
Abstract. Sodium butyrate as a histone deacetylase inhibitor is
known to exhibit anti-cancer effects via the differentiation
and apoptosis of various carcinoma cells. However, the
mechanism by which sodium butyrate induces apoptosis and
the involvement of telomerase activity during apoptosis is
not completely understood. To investigate the underlying
pathways, sodium butyrate's potential to induce apoptosis in
human leukemic U937 cells and its effects on telomerase
activity were investigated. Exposure of U937 cells to sodium
butyrate resulted in growth inhibition and induction of apoptosis
in a dose-dependent manner as measured by hemocytometer
counts, fluorescence microscopy, agarose gel electrophoresis
and flow cytometry analysis. The increase in apoptosis
was associated with the up-regulation in pro-apoptotic Bax
expression, and down-regulation of anti-apoptotic Bcl-2 and
Bcl-XL. Sodium butyrate treatment also inhibited the levels of
cIAP family members and induced the activation of caspase-3.
Furthermore, sodium butyrate markedly inhibited the activity
of telomerase and the expression of human telomerase
reverse transcriptase (hTERT), a main determinant of the
telomerase enzymatic activity, was progressively down-
regulated by sodium butyrate. Taken together, it is suggested
that sodium butyrate can be a promising chemopreventive agent
for leukemic cells and changes in Bcl-2 family expressions,
as well as telomerase activity may, play critical roles in sodium
butyrate-induced apoptosis in U937 cells.

Introduction

It is now well accepted that apoptosis, a programmed cell
death, is a physiological phenomenon that plays an important
role in the regulation of tissue development and homeostasis.

Deregulation of apoptosis has been shown to contribute to
the pathogenesis of a number of human diseases, including
cancer (1). Accumulated data indicate that many anticancer
drugs can cause the death of tumor cells through the induction
of apoptosis, which is regarded as the preferred way to manage
cancer. There are apparently many factors, including Bcl-2
family and caspase proteases, involved in the apoptotic process
through the expression of genes, and the characterization of
the function of these gene products will help to define the
process of cell death at the molecular level (2,3). 

In addition to the deregulation of apoptosis, it is increasingly
clear that the process of neoplasia is characterized by the
activation of telomerase that adds telomeric repeats to the
ends of replicating chromosomes, telomeres (4,5). Telomeres
are essential units that stabilize the ends of the eukaryotic
chromosome and prevent the loss of genetic information. In
normal human somatic cells, which show little or no telo-
merase activity to synthesize new telomeres, the telomeric
DNAs progressively shorten with each cell division (5,6).
Critically short telomeres are suggested to cause irreversible
cell growth arrest and cellular senescence (4-7). Conversely,
most tumor cells have mechanisms that compensate for
telomere shortening, most commonly through the activation of
telomerase, allowing them to stably maintain their telomeres
and grow indefinitely. These observations suggest that
telomerase reactivation is a rate-limiting step in cellular
immortality and carcinogenesis, and telomerase repression
can act as a tumor-suppressive mechanism. 

Sodium butyrate is a short chain fatty acid normally
produced as a result of bacterial fermentation of fiber in
mammalian intestines, representing one of the end products
of carbohydrate breakdown (8). Previous reports revealed
that sodium butyrate is the most effective of the numerous
fatty acids produced in the colon for arresting cell prolife-
ration (9). Although the molecular mechanisms by which
sodium butyrate exerts these effects are not well understood,
sodium butyrate is known as an inhibitor of histone
deacetylase (HDAC) (10), which leads to chromatin re-
modeling and transcriptional modulation of gene expression
implicated in diverse cellular processes such as cell cycle
progression (11-13), cell differentiation and/or apoptosis (14-
19). Several studies have highlighted that sodium butyrate-
treated cancer cells down-regulate the anti-apoptotic
molecules (14,15) or up-regulate pro-apoptotic molecules
(16,17). In this way, sodium butyrate plays a key role in
favouring the intrinsic pathway of apoptosis. Moreover, it
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has been reported that sodium butyrate may also influence
the extrinsic pathway of apoptosis, although the molecular
mechanisms are still unclear (18,19).

This study was performed to elucidate further the mecha-
nisms of the apoptotic pathway by sodium butyrate and its
effect on telomerase activity in human leukemic cell line
U937. We report here that, in our study, the exposure of
U937 cells to sodium butyrate resulted in a dose-dependent
growth inhibition and apoptosis. This increase in apoptosis
by sodium butyrate was associated with an increase in Bax
expression and an activation of caspase-3. Furthermore,
down-regulation of human telomerase reverse transcriptase
(hTERT) expression by sodium butyrate treatment was
associated with a diminished telomerase activity. 

Materials and methods

Cell culture, sodium butyrate and cell growth inhibition study.
The human leukemia cell line U937 was purchased from the
American Type Culture Collection (Rockville, MD), and
maintained at 37˚C in a humidified condition of 95% air
and 5% CO2 in DMEM (Gibco BRL, Gaithersburg, MD)
supplemented with 10% heat-inactivated fetal bovine serum
(FBS), 2 mM glutamine, 100 U/ml penicillin, and 100 μg/ml
streptomycin. Sodium butyrate was purchased from Sigma
Chemical Co. (St. Louis, MO) and dissolved in dimethyl
sulfoxide. For growth inhibition analysis, cells were seeded
and exposed to various concentrations of sodium butyrate for
48 h. The cells were trypsinized, washed with phosphate-
buffered saline (PBS) and the viable cells were scored with a
hemocytometer through exclusion of trypan blue.

Nuclear staining with DAPI. After treatment with sodium
butyrate, the cells were washed with PBS and fixed with
3.7% paraformaldehyde (Sigma) in PBS for 10 min at room
temperature. Fixed cells were washed with PBS, and stained
with 4,6-diamidino-2-phenylindole (DAPI, Sigma) solution
for 10 min at room temperature. The cells were washed
two more times with PBS and analyzed via a fluorescence
microscope.

DNA fragmentation assay. Cells were lysed in a buffer
containing 10 mM Tris-HCl (pH 7.4), 150 mM NaCl, 5 mM
EDTA and 0.5% Triton X-100 for 30 min on ice. Lysates were
vortexed and cleared by centrifugation at 10,000 g for 20 min.
Fragmented DNA in the supernatant was extracted with an
equal volume of neutral phenol : chloroform : isoamylalcohol
(25:24:1, v/v/v) and analyzed electrophoretically on 1%
agarose gel containing 0.1 μg/ml ethidium bromide (EtBr,
Sigma). 

Flow cytometric analysis. After treatment with sodium
butyrate, the cells were collected by trypsinization, washed
with cold PBS, and resuspended in PBS. DNA contents of
cells were measured using a DNA staining kit (CycleTest™
Plus Kit, Becton Dickinson, Heidelberg, Germany).
Propidium iodide (PI)-stained nuclear fractions were
obtained by following the kit protocol. Fluorescence
intensity was determined using a FACScan flow cytometer
and analyzed by CellQuest software (Becton Dickinson).

RNA extraction and reverse transcription-PCR. Total RNA
was prepared using an RNeasy kit (Qiagen, La Jolla, CA) and
primed with random hexamers to synthesize complementary
DNA using AMV reverse transcriptase (Amersham Corp.,
Arlington Heights, IL) according to the manufacturer's
instructions. Polymerase chain reaction (PCR) was carried
out in a Mastercycler (Eppendorf, Hamburg, Germany) with
indicated primers in Table I. Conditions for PCR reactions were
1x (94ºC for 3 min); 35x (94ºC for 45 sec; 58ºC for 45 sec;
and 72ºC for 1 min) and 1x (72ºC for 10 min). Amplification
products obtained by PCR were electrophoretically separated
on 1% agarose gel and visualized by EtBr staining. 

Gel electrophoresis and Western blotting. The cells were
harvested, lysed, and protein concentrations were quantified
using the Bio-Rad protein assay (Bio-Rad Lab., Hercules,
CA), following the procedure described by the manufacturer.
For the Western blot analysis, an equal amount of protein
was subjected to electrophoresis on SDS-polyacrylamide gels
and transferred to nitrocellulose membranes (Schleicher &
Schuell, Keene, NH) by electroblotting. Blots were probed
with the desired antibodies for 1 h, incubated with diluted
enzyme-linked secondary antibodies and then visualized by
the enhanced chemiluminescence (ECL) according to the
recommended procedure (Amersham Corp.). The primary
antibodies were purchased from Santa Cruz Biotechnology Inc.
(Santa Cruz, CA) and Calbiochem (Cambridge, MA, USA).
Peroxidase-labeled secondary antibodies were purchased
from Amersham Corp.

Assay of caspase-3, -8 and -9 activity. The enzymatic activity
of caspases induced by sodium butyrate was recorded using
colorimetric assay kits based on the manufacturer's protocol
(R&D Systems, Minneapolis, MN). Briefly, cells were lysed
in a lysis buffer for 30 min on an ice bath. The lysed cells
were centrifuged at 14,000 rpm for 10 min, and 100 μg protein
was incubated with 50 μl of reaction buffer and 5 μl of
calorimetric tetrapeptides, Asp-Glu-Val-Asp (DEVD)-p-
nitroaniline (pNA) for caspase-3, Ile-Glu-Thr-Asp (IETD)-
pNA for caspase-8 and Leu-Glu-His-Asp (LEHD)-pNA for
caspase-9, respectively, at 37ºC for 2 h. The optical density
of the reaction mixture was quantitated spectrophotometrically
at a wavelength of 405 nm.

Telomerase activity assay. Telomerase activity was measured
using a PCR-based telomeric repeat amplification protocol
(TRAP) enzyme-linked immunosorbent assay (ELISA) kit
(Boehringer Mannheim, Mannheim, Germany) according to
the manufacturer's description. In brief, cells were treated
with sodium butyrate, harvested and ~1x106 cells were lysed
in 200 μl lysis reagent and incubated on ice for 30 min. For
the TRAP reaction, 2 μl of cell extract (containing 2 μg
protein) was added to 25 μl of reaction mixture with the
appropriate amount of sterile water to make a final volume of
50 ml. PCR was performed in a Mastercycler as follows:
primer elongation (30 min, 25ºC), telomerase inactivation
(5 min, 94ºC) and product amplification by the repeat of
30 cycles (94ºC for 30 sec, 50ºC for 30 sec, 72ºC for 90 sec).
Hybridization and the ELISA reaction were carried out
following the manufacturer's instructions.

CHOI:  INDUCTION OF APOPTOSIS BY SODIUM BUTYRATE1208
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Results

Inhibition of the cell viability by sodium butyrate. To test the
effect of sodium butyrate on the growth of U937 cells, the
cells were treated with different concentrations of sodium
butyrate. After 48-h incubation, the viable cells were measured
by hemocytometer counts of trypan blue-excluding cells.
Exposure of sodium butyrate to U937 cells resulted in a
decrease in viable cells in a concentration-dependent fashion
(Fig. 1A), as compared to untreated control cells.

Induction of apoptosis by sodium butyrate. To elucidate
whether sodium butyrate inhibits the viability of U937 cells
by inducing apoptosis, cells treated with sodium butyrate
were examined after DAPI staining. As shown in Fig. 1B,
nuclei with chromatin condensation and formation of apoptotic
bodies, a characteristic of apoptosis, were seen in cells cultured
with sodium butyrate in a dose-dependent manner, but very few
in control cells. Another hallmark of apoptosis is a degradation

of chromosomal DNA at internucleosomal linkages, thus, we
analyzed whether DNA fragmentation was induced by sodium
butyrate in U937 cells. Following agarose gel electrophoresis
of U937 cells treated with sodium butyrate for 48 h, a typical
ladder pattern of internucleosomal fragmentation was observed
in a dose-dependent manner (Fig. 2A). To quantify the degree
of apoptosis, we analyzed the amount of sub-diploid DNA,
which contained less DNA than G1 cells, by flow cytometry.
As shown by data in Fig. 2B, while the induction of apoptosis
was almost negligible (4.16 and 6.85% compared to 4.10%
of control) at the low concentrations (0.4 and 0.8 mM), the
high concentrations resulted in an increase in apoptosis
(16.97 and 31.62% at 1.6 and 2.0 mM, respectively).

Modulation of Bcl-2 family expression and activation of
caspase-3 by sodium butyrate. To investigate the apoptotic
cascades involved by sodium butyrate, cells were exposed to
sodium butyrate and the levels of Bax, Bcl-2 and Bcl-XL were
measured. RT-PCR and immunoblotting data indicated that
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Table I. Oligonucleotides used in RT-PCR.
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
Name Sequence of primers
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Bax Sense 5'-ATG-GAC-GGG-TCC-GGG-GAG-3'

Antisense 5'-TGG-AAG-AAG-ATG-GGC-TGA-3'

Bcl-2 Sense 5'-CAG-CTG-CAC-CTG-ACG-3'

Antisense 5'-GCT-GGG-TAG-GTG-CAT-3'

Bcl-XL Sense 5'-CAG CTG CAC CTG ACG-3'

Antisense 5'-GCT GGG TAG GTG CAT-3'

XIAP Sense 5'-GAA-GAC-CCT-TGG-GAA-CAA-CA-3' 

Antisense 5'-CGC-CTT-AGC-TGC-TCT-CTT-CAG-T-3' 

cIAP-1 Sense 5'-TGA-GCA-TGC-AGA-CAC-ATG-C-3' 

Antisense 5'-TGA-CGG-ATG-AAC-TCC-TGT-CC-3' 

cIAP-2 Sense 5'-CAG-AAT-TGG-CAA-GAG-CTG-G-3' 

Antisense 5'-CAC-TTG-CAA-GCT-GCT-CAG-G-3' 

Fas Sense 5'-TCT-AAC-TTG-GGG-TGG-CTT-TGT-CTT-C-3'

Antisense 5'-GTG-TCA-TAC-GCT-TTC-TTT-CCA-T-3'

FasL Sense 5'-GGA-TTG-GGC-CTG-GGG-ATG-TTT-CA-3'

Antisense 5'-AGC-CCA-GTT-TCA-TTG-ATC-ACA-AGG-3'

hTERT Sense 5'-AGC-CAG-TCT-CAC-CTT-CAA-CC-3'

Antisense 5'-GTT-CTT-CCA-AAC-TTG-CTG-ATG-3'

TEP-1 Sense 5'-TCA-AGC-CAA-ACC-TGA-ATC-TGA-G-3'

Antisense 5'-CCC-CGA-GTG-AAT-CTT-TCT-ACG-C-3'

hTR Sense 5'-TCT-AAC-CCT-AAC-TGA-GAA-GGG-CGT-AG-3'

Antisense 5'-GTT-TGC-TCT-AGA-ATG-AAC-GGT-GGA-AG-3'

Sp-1 Sense 5'-ACA-GGT-GAG-VTT-GAC-CTC-AC-3' 

Antisense 5'-GTT-GGT-TTG-CAC-CTG-GTA-TG-3' 

c-myc Sense 5'-AAG-ACT-CCA-GCG-CCT-TCT-CTC-3'

Antisense 5'-GTT-TTC-CAA-CTC-CGG-GAT-CTG-3' 

GAPDH Sense 5'-CGG-AGT-CAA-CGG-ATT-TGG-TCG-TAT-3'

Antisense 5'-AGC-CTT-CTC-CAT-GGT-GGT-GAA-GAC-3'
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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the transcriptional and translational levels of Bax expression,
a pro-apoptotic gene, were markedly induced in sodium
butyrate treated cells, whereas the levels of Bcl-2 and Bcl-XL,

anti-apoptotic genes, were inhibited in response to sodium
butyrate treatment (Fig. 3). Because caspases have been shown
to play important roles in the execution of apoptosis, we next
measured the effects of sodium butyrate on the caspase
activity. As shown in Fig. 4, sodium butyrate-induced apoptosis
of U937 cells were associated with a marked increase of
caspase-3 activity in a concentration-dependent fashion,
however, caspase-8 and -9 were not significantly activated by
sodium butyrate treatment. 

CHOI:  INDUCTION OF APOPTOSIS BY SODIUM BUTYRATE1210

Figure 1. Induction of growth inhibition and apoptotic body of human leukemic U937 cells after treatment with sodium butyrate (NaBu). (A) Cells were plated
at 1x103 cells per 60-mm plate, and incubated for 24 h. Cells were treated with variable concentrations of sodium butyrate for 48 h. The cells were trypsinized,
washed with PBS and the viable cells were scored by hemocytometer counts of trypan blue-excluding cells. Each point represents the means ± SE of three
independent experiments. (B) Cells were incubated with sodium butyrate for 48 h and then stained with DAPI. After 10-min incubation at room temperature,
the cells were washed with PBS and photographed with a fluorescence microscope using blue filter. Magnification, x400. 

Figure 2. Induction apoptosis of human leukemic U937 cells after treatment
with sodium butyrate. (A) Cells were plated at 1x103 cells per 60-mm plate,
and incubated for 24 h. Cells were treated with variable concentrations of
sodium butyrate for 48 h. To analyze fragmentation of genomic DNA, cells
were treated for 48 h with the indicated concentrations of sodium butyrate.
Fragmented DNA was extracted and analyzed on 1% agarose gel. (B) Cells
treated for 48 h with increasing concentration of sodium butyrate showed a
dose-dependent increase in the number of apoptotic cells as measured by
flow cytometry. The profile represents the increase of sub-G1 population
and each point represents the mean of two independent experiments.

Figure 3. Induction of Bax, and inhibition of Bcl-2 and Bcl-XL by sodium
butyrate in U937 human leukemic cells. (A) After 48-h incubation with
sodium butyrate, total RNAs were isolated and reverse-transcribed. The
resulting cDNAs were subjected to PCR with Bax, Bcl-2 and Bcl-XL primers
and the reaction products were subjected to electrophoresis in a 1% agarose
gel and visualized by EtBr staining. GAPDH was used as an internal control.
(B) The cells were lysed and then cellular proteins were separated by 12%
SDS-polyacrylamide gels and transferred onto nitrocellulose membranes.
The membranes were probed with anti-Bax, anti-Bcl-2 and anti-Bcl-XL

antibodies. Proteins were visualized using an ECL detection system. Actin was
used as an internal control. 
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Effects of sodium butyrate on the levels of IAPs family and
Fas/FasL system. Since IAPs family proteins bind to caspases,
which lead to caspase inactivation in eukaryotic cells, we

further examined the involvement of the IAPs family in
sodium butyrate-induced apoptosis of U937 cells. The results
indicated that the levels of IAPs family members, such as
cIAP-1, cIAP-2 and XIAP, were concentration-dependently
down-regulated in sodium butyrate-treated U937 cells (Fig. 5).
Fas/FasL system was also a key signaling transduction path-
way of apoptosis in cells and tissues, thus we examined the
involvement of the Fas/FasL system in U937 cells treated
with sodium butyrate. As shown in Fig. 5, Fas and FasL
expressions remained unchanged in sodium butyrate-treated
cells.

Inhibition of telomerase activity and down-regulation of
hTERT by sodium butyrate. In order to determine whether
the apoptotic effects of sodium butyrate is associated with
the inhibition of telomerase activity, cells were cultured in
the absence or presence of sodium butyrate for 48 h, and
telomerase activity was measured by a TRAP-ELISA. As
shown in Fig. 6A, significant reduction of telomerase activity
by sodium butyrate treatment in U937 cells was observed in
a concentration-dependent manner. Of components comprising
of telomerase, hTERT, human telomerase RNA (hTR) and
telomerase-associated protein-1 (TEP-1) are critical regulators
of the enzyme activity of telomerase, we therefore examined
changes in these expressions on treatment with sodium butyrate.
As indicated in Fig. 6B, hTERT mRNA expression was
significantly inhibited by sodium butyrate treatment. In
addition, the mRNA levels of two transcription factors, Sp-1
and c-myc, which play crucial roles in the regulation of hTERT
transcription, were also down-regulated by sodium butyrate
treatment.

Discussion

Recent studies have been conducted to show that anti-tumor
agents may impinge on cellular signaling pathways and
often may recruit them to induce apoptosis in cancer cells.
Apoptosis is a tightly regulated progress under the control of
several signaling pathways. One major group of genes that
regulate apoptosis is the Bcl-2 family. It has been reported
that Bcl-2 members protect against multiple signals that lead
to cell death, whereas Bax members induce apoptosis,
indicating that Bcl-2 family regulates a common cell death
pathway and functions at a point where various signals
converge (2,3). Bcl-2 acts to inhibit cytochrome c trans-
location from mitochodria to cytoplasm, thereby blocking the
caspase activation step of the apoptotic process (2,20). Thus,
it has been suggested that the ratio between the level of pro-
apoptotic Bax and that of the anti-apoptotic factor Bcl-2
determines whether a cell responds to an apoptotic signal. 

The present results clearly demonstrate that sodium butyrate
induces apoptosis in human leukemia U937 cells, which
appears to account for its anti-proliferating activity (Figs. 1
and 2). As shown in Fig. 3, there was a concentration-dependent
down-regulation of Bcl-2 members such as Bcl-2 and Bcl-XL

in sodium butyrate-treated U937 cells, but the levels of Bax
were up-regulated, resulting in an increase in the ratio of
Bax/Bcl-2 and/or Bcl-XL. 

Caspases are synthesized initially as single polypeptide
chains representing latent precursors that undergo proteolytic
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Figure 4. Activation of caspase-3 by sodium butyrate in U937 human
leukemic cells. Cell lysates from cells treated with sodium butyrate for 48 h
were assayed for in vitro caspase-3, -8 and -9 activity using DEVD-pNA,
IETD-pNA and LEHD-pNA-pNA, respectively, as substrates. The released
fluorescent products were measured. Data represents the relative means ± SE
of three independent experiments.

Figure 5. Effect of sodium butyrate in the levels of IAP family and Fas/FasL
system members in U937 human leukemic cells. (A) After 48-h incubation
with sodium butyrate, total RNAs were isolated and reverse-transcribed. The
resulting cDNAs were subjected to PCR with indicated primers and the
reaction products were subjected to electrophoresis in a 1% agarose gel and
visualized by EtBr staining. GAPDH was used as an internal control. (B) The
cells were lysed and then cellular proteins were separated by 10% SDS-
polyacrylamide gels and transferred onto nitrocellulose membranes. The
membranes were probed with the indicated antibodies. Proteins were visualized
using an ECL detection system. Actin was used as an internal control. 
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processing at specific residues to produce subunits that form
the active heterotetrameric protease (3,21). In addition, the
IAP family has been reported to exert antiapoptotic effects
due to their function as direct inhibitors of activated
caspases, regulating cell cycle progression and modulating
receptor-mediated signal transduction. Therefore, down-
regulation of IAPs relieves the triggering block of
proapoptotic signaling and the execution caspases-3, -7 and -9,
thus activating cell death (22,23). The Fas/FasL system is
also a key signal transduction pathway of apoptosis. Binding
Fas ligand to Fas receptor leads to receptor oligomerization
and formation of death-inducing signaling complex, followed
by activation of caspase-8, then further activating a series of
caspase cascades resulting in apoptotic cell death (24,25).
Further studies have shown that exposure of U937 cells to
sodium butyrate caused a proteolytic activation of caspase-3,
but not caspase-8 and -9 (Fig. 4), and a down-regulation of
IAP family expression (Fig. 5). However, sodium butyrate
treatment did not affect the Fas and FasL levels in U937 cells
(Fig. 5). Therefore, the present data indicate that the
apoptotic effects of sodium butyrate on U937 cells are
associated with activation of caspase-3, a main executioner
of apoptosis, through an increase of Bax expression and the
alteration of IAP expression. 

Telomere length is primarily controlled by three major
components; hTERT, hTR and TEP-1 in human cells. There
is a good correlation between expression of hTERT mRNA
and the presence of telomerase activity in extracts from tissue
culture cells and normal and cancer tissues (5,18). Additionally
it has been reported that the overexpression of Bcl-2 in
human cancer cells resulted in an increased telomerase activity
and a resistance to apoptosis, indicating a link between Bcl-2
expression and the telomerase activity in human cancer cells
(26). Additionally, it has been observed that overexpression
of Bcl-2 and the caspase inhibitor could protect cells against
apoptosis by telomerase inhibitors (27), suggesting that telo-
merase is a site of action before caspase is activated and

mitochondrial becomes dysfunctional. These observations
suggest that the modification of hTERT expression or telo-
merase activity may be a potential therapeutic modality for
the treatment of human cancers. As demonstrated in Fig. 6A,
sodium butyrate treatment resulted in the marked inhibition
of the telomerase activity and hTERT mRNA expression of
U937 cells. On the other hand, the 200- to 400-bp region
proximal to the transcription initiation site of hTERT promoter
is responsible for most of its transcriptional activity. Previous
studies have provided evidence that Sp-1 and c-myc bind to the
core promoter of hTERT and regulate hTERT transcriptional
regulation (28,29). However, in some cancer cells, telomerase
activity can apparently be regulated independently on Sp-1
and/or c-myc (30,31). In the present study, the levels of
both Sp-1 and c-myc mRNA expressions in U937 cells were
concentration-dependently inhibited by sodium butyrate
(Fig. 6B). Thus the results demonstrated that an increased
apoptosis of U937 cells caused by sodium butyrate was
accompanied by a significant inactivation of telomerase
activity through an inhibition of hTERT mRNA expression
which was associated with down-regulation of Sp-1 and c-myc
(Fig. 6). Although both activation of telomerase activity
and Bcl-2 deregulation have been widely detected in human
cancer cells, and telomerase might be an important factor
in suppressing apoptotic signaling cascades (4,22), it remains
unclear whether there was any linkage between the deregulation
of Bcl-2 and telomerase activity by sodium butyrate. 

In conclusion, our results indicated that sodium butyrate
potently suppresses the proliferation of U937 human leukemic
cells by inducting apoptosis through an increase of Bax
expression and activation of caspase-3. The growth inhibitory
effects of sodium butyrate were also associated with a
specific inhibition of hTERT expression and telomerase
activity. Although further studies are needed, the present work
suggests that loss of telomerase activity may be a good
surrogate biomarker for assessing anti-tumor activity of
sodium butyrate.

CHOI:  INDUCTION OF APOPTOSIS BY SODIUM BUTYRATE1212

Figure 6. Inhibition of telomerase activity by sodium butyrate treatment in U937 human leukemic cells. (A) After 48-h incubation with sodium butyrate,
telomerase activity of U937 cells was measured using a TRAP-ELISA kit as described in Materials and methods. For one sample, 2x105 cells were lysed, and
1/100 was used in the assay. Results are expressed as the relative means of two separate experiments. (B) After 48-h incubation with sodium butyrate, total
RNAs were isolated and RT-PCR was performed using indicated primers. The amplified PCR products were run in a 1% agarose gel and visualized by EtBr
staining. GAPDH was used as a house-keeping control gene.
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