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Sodium butyrate induces apoptosis in human hepatoma cells by
a mitochondria/caspase pathway, associated with degradation of
B-catenin, pRb and Bcl-X|.
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Abstract

Butyrate can promote programmed cell death in a number of tumour cells in vitro. This paper provides evidence that butyrate
induces apoptosis in human hepatoma HuH-6 and HepG?2 cells but is ineffective in Chang liver cells, an immortalised non-tumour
cell line. In both HuH-6 and HepG?2 cells, apoptosis appeared after a lag period of approximately 16 h and increased rapidly during
the second day of treatment. In particular, the effect was stronger in HuH-6 cells, which were, therefore, chosen for ascertaining the
mechanism of butyrate action. In HuH-6 cells, B-catenin seemed to exert an important protective role against apoptosis, since
pretreatment with B-catenin antisense ODN reduced the content of B-catenin and anticipated the onset of apoptosis at 8 h of ex-
posure to butyrate. Moreover, in HuH-6 cells, butyrate induced loss of mitochondrial membrane potential, release of cytochrome ¢
from mitochondria, activation of caspase 9 and caspase 3, and degradation of poly(ADP-ribose) polymerase. In addition, during the
second day of treatment, B-catenin, pRb, and cyclins D and E were diminished and the phosphorylated form of pRb disappeared.
Also, the content of the anti-apoptotic factor Bcl-Xy, fell markedly during this period, while that of the pro-apoptotic factor Bcl-Xs
increased. These effects were accompanied by an increase in both Bcl-Xp and Bcl-Xs mRNA transcripts, as ascertained by reverse
transcriptase-polymerase chain reaction. Our results suggest that caspases have a crucial role in butyrate-induced apoptosis. This
conclusion is supported by the observation that the inhibitors of caspases, benzyloxy carbonyl-Val-Ala-Asp-fluoromethylketone and
benzyloxy carbonyl-Asp-Glu-Val-Asp-fluoromethylketone, prevented apoptosis and the decrease in Bcl-Xp, pRb, cyclins and
B-catenin. These effects were most probably responsible for the increased sensitivity of the cells to butyrate-induced apoptosis, which
was observed on the second day of treatment.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Butyrate is a short-chain fatty acid, naturally present in
the human colon as a micronutrient produced by the
bacterial fermentation of fibres, that can inhibit cell
growth and promote differentiation in normal and tu-
mour cell lines [1]. To explain these effects, evidence has
been provided that butyrate acts as an inhibitor of histone
deacetylase, thereby inducing histone hyperacetylation,
chromatin relaxation and changes in the expression of
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some regulatory genes [2]. In particular, it has been doc-
umented that butyrate can induce cell-cycle arrest by in-
creasing the expression of p21/WAF-1 and p27/KIP-1
[3,4], and differentiation by upregulating a number of
biochemical markers, such as cytokeratin 19 [5], alkaline
phosphatase [6], integrin-B; and osteopontin [7].

Apart from effects on the cell cycle and differentia-
tion, butyrate can also stimulate apoptosis in many
cancer cells [8-11], including breast and colon cancer,
glioma and mesothelioma cell lines, by inducing a
p53-independent pathway, which can be correlated with
the activation of the Fas/FasL system [I12] or with
changes in the contents of proteins of the Bcl-2 family
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[13]. An apoptotic effect of butyrate has been also
demonstrated in several human hepatoma cell lines and
has been correlated with increased expression of
p21WAF1 or p27Kipl [14-16].

In our previous paper we showed that, in human
retinoblastoma Y79 cells, butyrate was able to exert a
clear apoptotic effect by reducing the amount of Bcl-2
and inducing the activity of 26S proteasome, with a
consequent decrease in the content of p53 and other
short-lived proteins [17]. We also showed that the effect
was increased synergistically when butyrate was associ-
ated with the inhibitor of topoisomerase I, camptothecin
[18], or the proteasome inhibitor MG132 [17].

We have recently focused our interest on liver cancer.
The global incidence of this tumour has increased con-
siderably in recent years and it has become one of the
most frequent malignant neoplasms. Viral B and C in-
fections are considered the principal causal agents
[19,20], while exposure to specific compounds, such as
aflatoxin B; [20] or diethylnitrosamine [21], may con-
tribute to hepatocarcinogenesis. However, the molecular
mechanisms leading to liver tumour transformation and
progression are still unclear. Recent studies have dem-
onstrated that alterations in the B-catenin gene are fre-
quent in human hepatocellular carcinomas. The
aberrant accumulation of P-catenin, due to genetic
mutations affecting either B-catenin itself or its regula-
tory factors, such as APC or axin, has been shown to
play an important oncogenic role in various tumour
types, including colorectal and hepatic cancers [22,23].

In this study we investigated the molecular mecha-
nism by which butyrate induces apoptosis in human
hepatoma HuH-6 and HepG?2 cells, two cell lines char-
acterised by the accumulation of B-catenin. We show
that butyrate induces apoptosis in both cell lines
through a mitochondria caspase-dependent pathway.
The activation of caspases caused a fall in the contents
of B-catenin, pRb, cyclins and Bcl-Xi. A possible rela-
tion between this decrease and an increase in the sensi-
tivity of hepatoma cells to butyrate-induced apoptosis is
discussed.

2. Materials and methods
2.1. Cell cultures and reagents

HuH-6, HepG2 and Chang liver cell lines were kindly
provided by Dr. M. Cervello (Centro Nazionale Ricer-
che, Palermo). Cells were grown as monolayers in RPMI
1640 medium, supplemented with 10% (v/v) heat-inac-
tivated fetal calf serum (FCS) and 1.0 mM sodium py-
ruvate, in a humidified atmosphere containing 5% CO»,
at 37 °C. Unless stated otherwise, incubations were
performed with HuH-6 cells and HepG?2 cells seeded on
96-well plates or 100-mm culture dishes. After plating,

cells were allowed to adhere overnight and were then
treated with chemical or vehicle only (control samples).
Cell viability was determined, as previously reported
[24], by the MTT quantitative colorimetric assay,
capable of detecting viable cells.

Sodium butyrate was obtained from Sigma
(St. Louis, MO). Benzyloxy carbonyl-Val-Ala-Asp-
fluoromethylketone (z-VAD-fmk) was supplied by
Promega (Italy) and benzyloxy carbonyl-Asp-Glu-Val-
Asp-fluoromethylketone (z-DEVD-fmk) by Calbiochem
(Germany).

2.2. Assessment of apoptosis and cell-cycle analysis

Apoptotic morphology was studied as previously
reported [24] by staining the cells with a combination
of the fluorescent DNA-binding dyes acridine orange
and ethidium bromide, 100 pg/ml phosphate-buffered
saline (PBS) for each dye. The differential uptake of
these two dyes allowed the identification of viable and
non-viable cells by fluorescence microscopy. Normal
nuclei in live cells appeared bright green; apoptotic
nuclei in dead cells appeared bright orange with highly
condensed chromatin.

For cell-cycle analysis by flow cytometry, hepatoma
cells (10° per condition) were harvested, washed and
fixed with 70% ice-cold ethanol. The cells were resus-
pended in a hypotonic fluorochrome solution (50 pg/ml
propidium iodide, 0.1% sodium citrate, 0.1% Nonidet P-
40 and 100 pg/ml RNase A) and incubated in the dark at
4 °C overnight. Propidium iodide (PI) staining of DNA
from 10.000 cells was detected on FACScan flow
cytometer (Beckman Coulter Epics XL) and the pro-
portion of cells giving fluorescence in the hypodiploid
sub-G0/G1 peak of the cell cycle was taken as a measure
of apoptosis. All data were recorded and analysed using
Expo32 software.

2.3. Measurement of mitochondrial transmembrane po-
tential (Ay,,)

Cells were harvested and incubated with 40 nM 3,3-
dihexyloxacarbocyanine (DiOCg; Molecular Probes,
Eugene, OR) for 20 min at 37 °C, washed twice with
PBS, and analysed by flow cytometry on an EPICS XL
(Coulter Electronics) FACScan. Excitation was at 488
and 525 nm with a dichroic LP filter.

The percentage of cells showing less fluorescence,
reflecting loss of mitochondrial transmembrane poten-
tial, was determined by comparison with untreated
controls using FExpo32 software. Carbonylcyanide
m-chlorophenylhydrozone (CCCP; 50 pM), a protono-
phore that completely de-energises mitochondria by
dissipating the transmembrane potential, was used as a
positive control.
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2.4. Antisense inhibition of f-catenin expression

The specific phosphorothioate-modified [B-catenin
antisense oligonucleotide used in this study was 5'-ACT
CAG CTT GGT TAG TGT GTC AGG C-3'. The oli-
gonucleotide with the sequence 5-CGG ACT GTG
TGA TTG GTT CGA CTC A-3’ was employed as re-
verse-sequence control. The oligonucleotides were added
to OPTIMEM medium in the presence of lipofectin
(Life Technologies, Inc.), using 2 pl of lipofectin/ml of
OPTIMEM medium/100 nM oligonucleotide. The
preparation was then added to 70% confluent cells in
6-well plates. After 5 h, the transfection medium was
replaced with RPMI containing 10% FCS and butyrate
was added for various times.

2.5. Preparation of cytosolic and mitochondrial extracts

HuH-6 and HepG2 hepatoma cells (5 x 10%) were
washed twice with PBS and harvested by centrifugation
(500g for 5 min). Cell pellets were resuspended in 350 pl
of buffer A (20 mM Hepes, 1.5 mM MgCl,, 10.0 mM
KCl, 1.0 mM EDTA, 1.0 mM EGTA, 1.0 mM dithio-
threitol and 250 mM sucrose) containing protease in-
hibitors (0.1 mM phenylmethylsulphonyl fluoride and
10.0 pg/ml leupeptin, aprotinin and pepstatin A). Cells
were homogenised on ice in Dounce homogeniser
(30 strokes) and centrifuged at 2000g for 10 min at 4 °C.
Supernatant (S1) was collected and the pellet again ho-
mogenised in buffer A to obtain a new supernatant (S2).
S1 and S2 were mixed and centrifuged at 11,000g for
10 min. The pellet and the supernatant represent mito-
chondrial and cytosolic fractions, respectively.

2.6. Western blotting

Cell lysates were prepared as described previously
[24]. Protein concentration was determined by Lowry
assay. Equal amounts (50 pg/lane) of protein samples
were resolved by sodium dodecyl sulphate—polyacryl-
amide gel electrophoresis and electroblotted on to ni-
trocellulose for detection with primary antibodies
followed by specific secondary antibodies conjugated
with alkaline phosphatase. The loading homogeneity
was checked by staining the membrane with red S
Ponceau. Visualisation was performed using nitroblue
tetrazolium and bromo-chloro-indoyl-phosphate. For
detection of B-catenin protein, horseradish peroxidase-
conjugated secondary antibody (Amersham) was em-
ployed, followed by visualisation with an enhanced
chemiluminescence system (Amersham). Bands were
quantified by densitometric analysis using SMX Image
software. All antibodies employed were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Both Bcl-X isoforms were evidenced by using Bel-Xg)1.
(L-19) rabbit polyclonal antibody. To detect both

phospho-pRb and unphospho-pRb, IF-8 mouse mono-
clonal antibody, which recognises the A/B pocket, was
used. Phospho-pRb was specifically evidenced by using
the Phospho-Plus RB (Ser 780, Ser 795 and Ser 807/811)
antibody kit obtained from Cell Signaling (Beverly,
MA).

2.7. RNA extraction and reverse transcriptase-polymerase
chain reaction

Total RNA was extracted from cells by a guanid-
inium isothiocyanate method according to Chom-
czynski and Sacchi [25]. Total RNA (1 pg) was
reverse-transcribed using the GeneAmp Kit for reverse
transcriptase-polymerase chain reaction (RT-PCR)
(Perkin—Elmer).

To amplify the human Bcl-X gene, cDNA was sub-
jected to PCR using the following oligonucleotide
primers: 5-TTGGACAATGGACTGGTTGA-3' as the
forward primer and 5-GTAGAGTGGATGGTCA-
GTG-3' as the reverse primer. As an internal control,
human glyceraldehyde-3-phosphate  dehydrogenase
(G3PDH) ¢cDNA was amplified using the forward pri-
mer 5-TGACATCAAGAAGGTGGTGA-3 and the
reverse primer: 5-TCCACCACCCTGTTGCTGTA-3'.

Following an initial denaturation step (94 °C for
1 min), amplifications were performed under the fol-
lowing reaction conditions: 94 °C for 1 min; 56 °C for 2
min; 72 °C for 3 min (20-25 cycles). The PCR was
completed by a 10-min elongation step at 72 °C. The
amplified products were resolved by agarose gel elec-
trophoresis (1% agarose and 0.5 pg/ml ethidium bro-
mide), and then photographed and scanned into Adobe
Photoshop. Densitometric analysis of the bands was
carried out as described in the previous section.

3. Results

3.1. Sodium butyrate-induced apoptosis in HuH-6 and
HepG?2 cells

The aim was to study the effects exerted by butyrate
on monolayer cultures of HuH-6 and HepG2 human
hepatoma cells, in comparison with Chang liver cells, an
immortalised non-tumour cell line. HepG2 (10*/well),
HuH-6 (5 x 103/well) and Chang liver cells (5 x 103/well)
were seeded in 96-well plates and maintained in culture
for 24 h. Thereafter, butyrate was added at different
concentrations and the incubation protracted for vari-
ous times.

HuH-6 and HepG2 cells treated for short periods of
time (8-16 h) with 2 mM butyrate appeared flattened,
separated from each other and with dendrite-like cyto-
plasmic protrusions (Fig. 1(b)). When the incubation
was for longer (24-48 h), a large proportion of cells
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Fig. 1. Morphological effects induced by butyrate in HuH-6 cells. (a-d)
Morphological analysis by conventional light microscopy. (e—f)
Staining with acridine orange/ethidium bromide and analysis under
fluorescence microscopy. HuH-6 cells cultured for 16 (a,b) or 48 h (c—f)
without (a, ¢ and e) or with 2 mM sodium butyrate (b, d and f). The
figure is representative of three independent experiments. Four differ-
ent visual fields examined for each condition. Photographs taken at a
magnification of 400x.

showed the typical morphological features of apoptosis:
a reduction in cell volume, chromatin condensation and
nuclear fragmentation (Fig. 1(d)). In contrast, treatment
with 2 mM butyrate for 8-48 h did not produce visible
apoptotic effects in Chang liver cells (not shown).

In both hepatoma cell lines, butyrate-induced cell
death was confirmed as apoptosis by the following: (i)
fluorescence microscopy by dual staining with acridine
orange/ethidium bromide showed that after treatment
with butyrate most of the cells appeared orange-stained
with highly condensed and fragmented chromatin
(Fig. 1(f)); (i) flow cytometric profiles of cell-cycle dis-
tribution showed that butyrate caused a remarkable
increase in the percentage of cells included in the sub-
G1 peak, representing cells with fragmented DNA
(Fig. 2(a)); (iii)) flow cytometric analysis also showed
that the action of butyrate was completely suppressed by
100 uM z-VAD-fmk, a general inhibitor of caspases,

and markedly reduced by 100 uM z-DEVD-fmk, a se-
lective inhibitor of effector caspases (Fig. 2(a)). This last
finding demonstrated that the activation of caspases, the
proteolytic activity associated with apoptosis, was re-
quired for the induction of cell death by butyrate.

In flow cytometric analysis we calculated an apop-
totic index as the percentage of cells found in the sub-
diploid region after PI staining. With 2 mM butyrate,
apoptosis appeared at 24 h of treatment (Fig. 2(b)).
The effect then increased with time so that after 48 h of
exposure the proportion of dead cells reached 80.5%
and 42% for HuH-6 and HepG2 cells, respectively. In
contrast, butyrate produced only a marginal effect in
Chang liver cells (Fig. 2(b)). The butyrate effect was
also dose-dependent, the highest efficacy being ob-
served with 2-5 mM butyrate (not shown). Because of
the high sensitivity of HuH-6 cells to butyrate, this cell
line was chosen to clarify the mechanism of the buty-
rate effect.

3.2. The effect of butyrate on f-catenin

Both HuH-6 and HepG2 cells have been found to
contain high concentrations of altered forms of B-cate-
nin [26]. In HuH-6 cells the B-catenin gene exhibits a
point mutation. Thus, a mutated form of the protein
with a normal molecular weight (92 kDa) accumulates
in these cells. In HepG?2 cells, the B-catenin gene exhibits
a deletion of exons 3-4 and expresses a large amount of
a truncated form of B-catenin (73 kDa), together with a
smaller amount of the wild-type form.

Western blotting analysis (Fig. 3(a)), performed here
with a monoclonal antibody that recognises an epitope
located in the carboxyterminal region of B-catenin,
confirmed these findings and in addition showed that
Chang liver cells contain a low concentration of
B-catenin. Treatment with 2 mM butyrate produced
different effects on B-catenin in the three cell lines: in
HuH-6 cells it caused a remarkable decrease in the
92-kDa band with the appearance of degradation forms
of the protein; in HepG2 cells it induced a modest de-
crease in the wild-type form; in Chang liver cells the
treatment did not affect the amount of B-catenin. The
effect induced by butyrate in HuH-6 cells was dependent
on the dose employed (Fig. 3(b)) and the length of
treatment (Fig. 3(c)). In cells treated with 2 mM buty-
rate the decrease in B-catenin was modest in the first 16 h
of treatment; the amount then fell to 45% of control
after 24 h and to 20% after 48 h of exposure.

It has been previously reported [27] that B-catenin can
be cleaved, with the production of 65-72 kDa frag-
ments, in a caspase-dependent process that is associated
with apoptosis. We confirm that the cleavage of
B-catenin is determined by caspases, since in HuH-6 cells
the decrease in B-catenin together with the production of
degradation products were abolished by the addition of
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Fig. 2. The effect of butyrate on the cell-cycle distribution of HuH-6 and HepG2 cells. (a) Flow cytometric analysis of propidium iodide-stained HuH-
6 cells or HepG2 cells treated with 2 mM sodium butyrate for 48 h without or with 100 pM z-VAD-fmk or 100 pM z-DEVD-fmk. The x-axis
indicates fluorescence intensity on logarithmic scale. The y-axis indicates the number of events. (b) Apoptotic effects induced by increasing con-
centrations of butyrate in HuH-6, HepG2 and Chang liver cells. Percentages of cells in the sub-diploid region, evaluated by flow cytometry of
propidium iodide-stained cells, comprise an index of apoptosis. The results represent means + SEM of four independent experiments.

100 uM z-VAD-fmk and partially reduced by 100 uM
z-DEVD-fmk (Fig. 3(b)).

In order to investigate whether -catenin can exert an
anti-apoptotic role, we pretreated HuH-6 cells for 5 h
with B-catenin antisense ODN to reduce the concen-
tration of the protein. Then ODN was removed and the
samples were incubated without or with 2 mM butyrate
for various times. Comparison between Fig. 3(c) and (d)
demonstrates that pretreatment with B-catenin antisense
ODN clearly reduced the amount of the protein. This
effect was already visible at 8 h of incubation. Moreover,
the anticipated effect of butyrate on the B-catenin was
clearly observed also after brief periods of incubation
(8-16 h) (Fig. 3(d)). In contrast, pretreatment of HuH-6
cells with reverse control ODN produced no change in
the amount of B-catenin (not shown).

The results shown in Fig. 4(b) demonstrate that in
ODN-treated cells apoptosis had appeared by 8 h of
incubation, with approximately 15% of dead cells. This
proportion increased to 30% after 16 h of treatment,
while only a negligible number of apoptotic cells were
observed in cells pretreated with reverse control ODN at
both 8 and 16 h of treatment with butyrate (Fig. 4(a)).
The addition of B-catenin antisense ODN also potenti-
ated the apoptotic effect induced by butyrate at 24 h
(65% of dead cells vs. 42% in control) and 48 h (85% vs.
80.5%) of treatment.

3.3. Butyrate caused dephosphorylation of pRb
It is well known that pRb, the product of the reti-

noblastoma gene, is a key regulator of the cell cycle and
modulates cell proliferation and differentiation [28]. In

particular, it has been shown that loss of pRb or the
presence of the phosphorylated and inactive form of the
protein can favour tumourigenesis [29]. Moreover, re-
cent studies indicate that pRb serves a protective func-
tion against apoptosis in some cell systems [30,31]. In
this regard it has been shown that pRb is first dephos-
phorylated and then proteolytically cleaved by caspases
into p48 and p68 inactive fragments [32], and it has been
suggested that the cleavage of pRb represents a per-
missive step in the apoptosis-inducing pathway [32,33].

In order to study the effect of butyrate on the amount
of pRb and its phosphorylation state, we performed
Western blotting analysis using, first, an antibody
against the A/B pocket domain. Our results (Fig. 5(a))
demonstrated the presence of two distinct species, a
slow-migrating form, corresponding to phosphorylated
pRb (pl110), and a fast-migrating form, which was re-
lated to unphosphorylated pRb (p105). When HuH-6
cells were treated with 2 mM butyrate, a decrease in the
intensity of the band corresponding to phospho-pRb
was observed by 16 h, while a decrease in the intensity of
unphospho-pRb appeared at 24 h of exposure. During
the second day of treatment the intensity of both bands
further decreased, so that after 48 h the phospho-pRb
had disappeared while the unphospho-pRb had fallen
to about 30% of control and a cleavage product of
about 100 kDa was visible (Fig. 5(a)). The effect on
the phosphorylation state was confirmed using three
antibodies that specifically recognise phosphoserines
807-811, phosphoserine 795 and phosphoserine 780,
respectively (Fig. 5(b)).

Interestingly, the addition of z-VAD-fmk suppressed,
during the course of the treatment (16-48 h), the
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Fig. 3. The effect of butyrate on B-catenin. HuH-6, HepG2 and Chang
liver cells treated for various times with sodium butyrate. Cell lysates
prepared and analysed by Western blotting on duplicate samples.
(a) Comparison between the effects exerted by 2 mM sodium butyrate
for 48 h on B-catenin in HuH-6, HepG2 and Chang liver cells. (b) The
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cells and the influence of z-VAD-fmk and z-DEVD-fmk on this effect.
(c,d) Time course of the effect induced by 2 mM sodium butyrate on -
catenin in HuH-6 cells untreated (c) or treated (d) with B-catenin an-
tisense ODN. HuH-6 cells transfected for 5 h with B-catenin antisense
ODN and then treated with 2 mM sodium butyrate for various times.
Detection with an enhanced chemiluminescence system in order to
visualise degradation products of B-catenin. The experiments were
performed three times with similar results.
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Fig. 4. The influence of B-catenin antisense ODN transfection on the
apoptotic effect of butyrate in HuH-6 cells. HuH-6 cells transfected for
5 h with B-catenin antisense ODN (b) or reverse control ODN (a).
Cells then treated with 2 mM butyrate for various times. Percentages
of cells in sub-diploid region comprise an index of apoptosis. The re-
sults represent means + SEM of four independent experiments.

depressant effect of butyrate on the unphosphorylated
form of pRb and reduced that on the phosphorylated
form (Fig. 5(a) and (b)). z-DEVD-fmk exerted a similar
action, but with less efficacy (not shown).

Treatment of HepG2 cells with 2 mM butyrate also
decreased the concentrations of the two forms of pRb,
but the effect was modest compared to that found in
HuH-6 cells. Finally, in Chang liver cells, butyrate in-
duced a modest decrease only in phospho-pRb

(Fig. 5(a)).

3.4. The effect of butyrate on the cyclins, CDKs, p21, p27
and p53

Phosphorylation of pRb occurs in the G1 phase of
cell cycle by activation of cyclin-dependent kinases
(CDKs), which are serine/threonine kinases dependent
on the presence of Gl-phase cyclins (cyclins D and E).
The activity of cyclin-CDK complexes is inhibited by
factors belonging to the Cip/kip family, such as p21 and
p27. As shown in Fig. 6, treatment of HuH-6 cells with
2 mM butyrate markedly reduced the amount of both
cyclins D and E. This effect was suppressed by z-VAD-
fmk and reduced by z-DEVD-fmk. However, treatment
of HuH-6 cells with butyrate did not modify the
amounts of CDK2 and CDK4 or those of p21 and p27
(not shown).

In spite of the fundamental role exerted by the
product of the tumour-suppressor gene p53 in many
apoptotic pathways, butyrate-induced apoptosis is
shown to be independent of p53 in many systems [12].
Our results demonstrate that treatment with butyrate
caused a modest decrease in p53 in both HuH-6 and
HepG?2 cells (not shown). Thus, in hepatoma cells also
the butyrate effect seemed to be independent of p53.

3.5. Effects of sodium butyrate on the expression of Bcl-2
family of proteins

The members of the Bcl-2 family of proteins are im-
portant regulators of apoptosis. In order to individuate
the role exerted by these factors in butyrate-induced
apoptosis, we first ascertained the presence of anti-ap-
optotic factors of this family in the cell lines used in our
experiments. We observed that the anti-apoptotic factor
Bcl-2 was undetectable in HuH-6 cells, while a low
content was found in HepG?2 cells. In contrast, non-tu-
mour Chang liver cells exhibited a high content of this
factor (not shown). We also analysed two products of
the Bcl-X gene, Bcl-X, a Bcl-2 homologue with anti-
apoptotic action, and Bcl-Xs, an alternatively spliced
variant of the Bcl-X gene with pro-apoptotic activity. In
extracts of the three cell lines a band of 31 kDa corre-
sponding to Bcl-X was clearly identified, while Bcl-Xs
was undetectable. Treatment of HuH-6 cells with 2 mM
butyrate for 24 h (Fig. 7(a)) induced a decrease in Bcl-
Xt and the appearance of a 21-kDa band corresponding
to Bcl-Xs. After 48 h, the effects were more evident, with
a remarkable increase in the intensity of the 21-kDa
band, whereas the amount of Bcl-X; decreased to 30%
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Fig. 5. Butyrate provoked dephosphorylation and cleavage of retinoblastoma protein. HuH-6, HepG2 or Chang liver cells exposed for various times
to 2 mM sodium butyrate without or with 100 uM z-VAD. Cell lysates analysed by Western blotting in duplicate samples with the following an-
tibodies: mouse monoclonal antibody, which recognises the A/B pocket of pRb (IF8) (a); phospho-pRb antibodies, which recognise pRb phos-
phorylated at ser 807 and 811 (b); ser 795 (c) or ser 780 (d). In (a) the unphosphorylated form of pRb appears as a fast migrating band, as compared
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modified by incubation for 48 h without butyrate. All experiments were performed three times with similar results.

Butyrate
z-VAD
z-DEVD

|- CyclinD

- CyclinE

Fig. 6. Butyrate decreased the contents of cyclin D and cyclin E in
HuH-6 cells. HuH-6 cells treated for 48 h with 2 mM sodium butyrate
without or with 100 pM z-VAD-fmk or z-DEVD-fmk. Cell lysates
analysed on duplicate samples by Western blotting for cyclin D and
cyclin E. The results are representative of three independent experi-
ments.

of control. The effects on Bcl-X isoforms were also de-
pendent on the dose of butyrate employed (not shown).

The decrease in Bcl-X1 induced by butyrate was sup-
pressed by the addition of z-VAD-fmk, a broad-spectrum
caspase inhibitor, and markedly reduced by z-DEVD-
fmk, a selective inhibitor of caspase 3 (Fig. 7(a)). These
results suggested a possible involvement of caspase ac-
tivity, and in particular of caspase 3, in the cleavage of
Bcl-X1 . It is of interest to observe that neither of the two
caspase inhibitors modified the increase induced by bu-
tyrate on the intensity of 21-kDa band. Therefore, it
seems clear that the 21-kDa band was not a degradation
product of Bcl-Xy . This consideration suggests that the
21-kDa band corresponds to Bcl-Xs.

Treatment of HepG2 cells with butyrate induced a
very modest decrease in both Bcl-2 and Bcl-X together
with the appearance of Bcl-Xs (not shown). Finally, in

Chang liver cells, treatment with butyrate did not induce
any significant modification in the content of the two
anti-apoptotic factors Bcl-2 and Bcl-Xy (not shown).

It is known that butyrate can modulate the expression
of genes correlated with apoptosis through histone hy-
peracetylation [2]. To determine whether the effect that
butyrate exerted in HuH-6 cells on Bcl-Xp and Bel-Xg
proteins was transcriptionally regulated, we analysed
Bcl-X mRNA species by semiquantitative RT-PCR. We
used PCR primers that bind to sequences shared by Bcl-
XL and Bcl-Xs and flank the region that is deleted in
Bcl-Xs. The two Bcl-X mRNA species can be distin-
guished as two bands of 780 and 490 bp, corresponding
to Bel-Xp and Bcl-Xs mRNA, respectively. Data re-
ported in Fig. 7(b) show that treatment of HuH-6 cells
with 2 mM butyrate for 48 h increased the production of
mRNA transcripts for both Bcl-X; and Bcl-Xs.

3.6. Butyrate induced loss of mitochondrial membrane
potential

In many systems, apoptosis is associated with loss of
mitochondrial inner membrane potential (Ay,,,). In or-
der to ascertain the role of mitochondria in butyrate-
induced apoptosis, we tested the effects of butyrate on
Ay, using DiOC6, a mitochondria-specific and voltage-
dependent dye. Treatment of HuH-6 and HepG2 cells
with butyrate resulted in an increase in the percentage of
depolarised cells, which are characterised by low values
of Ay,,. The effect, which was not observed in the first
16 h of treatment (not shown), appeared at 24 h of ex-
posure and increased at 36 and 48 h (Fig. 8). The effect
was more pronounced in HuH-6 cells than in HepG2
cells (not shown), while it was not observed in Chang
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Fig. 7. The effect of butyrate on Bcl-X;, and Bcl-Xg proteins and the corresponding mRNAs in HuH-6 cells. (a) HuH-6 cells treated for various times
with 2 mM sodium butyrate. Cell lysates analysed by Western blotting on duplicate samples for Bcl-X; and Bcl-Xs using an antibody that recognises
both isoforms. (b) Reverse transcriptase-polymerase chain reaction (PCR) used Bcl-X-specific primers and glyceraldehyde-3-phosphate dehydro-
genase (G3PDH)-specific primers as control. The PCR products run on 2.5% agarose gels and visualised by ethidium bromide staining. A typical
PCR result is shown. Bcl-Xs and Bcl-X; mRNA increased after 48 h treatment with butyrate, whereas G3PDH mRNA was constant. The ex-
periment was repeated three times and the intensity of bands was determined using a Kodak imaging system.
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Fig. 8. Butyrate-induced mitochondrial transmembrane potential (Ay,,) transition in HuH-6 cells. HuH-6 cells treated with 2 mM sodium butyrate
for various times without or with 100 pM z-VAD-fmk. Ay, quantified by flow cytometry with the lipophilic dye DiOC6. The results are repre-
sentative of three independent experiments. The x-axis indicates the DiOC6 fluorescence intensity on a logarithmic scale; the y-axis indicates the

number of events.

liver cells (not shown). The addition of 100 uM z-VAD-
fmk had only a slight influence on the effect of butyrate
in HuH-6 cells (Fig. 8). As a positive control for the
reduction of Ay, HuH-6 cells were treated with the
uncoupling agent CCCP (50 uM), which caused maxi-
mal Ay, disruption, corresponding to 100% of depo-
larised cells (not shown).

3.7. Butyrate-induced release of cytochrome c, activation
of both caspase 9 and 3, and degradation of poly( ADP-
ribose )-polymerase (PARP)

It has been demonstrated in many systems that a loss
of Ay, can be responsible for the release of cytochrome
¢ from the mitochondria into the cytosol with the con-
sequent activation of the apoptosome complex and ef-
fector caspases [34]. Fig. 9(a) shows that treatment of
HuH-6 cells with 2 mM butyrate caused a remarkable

decrease in the amount of cytochrome ¢ in the mito-
chondrial fraction and a concomitant increase in the
cytosol.

To clarify whether caspase 9 was activated after ex-
posure to butyrate, we examined the protein status by
Western blot using an antibody that specifically recog-
nises both the full-length p46 and the activated p35
forms. It was observed that treatment with 2 mM bu-
tyrate reduced the intensity of the band of pro-caspase 9,
while a faster band of about 35 kDa appeared
(Fig. 9(c)).

Moreover, treatment with butyrate reduced the in-
tensity of the band of pro-caspase 3 at 32 kDa, while
another band at 17 kDa appeared, corresponding to a
component of caspase 3 (Fig. 9(d)). Both the effects on
cytochrome ¢ and on the caspases were not observed
during the first 16 h of exposure to 2 mM butyrate; they
appeared at 24 h and increased at 48 h. Treatment of
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Fig. 9. Butyrate induced the release of cytochrome ¢, degradation of
poly(ADP-ribose) polymerase (PARP) and the activation of caspase 9
and caspase 3 in HuH-6 cells. Cell lysates analysed by Western blotting
in duplicate samples for cytochrome ¢, caspase 9, caspase-3 and PARP
in HuH-6 cells treated with 2 mM butyrate for 48 h. The results are
representative of three independent experiments.

HuH-6 cells with 2 mM butyrate also induced the deg-
radation of PARP, a substrate of caspase 3. PARP
degradation was revealed by the appearance of a frag-
ment of 85 kDa (Fig. 9(b)).

4. Discussion

We demonstrated that butyrate induces apoptosis in
both HuH-6 and HepG2 cells and that the effect ap-
peared after a lag phase of approximately 16 h. Our aim
was to ascertain the mechanism of the butyrate effect
and to individuate the factors that protect the cells
during the first phase of treatment.

We also showed that the sensitivity of HuH-6 cells to
butyrate-induced apoptosis is higher than that exhibited
by HepG2 cells, whereas in Chang liver cells butyrate
did not produce a visible effect. We therefore intended to
ascertain the reason for the different sensitivities exhib-
ited by the three cell lines.

Among the factors that can protect cells against ap-
optosis, an important role may be exerted by B-catenin.
It has been shown that deregulation of the Wnt—
B-catenin pathway is a significant event in the develop-
ment of hepatocellular carcinomas in man and mice and
that somatic mutations of the P-catenin gene are fre-
quent in human hepatocellular carcinomas [23,26]. Both

HuH-6 and HepG2 cells contain altered forms of
B-catenin [26]. Because degradation of these two forms
is impaired they accumulate in the cytoplasm and in the
nucleus, thereby stimulating genes involved in cell-cycle
progression [19]. We demonstrate that treatment of
hepatoma cells with butyrate induces a decrease in the
content of B-catenin with a concomitant appearance of
degradation products. This effect, which was marked in
HuH-6 cells, was suppressed by z-VAD-fimk, suggesting
that the degradation of B-catenin induced by butyrate is
a consequence of the activation of caspases. It seems
likely that caspase 3 played an important part in this
event since the effects of butyrate were also consistently
reduced by the specific inhibitor z-DEVD-fmk.

In order to address whether the accumulation of
B-catenin in HuH-6 cells could favour cell survival by
exerting an anti-apoptotic effect, we pretreated HuH-6
cells with a B-catenin antisense ODN. Our results pro-
vide evidence that this pretreatment reduced the amount
of B-catenin, anticipated the onset of butyrate-induced
apoptosis at 8 h and potentiated the effect of the drug.
These findings strongly suggest that the marked decrease
in B-catenin observed during the second day of treat-
ment with butyrate can increase the sensitivity of HuH-6
cells to this compound. However, the mechanism by
which B-catenin affects apoptosis is unknown. At the
moment our results do not allow us to establish whether
the protective action against apoptosis is a peculiar
character of the altered form of B-catenin that accu-
mulates in HuH-6 cells or a general character also ex-
hibited by the wild-type form of the protein. We have
scheduled new experiments in our laboratory in order to
clarify this aspect.

In this paper we focus on the effects of butyrate on
the content of pRb and on its phosphorylation state. It
is well known that pRb exerts an anti-proliferative effect
[28]. In the hypophosphorylated form it assembles and
inhibits the activity of E2F [29], a transcription factor
with an important role in cell-cycle progression. pRb
becomes hyperphosphorylated in the late G1 phase [29]
by CDK-cyclin complexes and remains in this state
throughout S, G2 and M. Phosphorylation of pRb
causes the release of E2F [29], which through interaction
with DP produces a heterodimeric complex, thereby
stimulating the expression of S-phase genes [29]. More-
over, pRb also plays a part in the terminal differentia-
tion of many cells, acting in its unphosphorylated form
as a transcriptional coactivator or modulator by binding
to and potentiating the activity of a number of tran-
scription factors with a specific role in differentiation
[30]. In addition, pRb has been shown to exert a pro-
tective action against apoptosis [31], which can be ex-
plained by the fact that it binds several proteins with
pro-apoptotic functions, such as c-Abl [35], JNK [36]
and in particular E2F-1 [37]. This last factor plays a part
not only in the expression of S-phase genes, but also in
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that of genes that encode components of the cell-death
machinery, including caspase 3 [38] and APAF-1 [39], a
key part of the apoptosome.

Chau and Wang [31] proposed a model in which pRb
produces complexes with E2F that are assembled either
at the promoters of S-phase genes or at the promoters of
apoptotic genes. They suggest that phosphorylation
of pRb only disrupts the complexes at the promoters of
S-phase genes, while pRb degradation would be re-
quired to disrupt the complexes at the promoters of
apoptotic genes. We show that treatment with butyrate
lowers both phosphorylated and unphosphorylated
forms of pRb. In addition, our results suggest that de-
phosphorylation of pRb precedes degradation of the
protein. The finding that z-VAD-fmk, a general inhibi-
tor of caspases, completely suppressed the effect of bu-
tyrate on unphospho-pRb strongly suggests that the
decrease in the amount of this form is determined by the
cleavage of the protein by caspases. According to Chau
and Wang [31], we advance the hypothesis that the
cleavage of pRb may cause the activation of apoptotic
genes and, consequently, the acceleration of apoptosis
observed during the second day of treatment.

Our results suggest that the dephosphorylation of
pRb may partly be caused by the reduction in the
amounts of cyclins D and E, two factors necessary for
the activity of CDK4 and CDK2, respectively, that are
involved in the phosphorylation of pRb during the cell
cycle 29]. Also, the fall in cyclin contents seemed to be a
consequence of the activation of caspases, since the
addition of z-VAD-fmk or z-DEVD-fmk prevented the
effect of butyrate on cyclins D and E. However, because
z-VAD-fmk only partly reduced the effect of butyrate on
the phosphorylated form of pRb, we conclude that other
mechanisms different from the activation of caspases
may exert a role in the dephosphorylation of pRb.

It is well known that the proteins of Bcl-2 family exert
a fundamental role in the fate of cells, since some
members of this family favour cell survival while others
are involved in the induction of apoptosis [40]. In this
regard it is interesting that HuH-6 cells are lacking in the
anti-apoptotic factor Bcl-2, while HepG2 cells contain a
low amount of this factor. Survival of hepatoma cells is
most probably assured by the presence in both HuH-6
cells and HepG2 cells of large amounts of Bel-X;, a
powerful anti-apoptotic factor, while the pro-apoptotic
factor Bcl-Xs, the other isoform generated from the
Bcl-X gene, is undetectable in both cell lines. Our results
demonstrate that treatment of HuH-6 cells with buty-
rate induces remarkable modifications in the amounts of
Bcl-X isoforms. Bel-X; was markedly lowered, an effect
that was clearly observed during the second day of
treatment. This event seemed to be a consequence of
activation of caspases and in particular of caspase 3,
because the addition of caspase inhibitors prevented the
effect of butyrate on Bcl-X| . Differently, in treated cells

we observed during the second day of treatment a re-
markable increase in the intensity of a 21-kDa band,
which was recognised as Bcl-Xg, an effective apoptotic
factor. This effect most probably depended on the in-
creased expression of the Bcl-X gene, since analysis of
Bcl-X mRNA species by RT-PCR showed that butyrate
increased Bcl-Xs transcripts. The contemporaneous in-
crease in the Bcl-Xp transcript can be considered as a
compensatory response to the degradative effect induced
by butyrate.

We show that butyrate induced the loss of Ay, and the
release of cytochrome ¢ from mitochondria to the cyto-
plasm, indicating the involvement of mitochondria in
apoptosis. Moreover, the increase of cytochrome ¢ in the
cytoplasm was most probably the cause of the activation
of caspase 3, which was associated with the degradation of
PARP, a specific substrate of caspase 3. It seems that the
activation of caspase occurred later than transmembrane
potential disruption because the addition of the pan-
caspase inhibitor z-VAD-fmk had only a modest effect on
the loss of Ayy,,,. We also suggest that the involvement of
mitochondria as well as the release of cytochrome ¢ and
the activation of caspase 3 were correlated with the
modifications in the amount of Bcl-X isoforms induced by
butyrate. This conclusion is in line with other studies
showing that Bcl-Xp, plays a crucial part in maintaining
mitochondrial membrane potential [41] and in inhibiting
the release of cytochrome c [41], while Bcl-Xs has been
shown to be involved in the activation of caspase 3 [42].

Taken together our results demonstrate that B-cate-
nin, pRb and Bcl-Xy are present at high concentrations
in HuH-6 cells and suggest a protective role for these
factors in preventing apoptosis. With butyrate, HuH-6
cells are stimulated to produce Bcl-Xs, a pro-apoptotic
factor capable of inducing the effector caspases that
trigger apoptosis. Activation of caspases seems have a
fundamental role in butyrate-induced apoptosis, thereby
favouring the degradation of B-catenin, cyclins, pRb
and Bcl-Xy . This paper proposes a role for B-catenin in
cell survival and demonstrates that reducing the amount
of this protein in cells where it has accumulated facili-
tates the induction of apoptosis by butyrate. Moreover,
it is noteworthy that the cleavage of Bcl-Xi by caspases
could originate an amplification loop in mitochondrial
events. These effects are most probably responsible for
accelerating the apoptotic action of butyrate, which
occurred on the second day of treatment.

It is of interest that the effects induced by butyrate in
HepG2 cells on the activation of caspases and on the
contents of Bcl-Xs, Bcl-Xp, pRb and [B-catenin were
smaller than in HuH-6 cells. This finding was consistent
with the lower sensitivity to butyrate-induced apoptosis
exhibited by HepG2 cells in comparison to HuH®6 cells.

In Chang liver cells, Bcl-2 exerts an important role in
protection against apoptosis and is the major protective
agent in these cells. The observation that in Chang liver
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cells butyrate was unable to enhance the content of Bcl-
Xs or to reduce the contents of Bcl-2 and Bcl-Xy is in
accord with the inability of butyrate in the induction of
apoptosis in these cells.

Sodium butyrate and its analogues are currently un-
der clinical investigation for potential anti-cancer ac-
tivity. The results shown here suggest that these
compounds may have importance in novel therapeutic
strategies for hepatoma.
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