging Techniques

Fluorescence microscopy was used for the analysis of the
cells. The system consisted of an IM35 inverted microscope
with a 100 watt mercury arc lamp (Zeiss) and a Nikon
403/1.3 NA CF Fluor objective. Hoechst staining was
detected with a 510-nm longpass emission filter, a 365-nm
bandpass filter, and a 475-nm dichroic mirror. Images were
recorded using a CCD instrumentation camera, controlled
by a CC200 camera controller (Photometrics).

Flow Cytometric Analysis of the Percentage Viable,
Apoptotic, and Dead Hepatocytes

DETECTION OF PS EXPOSURE AND PLASMA MEMBRANE PER-
MEABILISATION. The percentage viable, apoptotic, and dead
hepatocytes was determined by flow cytometric analysis
(FACscan, Becton Dickenson). In apoptotic cells the
inward orientation of the PS is lost, and PS are located at
the extracellular site of the plasma membrane. These
extracellular PS bind to annexin V, which is used to
discriminate between apoptotic and non-apoptotic cells. PS
were visualised using Alexa™488-labelled annexin V (ap-
proximately 1 mg/mL annexin V and Alexa™488 in a
stoichiometric complex of 1:1). Viable, non-apoptotic cells
do not bind ANV, while apoptotic and dead cells are
positive for ANV. To further discriminate between apopto-
tic and dead hepatocytes PI (10 mM final concentration)
was included; apoptotic hepatocytes have an intact plasma
membrane and do not take up PI, while dead cells are
permeable to PI [22]. Briefly, a sample of 85 mL of the
hepatocyte suspension was taken and centrifuged at 50 g for
1 min. The pellet was resuspended in 85 mL ice-cold buffer
consisting of 10 mM HEPES, 150 mM NaCl, 5 mM KCl,
1.0 mM MgSO4, 1.8 mM CaCl2, pH 7.4, and supplemented
with 0.2 mL ANV and 10 mM PI. The samples were
incubated for 15 min on ice in the dark; then 200 mL extra
buffer was added and the samples were analysed.

PS EXPOSURE AND MITOCHONDRIAL MEMBRANE POTENTIAL.
ANV (0.2 mL) also containing 0.02 mM TMRM was added
at the indicated times to 85 mL of the hepatocyte suspen-
sion. Cells were incubated for 15 min at 37° and thereafter
were centrifuged at 50 g for 1 min. The pellet was
resuspended in 250 mL Hanks’/HEPES buffer at 37°. The
samples were analysed using the flow cytometer.

Measurement of Caspase Activity

The activities of caspase 3 (CPP32)-like and caspase-1
(YVAD)-like proteases were measured as described [7]. At
the indicated times, 1 mL cell suspension (3 3 105

cells/mL) was taken, centrifuged, and the cells were washed
twice with ice-cold PBS; the cells were resuspended in a
lysis buffer consisting of 10 mM HEPES, pH 7.0, 40 mM
b-glycerophosphate, 50 mM NaCl, 2 mM MgCl2, and 5
mM EGTA. After 10 min on ice, the cells were disrupted
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by four cycles of freezing and thawing and stored at 280°.
Protein concentration was determined using the method
described by Bradford [23]. For the assay, samples contain-
ing 50 mg protein were incubated with 40 nmol of the
enzyme substrates DEVD-AMC or YVAD-AFC in a
100-mM HEPES buffer, pH 7.25, containing 10% (w/v)
sucrose, 0.1% (v/v) Nonidet-P40, and 10 mM dithiothrei-
tol. After cleavage of the substrates fluorescent AMC or AFC
is released; this was monitored at an excitation of 360 nm and
emission of 460 nm using a Perkin Elmer plate reader.
Calibration curves were constructed using free AMC or AFC.

Statistics

Values are expressed as means 6 SD. The statistical
evaluation was performed with an unpaired two-tailed
Student’s t-test.

RESULTS
CHX-Induced Apoptosis

CHX induced apoptosis in freshly isolated rat hepatocytes
within 2–4 hr, as was assessed by several characteristics of
apoptosis: formation of blebs, chromatin condensation (Fig.
1, A and B), exposition of phosphatidyl serines at the
extracellular site of the plasma membrane (Fig. 2A), and
shrinkage of cells (Fig. 2, B and C). In control hepatocytes
the chromatin in the nucleus was uncondensed (Fig. 1A),
while in apoptotic cells the chromatin was condensed at
the nuclear membrane or the nucleus was fragmented (Fig.
1B). Apoptosis started approximately 2 hr after addition of
CHX. In Fig. 2A, an experiment is shown in which approx.
4% of the hepatocytes were apoptotic at 30–300 mM CHX
compared to 1% in non-exposed control cells after 2 hr.
Apoptosis was maximal at 100 mM CHX and did not
increase further at higher concentrations of CHX. At 100
mM CHX, apoptosis was induced in 6% and 10% of the
hepatocytes at 3 and 4 hr, respectively (Fig. 2A), while in
control hepatocytes 2% apoptosis was observed after 3 and
4 hr. We also determined the size of the hepatocytes by
measuring the forward scatter in the flow cytometer (Fig. 2,
B and C). Indeed, we found that the annexin-V-positive
cells were smaller than the annexin-V-negative cells, con-
firming that apoptosis was induced in this group. Due to
variation in the individual experiments with separate
batches of hepatocytes, the time before the first apoptotic
cells appeared and the extent of apoptosis differed, which
resulted in a considerable variation (10–30% apoptosis
after 4 hr). Therefore, the apoptosis caused by 100 mM
CHX after a 4-hr incubation period in each individual
experiment was set at 100% so as to make individual
experiments comparable.

Apoptotic cells shrink; as an extra check for induction of
apoptosis, the size of the hepatocytes in the different
populations, obtained after labelling the cells with ANV
and PI, was determined by measurement of the forward
scatter (FSC) using flow cytometry. In the non-exposed

cells, a very small population of apoptotic cells was present
(Fig. 2B). Exposure to CHX resulted in shrinkage of the
hepatocytes compared to the non-exposed cells. The size of
the apoptotic cells was diminished compared to viable cells
(Fig. 2, B and C). In addition, the population with small
cells was increased after exposure to CHX compared to
non-exposed control hepatocytes.

Involvement of Caspases in CHX-Induced Apoptosis

During apoptosis the caspases are activated. Figure 3 shows
the effects of increasing concentrations of CHX (0.1–100
mM) on the activation of the caspase-3-like (DEVD-like)
activity. CHX increased the DEVD-like activity during
increasing incubation periods: it started to increase between

FIG. 1. CHX-induced morphological changes in apoptosis in rat
hepatocytes. Freshly isolated rat hepatocytes were preincubated
for 45 min at 37° followed by a 4-hr incubation in the absence
or presence of CHX. (A) control cells and (B) cells exposed to
100 mM CHX. The cells were fixed with 3.7% paraformalde-
hyde and DNA was stained with Hoechst 33258. The cells were
visualised using a Zeiss IM35 inverted microscope with a Nikon
403\1.3 NA CF Fluor objective. The light microscopic image
and the fluorescent image of the nuclei of the same cells are
shown combined in one photograph. Bar is 10 mm.
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1 and 2 hr after addition of CHX. After 3 hr, the
DEVD-like activity was approx. 5-fold increased compared
to control cells (Figs. 3 and 4). Caspase-1-like (YVAD-like)
activity was also measured, but during the incubation
period CHX exposure did not result in any increase in
YVAD-like activity (not shown), suggesting that this

caspase subfamily was not involved in the CHX-mediated
apoptosis in rat hepatocytes.

The caspase inhibitor zVAD-fmk completely prevented
the increase of DEVD-like activity (Figs. 3 and 4). Inhibi-
tion of caspases by preincubation of the hepatocytes with
zVAD-fmk or DEVD-cho completely prevented the CHX-

FIG. 2. Dose-dependent induction of apoptosis in rat hepato-
cytes by CHX. (A) Freshly isolated rat hepatocytes were
preincubated for 45 min at 37° before CHX (3–300 mM) was
added. The percentage of apoptosis was determined after 0 (}),
1 (■), 2 (Œ), 3 (✖), and 4 hr (F) by flow cytometric analysis of
hepatocytes labelled with ANV and PI. Data are means 6 SD of
four independent experiments. *P < 0.05 and **P < 0.01 for a
statistically significant increase in apoptosis compared to non-
exposed control cells. The size of the hepatocytes was determined
by measuring the forward scatter (FSC) of cells in the different
populations obtained after labelling with ANV and PI. The differ-
ent populations consisted of viable cells (ANV-negative and PI-
negative) and apoptotic cells (ANV-positive and PI-negative). The
frequency histogram of the FSC of viable cells and apoptotic cells is
shown for (B) non-exposed hepatocytes (control) and (C) hepato-
cytes exposed to 100 mM CHX after 4 hr of incubation.

FIG. 3. Dose-dependent induction of DEVD-AMC cleavage in
CHX-treated hepatocytes. Freshly isolated rat hepatocytes were
preincubated for 45 min at 37° before CHX (0.1–100 mM) was
added. Caspase inhibitor zVAD-fmk was added during the last 30
min of the preincubation period. At the indicated time points,
aliquots were removed from the cell incubations for determination
of the DEVD-AMC caspase activity. The enzyme activity is
expressed as pmol AMC per mg protein per minute. Data shown are
means 6 SD and the results of three independent experiments.

FIG. 4. Effect of adenosine on DEVD-AMC cleavage in CHX-
treated hepatocytes. Freshly isolated rat hepatocytes were pre-
incubated in the absence or presence of Ado (100 mM) for 30
min. CHX (100 mM) was added to the cells. At the indicated
time points, aliquots were removed from the cell incubations for
determination of the DEVD-AMC caspase activity. The enzyme
activity is expressed as pmol AMC per mg protein per minute.
Data shown are means 6 SD and the results of three indepen-
dent experiments.
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induced apoptosis, confirming the involvement of caspases
(Fig. 5). On the contrary, Ado (100 mM) reduced the
CHX-induced DEVD-like activity only slightly (Fig. 4).

Protection by Adenosine against
CHX-Induced Apoptosis

Addition of Ado (30–300 mM) to hepatocytes did not
cause apoptosis in freshly isolated rat hepatocytes (Table 1).
Instead, it was capable of protecting the hepatocytes against
CHX-induced apoptosis. At a concentration of 30 mM, the
protection by Ado was not statistically significant, but at
100 and 300 mM, a 52% and 62% decrease, respectively was
observed, resulting in an increase in the percentage of
viable cells (Table 1).

Mechanism of Adenosine-Mediated Protection against
CHX-Induced Apoptosis

The adenosine kinase inhibitor AMDA (20 mM) [24] was
not able to prevent or influence the Ado-mediated protec-
tion against CHX-induced apoptosis (Fig. 6). However,
XAC, a non-selective antagonist of adenosine receptors, (5
mM) [25], nearly completely abolished the Ado-mediated
protection against CHX-induced apoptosis (Fig. 7) (to a
level of 90% of the CHX-induced apoptosis), indicating
that one of the adenosine P1 receptors is involved in
protection against CHX-apoptosis.

Mitochondrial Membrane Potential during
CHX-Mediated Apoptosis

Flow cytometric analysis was used to measure the DC of the
viable and apoptotic cells after the various treatments.

Dead cells did not have a DC and were excluded (as
described previously in [22]). The fluorescent compound
TMRM, a cationic fluorophore that accumulates into
mitochondria, was used to determine DC during CHX-
mediated apoptosis. To discriminate between viable and

FIG. 5. Effect of adenosine and caspase inhibitors zVAD-fmk
and DEVD-cho against CHX-induced apoptosis. Freshly iso-
lated rat hepatocytes were preincubated for 45 min at 37°, and
zVAD-fmk, DEVD-cho, or Ado (100 mM) was added during the
last 30 min of incubation. The incubation period of 4 hr started
with the addition of 100 mM CHX. The caspase inhibitors alone
did not induce any effects in the hepatocytes. The CHX-induced
apoptosis was set each time at 100% to compare the percentage
reduction by zVAD-fmk, DEVD-cho, and Ado. CHX induced
apoptosis in 16.6% 6 5.7% of the cells. Data are means 6 SD
of 6 separate experiments. ###P < 0.001 and ##P < 0.005 for
the induction of apoptosis by CHX compared to control hepa-
tocytes. ***P < 0.0001, a significant reduction in apoptosis
compared to CHX-induced apoptosis.

TABLE 1. Adenosine protection against CHX-induced
apoptosis in hepatocytes

Control
Viable cells Apoptotic cells Dead cells

(%) (%) (%)

Adenosine
0 75 (6) 3 (3) 20 (3)
30 mM 78 (4) 4 (3) 18 (4)
100 mM 79 (4) 5 (4) 16 (3)
300 mM 75 (7) 5 (4) 22 (8)

100 mM CHX

Adenosine
0 65 (9)* 18 (7)* 17 (4)
30 mM 72 (7)† 13 (6)* 15 (2)*
100 mM 75 (5)‡ 10 (6)‡ 16 (1)
300 mM 70 (9) 7 (3)† 23 (6)

Hepatocytes were incubated in the absence (upper table) or presence (lower table) of
100 mM CHX. Cells were preincubated with 30, 100, and 300 mM Ado for 30 min
before CHX was added. After 4 hr, samples were taken and the percentages of viable,
apoptotic, and dead cells were determined by flow cytometric analysis of the cells
labelled with ANV and PI.

*P , 0.02 for a statistically significant effect compared to non-exposed, control
hepatocytes.

†P , 0.02 and ‡P , 0.005 for the statistically significant effect of ADO
compared to hepatocytes exposed to CHX alone. Data are means 6 SD (in
parentheses) of five independent experiments.

FIG. 6. Effect of adenosine kinase inhibitor AMDA on Ado-
mediated protection. Freshly isolated rat hepatocytes were pre-
incubated for 45 min at 37°, and Ado (100 mM) and AMDA
(20 mM) were added during the last 30 min of the preincuba-
tion. The incubation period of 4 hr started with the addition of
100 mM CHX. The inhibitor alone did not induce any effects in
the hepatocytes. The CHX-induced apoptosis was set each time
at 100% to compare the effect of the different treatments. The
CHX induced apoptosis in 19.6.6% 6 10% of the cells. Data
are means 6 SD in triplicate out of 2 separate experiments. #P <
0.05 for the induction of apoptosis by CHX compared to control
hepatocytes. *P < 0.05, a significant reduction in apoptosis
compared to CHX-induced apoptosis.
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apoptotic cells, the externalisation of PS by apoptotic cells
was used. In non-exposed cells, two populations of cells
with a DC were found: cells with a high DC (100%) that
were ANV-negative (80%, the viable cells) and a popula-
tion of ANV-positive cells (4%, apoptotic cells) with a low
DC, their DC being reduced by 50% compared to the
ANV-negative cells. Exposure to CHX (100 mM) for 4 hr
increased the population of cells with a low DC (24%). The
treatment with CHX had no effect on the DC of the
population of viable cells. Treatment of the hepatocytes
with zVAD-fmk (100 mM) prevented PS exposition and the
decrease in DC. Ado (100 mM) reduced the percentage of
apoptotic cells with a low DC (as in Fig. 5). Similarly,
viable cells showed no reduction in DC, indicating that
Ado prevented the CHX-induced exposition of PS and the
decrease in the DC simultaneously.

DISCUSSION

CHX has been reported to induce DNA fragmentation,
characteristic of apoptosis in liver after in vivo administra-
tion to rats [3], suggesting that it is a candidate for
induction of apoptosis in vitro. It is for this reason that we
first characterised the effects of CHX in freshly isolated rat
hepatocytes. The results show that CHX rapidly induces
apoptosis in hepatocytes. CHX caused chromatin conden-
sation, bleb formation, DEVD-like caspase activation, ex-
position of PS, and a decrease in DC. Two other protein
synthesis inhibitors, puromycin and emetine, similarly in-
duce chromatin condensation in rat hepatocytes [26],
suggesting that the inhibition of protein synthesis probably

stimulates the apoptotic processes. The apoptotic effect of
protein synthesis inhibition was also found in other cell
types, such as the HL-60 cell line [1] or a lymphoid CEM
cell line [2]. However, CHX does not always have a
pro-apoptotic effect in hepatocytes: it inhibited apoptotic
processes in rat hepatocytes exposed to transforming growth
factor b (TGF-b) [27].

CHX activated caspase-3-like proteases (CPP32/DEVD-
like), but not caspase-1-like proteases (ICE/YVAD-like).
The group of caspase-3-like proteases consists of at least five
caspases that are all involved in apoptosis: caspase-3
(CPP32/YAMA), 26 (Mch2), 27 (Mch3/ICE-LAP3/
CMH-1), 28 (Mch5/FLICE-1/MACH-1), and 210
(Mch4/FLICE -) [28]. During apoptosis caspases are acti-
vated; in vitro it has been shown that caspase-10 can act
autocatalytically and can also cleave caspases-3 and-7 [29]
and that caspase-3 can cleave caspase-7 [30] and caspase-6
[31]. It is possible that a similar cascade is activated during
CHX-mediated processes. The detection of caspase-3-like
protease activity indicates that other caspases could be
activated as well, but the method used did not allow us to
distinguish between the various forms of caspase-3-like
proteases.

Because no effect of CHX on caspase-1-like proteases was
found, it seems that these are non-essential for apoptosis.
This has also been observed in apoptotic immune cells;
moreover, caspase-1-deficient mice develop normally with-
out apparent defects in the apoptotic process [32]. In
contrast, caspase-3 (CPP32)-deficient mice died at 1–3
weeks of age and showed a decrease in apoptosis of brain
cells, indicating a critical role for caspase-3 in apoptosis.
However, thymocytes isolated from these mice underwent
apoptosis normally, indicating that in these cells other
caspases, such as caspase-6 or-7, were mediating the effects
[33].

Recent studies have shown that mitochondria are impor-
tant for the apoptotic process. A decrease in mitochondrial
membrane potential was triggered by several apoptosis-
inducing agents in a variety of cell lines, with this decrease
preceding nuclear apoptosis [8, 34–36]. We also observed
that the DC in apoptotic (ANV-positive) hepatocytes was
decreased during CHX-induced apoptosis. Previously, a
similar result was observed when apoptosis was induced in
rat hepatocytes by exposure to activated natural killer cells
[22].

Pretreatment of the hepatocytes with caspase inhibitors
zVAD-fmk or DEVD-cho abolished apoptosis completely.
The increase in caspase-3-like protease activity by CHX
was also completely prevented, as were the other apoptotic
events, i.e. PS externalisation, decrease in DC, formation of
blebs, and nuclear apoptosis (chromatin condensation and
nuclear fragmentation). This indicates that these are lo-
cated downstream of caspase activation, the latter being a
terminal event in apoptosis.

Treatment of the hepatocytes with adenosine reduced
the percentage of apoptotic cells after treatment with CHX
by approx. 50%; i.e. PS exposition and decreases in DC and

FIG. 7. Effect of adenosine receptor antagonist XAC on Ado-
mediated protection. Freshly isolated rat hepatocytes were pre-
incubated for 45 min at 37°, and Ado (100 mM) and XAC (5
mM) were added during the last 30 min of the preincubation.
The incubation period of 4 hr started with the addition of 100
mM CHX. The antagonist alone did not induce any effects in the
hepatocytes. The CHX induced apoptosis was set each time at
100% to compare the effect of the different treatments. The
CHX induced apoptosis in 16.7% 6 7% of the cells. Data are
means 6 SD in triplicate out of 2 separate experiments. #P <
0.05 for the induction of apoptosis by CHX compared to control
hepatocytes. *P < 0.05, a significant reduction in apoptosis
compared to CHX induced apoptosis. $P < 0.05, a significant
reduction in Ado-mediated protection. The ado 1 XAC group
was not statistically different from the CHX alone group.
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nuclear apoptosis were abolished in half of the hepatocytes
that otherwise probably would have become apoptotic. In
addition, the caspase 3-like activity was only slightly
reduced by adenosine, indicating that adenosine functions
between the activation of caspase(s) and the apoptotic
processes such as translocation of PS and the decrease in
DC. The question as to whether adenosine might inhibit
the cleavage of some substrates or influence apoptosis by
another process remains to be solved. It is not clear yet
whey adenosine does not prevent apoptosis in all hepato-
cytes. A possible explanation could be that the liver
consists of different hepatocyte populations that might
react differently to adenosine.

Most effects of adenosine are receptor-mediated. Re-
cently, adenosine was reported to delay the spontaneous
apoptotic process induced in human neutrophils by activa-
tion of the adenosine A2a receptor [37]. HL-60 leukaemia
cells and U-937 lymphoma cells were protected against
adenosine A3 receptor antagonist-induced apoptosis by
agonists of the adenosine A3 receptor [38]. Here, it is shown
that in hepatocytes as well adenosine receptors are involved
in mediating protection against apoptosis. However, the
intracellular effects influencing specific apoptotic events
following receptor stimulation by adenosine have never
been investigated. Therefore, a mechanism of the ade-
nosine-mediated delay in apoptosis remains to be eluci-
dated, although it may be linked to intracellular ATP
concentrations. Lund et al. [39] showed that adenosine
increases intracellular ATP levels in hepatocytes. Apopto-
sis is an active process that needs energy for apoptotic
processes such as chromatin condensation, PS transloca-
tion, and the activation of caspase 3 by cytochrome c
[40–42]. On the other hand, decreasing ATP levels were a
signal for the Bo cell line to undergo apoptosis [43], while
human T cells stimulated with a specific apoptotic signal,
such as Fas or staurosporine, underwent necrosis when ATP
was depleted [44], indicating that ATP levels do play a
critical role in pathways of cell death.
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