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Abstract It has been reported that sorbitol induces apop-
tosis in several cancer cell lines. However, the molecular
mechanism underlying the sorbitol-induced apoptotic pro-
cess is not yet clearly understood. In the present study, the
intracellular signaling pathways of sorbitol-induced apop-
tosis in human K562 cells were investigated using both
morphological analysis and DNA fragmentation technique.
In this study, we demonstrated that sorbitol-induced apop-
tosis in human K562 cells is a concentration- and time-
dependent manner. This sorbitol-induced apoptosis in

human K562 cells was also accompanied by the up-regula-
tion of Bax, and down-regulation of p-Bcl-2, but no eVect
on the levels of Bcl-XL. Moreover, the sorbitol treatment
resulted in a signiWcant reduction of mitochondria mem-
brane potential, increase in the release of mitochondrial
cytochrome c (cyt c), and activation of caspase 3. Further-
more, treatment with caspase 3 inhibitor (z-DEVD-fmk)
was capable of preventing the sorbitol-induced caspase 3
activity and cell death. These results clearly demonstrate
that the induction of apoptosis by sorbitol involves multiple
cellular/molecular pathways and strongly suggest that pro-
and anti-apoptotic Bcl-2 family proteins, mitochondrial
membrane potential, mitochondrial cyt c, and caspase 3,
they all participate in sorbitol-induced apoptotic process in
human K562 cells.
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Introduction

Sorbitol is a hydrogenated form of carbohydrate obtained
by the reduction of the carbonyl group of the glucose mole-
cule to the hydroxyl group. It has been demonstrated that
sorbitol is able to eYciently and rapidly induce apoptosis
when provided at high concentrations, as a part of the
mechanisms related to hyperosmotic stress. In fact, hyper-
osmotic challenge has been shown to induce apoptosis in
several cell lines such as human neuroblastoma (StoothoV
and Johnson 2001), cardiac Wbroblasts (Galvez et al. 2003)
myocites (Murata et al. 2002), Hep-2 cells and human gas-
tric cells (Teramachi and Izawa 2000). Moreover, among
the polyhydric alcohols, it has been demonstrated that xyli-
tol (Wve hydroxyl groups) and erythritol (four hydroxyl

The present study focused on K562 cells, a bcr-abl-exspressing human 
chronic myelogenous leukemia line that has been reported to resistent 
induction of apoptosis by many of same stimuli. Sorbitol can induce 
apoptosis in cultured cells: (1) apoptosis is induced simply by the 
addition of the reagent to the culture medium and following 
withdrawal from the medium, (2) apoptotic response is quick and 
eYcient.
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groups) are also able to induce chromosomal DNA frag-
mentation but less eYciently than mannitol (six hydroxyl
groups), which behaves as sorbitol. In contrast, neither
glycerol (three hydroxyl groups) nor ethylene glycol (two
hydroxyl groups) are able to induce DNA fragmentation
(Koyama et al. 2000). These data indicate that polyhydric
alcohols, with at least four hydroxyl groups in the mole-
cule, have an increasing ability to induce apoptosis corre-
lated to the length of the molecule

Apoptosis is an important continuous process of destruction
of undesirable cells during development or homeostasis
in multi-cellular organisms. This process is characterized by
distinct morphological changes including plasma membrane
bleb, cell shrinkage, depolarization of mitochondria, chro-
matin condensation and DNA fragmentation (Kaufmann
and Hengartner 2001; Reed 2001).

Many proteins are known to be involved in the process
of apoptosis. Caspases are essential for the execution of cell
death by various apoptotic stimuli (Cohen 1997). Caspase
activation is often regulated by various proteins, including
the member of inhibitors of apoptosis (IAP) and Bcl-2 fam-
ily (Deveraux et al. 1998).

In the latter, the mitochondrial pathway is dependent
upon the release of cyt c from mitochondria into the cyto-
sol. This process is initiated by the interaction of mitochon-
dria with one or more of the Bcl-2 family proteins. Such
family, which comprises pro-apoptotic (e.g., Bax, Bak) as
well as anti-apoptotic (e.g., Bcl-2, Bcl-xL) members
(Antonsson and Martinou 2000), are major regulators of the
intrinsic pathway. They form homo- and heterooligomers,
which act directly at the outer mitochondrial membrane.
The ratio of pro- to anti-apoptotic oligomers has been sug-
gested to play an important role in determining commit-
ment to cell death (Kuwana and Newmeyer 2003).

In this investigation, we studied the quantitative and
qualitative changes of several known eVectors in sorbitol-
induced apoptotic process in human K562 cells.

Materials and methods

Cell cultures and treatments

Human chronic myelogenous leukemia cell line K562 was
purchased from American Type Culture Collection (Rock-
ville, MD) and grown in RPMI 1640 medium supple-
mented with 10% heat-inactivated fetal bovine serum at
37°C in an atmosphere containing 5% CO2. Cells were rou-
tinely collected by centrifugation at 700£g and resus-
pended in fresh medium at a concentration of 2 £ 105/ml.
Cell viability was assessed by trypan blue exclusion.

In the Wrst series of experiments, K562 cells were incu-
bated with diVerent concentrations of sorbitol in the range

of 0.1–1.0 M for 1 h at 37°C, brieXy washed with RPMI
1640, and then reincubated for an additional 3 h at 37°C in
RPMI 1640 containing 10% FCS, and then only the con-
centration of 1.0 M of sorbitol was selected to induce apop-
tosis The cells not treated with sorbitol were considered as
controls.

In a second experimental phase, K562 cells, pretreated
with quercetin and rutin at the concentration 25 �M for 1 h,
were incubated with 1 M sorbitol for 60 min. The cells not
treated were considered as controls.

DNA fragmentation assay

Cells were washed twice with phosphate-buVered saline
(PBS) and lysed by addition of a hypotonic solution (1%
NP-40 in 20 mM EDTA, 50 mM Tris–HCl pH 7.5). The
supernatant was collected and was prepared as reported ear-
lier (Herrmann et al. 1994).

Analysis of mitochondrial membrane potential

For mitochondrial membrane potential analysis, cells were
incubated with 40 nM TMRE for 30 min at 37°C before the
addition of sorbitol and subjected to FACS analysis, as
described previously (Scaduto and Grotyohann 1999).
TMRE Xuorescence was detected in viable cells using for-
ward-scatter and side-scatter criteria. The mitochondrial
uncoupling agent FCCP (10 �M) was added 15 min before
TMRE staining to depolarize mitochondria and used as an
indicator that staining was proportional to mitochondrial
membrane potential.

Cytochrome c release and measurement of caspase 
3 activity

After the treatment with indicated agent, human K562 cells
were harvested, washed with PBS and prepared resuspend-
ing in buVer A (250 mM sucrose, 20 mM HEPES, 10 mM
KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM
dithiolthione, 17 �g/mL phenylmethylsulfonyl Xuoride,
8 �g/mL aprotinin, 2 �g/mL leupeptin pH 7.4) and then kept
on ice for 30 min. Cells were passed through a needle 20
times. Unlysed cells, and nuclei were pelleted by centrifuga-
tion at 750£g for 10 min. The supernatant was then spun at
10,000£g for 15 min. The resulting pellet, the mitochondrial
fraction, was resuspended in buVer A. The supernatant was
centrifuged at 100,000£g for 30 min. The supernatant from
this Wnal centrifugation represents the cytosolic fraction. Cyt
c release was determined by Western blot as described later.
Furthermore, the cell pellets were resuspended in lysis buVer
(caspase colorimetric assay kits; Bivision, Inc.) and left on
ice for 30 min. The lysates were centrifuged at 10,000£g for
10 min and the supernatant (20 �l) was collected for caspase
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3 activity assay in the lysis buVer containing DEVD–pNA, a
speciWc substrate to caspase 3. The concentration of pNA, as
the product from enzymatic converting of DEVD–pNA by
caspase 3, was measured at 405 nm and used as an indicative
of caspase 3 activity.

Western blot analysis

After exposed to the indicated concentration sorbitol,
human K562 cells were washed with cold PBS. Whole cell
extracts were prepared by incubating the cells with cold
lysis buVer (20 mM Tris–HCl pH 7.5, 150 mM NaCl,
1 mM EDTA, 1 mM EGTA, 1% triton, 2.5 mM sodium
pyrophosphate, 1 mM �-glycerophosphate, 1 mM Na3VO4,
1 �g/ml leupeptin, and 1 mM PMSF). The protein content
of the lysates was determined using the DC protein assay
kit (Bio-Rad). The cell lysates (25 �g protein/lane) were
electrophoresized on 12% SDS-polyacrylamide gels. The
cellular proteins were then transferred to PVDF membranes
by electroblotting for 2 h and Western blot analysis was
carried out as previously described (Jow et al. 2004; Cheng
et al. 2007). The protein levels were visualized with an
enhanced chemiluminescence detection kit (Amersham).

Electron microscopy

Ultrastructural analysis of morphological changes in K562
cells was performed after Wxing in conventional Wxing solu-
tions (2.5% glutaraldhyde in 0.1 M PBS pH 7.3). For pro-
cessing the specimens were post-Wxed for 1 h in 1.33%
osmium tetroxide in 0.1 M PBS. Samples were processed
(post-Wxation and dehydration) for embedding in epoxy
resin. Ultra-thin sections, stained with uranyl acetate and
lead hydroxide, were examined by using a Philips CM-10
trasmission electron microscope. Ultra-thin sections for
transmission electron microscopy (TEM) were also studied
by morphometry to evaluate the ultrastructure and quantita-
tive changes in the mitochondrial, nuclear and plasmamem-
brane compartments.

Transmission electron microscopy analysis

Cells were Wxed with 2.5% glutaraldehyde in 0.1 M phos-
phate buVer pH 7.3, maintained for 1 h at 4°C, washed and
incubated for 1 h in 1.33% osmium tetroxide. Dehydration
and resin embedding were performed following a standard
schedule. Ultra-thin sections (60–70 nm) were stained with
uranyl acetate and lead hydroxide, and then analyzed with a
CM-12 Philips transmission electron microscope (TEM).
Ultra-thin sections were also studied by morphometry to
evaluate the ultra structure and quantitative changes in the
mitochondrial, nuclear and plasma membrane compart-
ments. The measurements included the percentage of

nuclear and mitochondrial areas as related to the cytoplas-
mic area. Morphometric analysis was carried out by a com-
puter assisted image analyzer, utilizing the KS-300
software, directly on TEM photographic negatives. Twenty
micrographs (£4,900), taken from three diVerent serial sec-
tions from each TEM sample were digitalised and analysed.

Statistic analysis

Caspase 3 activity was presented as the mean and standard
error (SEM) from four to Wve experiments. The statistical
analysis of data was performed by one-way ANOVA, fol-
lowed by the ScheVt test and P-values less than 0.05 were
considered signiWcant.

Results

Sorbitol induced DNA fragmentation and morphological 
changes in K562 cells

In preliminary studies, we established the eVects of the dose
and the time of incubation of sorbitol treatment in K562
cells on induction of apoptosis. In these experiments, the
criterion for induction of apoptosis was the fragmentation
of chromosomal DNA resulting from random cleavage at
intranucleosomal intervals evaluated by agarose gel elec-
trophoresis. Titrations of sorbitol in the range from 0.1 to
1 M, in K562 cells incubated for 1 h at 37°C, indicated that
concentrations from 0.6 to 1 M showed a major amount of
fragmented chromosomal DNA than the ones treated at
concentrations from 0.1 to 0.4 M sorbitol (Fig. 1). There-
fore, we chose to study sorbitol’s eVect on apoptotic cell
death and its eVects on caspases and Bcl-2 members. To
characterize the cell death induced by sorbitol, we exam-
ined the morphological changes of sorbitol treated K562
cells by scanning electron microscopy. As illustrated in
Fig. 2, cell shrinking and blebbing could be seen on the sur-
face of K562 cells when treated with 1 M sorbitol for 1 h.

Determination of the involvement of caspase 3 activation

In the present study, we examined whether caspase 3 activa-
tion is involved in the apoptotic process triggered by sorbi-
tol. In order to investigate the mechanism involved caspase
activation, we analyzed the caspase cascade by immunoblot
analysis for procaspase 8, procaspase 9 and procaspase 3.
Western blot analysis of whole cell lysates obtained from
K562 cells treated with 1 M of sorbitol revealed an increase
in caspase 9 and decrease in procaspase 3 activities at a time
point of 30 min (Fig. 3a). Furthermore, human K562 cells
were pretreated with 50 �M caspase 3 inhibitors (z-DEVD-
fmk) for 2 h, and then incubated with sorbitol for 1 h. The
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results clearly showed that administration of caspase 3
inhibitor alone did not aVect caspase 3 activity (Fig. 3b).
However, caspase 3 activation in K562 cells, treated with
sorbitol, was signiWcantly inhibited by z-DEVD-fmk (spe-
ciWc caspase 3 inhibitor) (Fig. 3b).

Changes of mitochondrial membrane potential and release 
of cytochrome c from mitochondria

In the present study, we analyzed the cyt c release and
mitochondrial membrane potential. As shown in Fig. 4a,
we noticed a time-dependent decrease in the amount of
mitochondrial membrane potential after treatment with 1 M
sorbitol. Concomitantly, we examined whether mitochon-
drial cyt c was released into cytosol. As shown in Fig. 4b,
sorbitol treatment caused an accumulation of cyt c in the
cytosolic fraction, compared to that of the control cells,
together with a reduction in the mitochondrial fraction in a
time-dependent manner. After 1 h treatment, we clearly
observed a decrease in cyt c in the mitochondria and an
accumulation in the cytosol. These data suggest that loss of

mitochondrial membrane potential may be required for sor-
bitol-induced cyt c release into cytosol, that later triggered
the cleavage and activation of mitochondrial downstream
caspases and onset of apoptosis

Regulation of Bcl-2 family proteins in sorbitol-treated 
leukemia cancer cells

To determine whether Bcl-2 family proteins were modu-
lated in sorbitol-induced apoptosis in human K562 cells,
the expression of several members of Bcl-2 family proteins
was examined by Western blot analysis. As shown in
Fig. 5, exposure of human K562 cells to 1 M sorbitol

Fig. 1 Sorbitol induces apoptosis in K562 cells. a Dose-dependent
DNA fragmentation. Cells were exposed to the indicated concentra-
tions of sorbitol for 1 h. Cells were harvested by centrifugation and
DNA was extracted. The DNA fragments were separated on 1.8% aga-
rose gel electrophoresis and were visualized under ultraviolet light af-
ter staining with ethidium bromide. M, size marker (100 base pair DNA
ladder); Lane 1, control culture; Lane diVerent concentration of sorbi-
tol treatment

Fig. 2 Sorbitol induces the morphological changes typical of apopto-
sis. b Chromatin alteration, large bleb formation appear after 30 min of
sorbitol treatment. c Blebbing activity of the plasmamembrane increas-
es especially after 60 min of sorbitol treatment and includes typical
large blebs with cytoplasmic content and membrane Wne shedding.
d Cells appear in advanced phase of degradation after 60 min of sorbitol
treatment
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resulted in a marked decrease of p-Bcl-2 protein expression
along with a drastic increase of Bax protein expression.
However, the levels of Bcl-XL proteins were not aVected by

sorbitol treatment. Moreover, sorbitol signiWcantly up-reg-
ulated the expression of p-Bad, while it did not aVect the
expression of Bad protein (Fig. 5).

Fig. 3 Sorbitol induces caspase 9 and caspase 3 activation. a Western
blot analysis of procaspase 9, procaspase 3 and procaspase 8 in sorbitol
treated K562 cells. Cells were treated with 1 M sorbitol for the indi-
cated time periods. After treatment, the cell lysates were resolved by
SDS-PAGE, transferred onto cellulose membranes, and then probed
with speciWc antibodies. The amount of �-tubulin was measured as an
internal control. Each blot is representative of three independent exper-
iments. b Inhibition of caspase 3 activity and attenuation of sorbitol-

induced cell death by caspase 3 inhibitor (z-DEVD-fmk). Human
K562 cells were treated with 50 �M speciWc caspase 3 inhibitor (z-
DEVD-fmk) 2 h prior to 1 h of 1 M sorbitol treatment. After incuba-
tion, caspase 3 activity was examined as described in Materials and
Methods. All values are mean § SEM of 4–5 determinations,
*P < 0.001 compared with the respective sorbitol and z-DEVD-fmk
free control and **P < 0.001 comparison between the absence and
presence of z-DEVD-fmk in the same sorbitol treatment group

Fig. 4 The eVect of sorbitol on 
mitochondrial impairment and 
cyt c release. a K562 cells were 
incubated for 30 min with 
40 nM of the mitochondrial 
speciWc dye, TMRE and then 
transferred in media containing 
1 M sorbitol cells were then har-
vested and analyzed as described 
in materials and methods. Data 
are from a typical experiment 
out of three giving comparable 
results. Fluorescence was ana-
lyzed by a FACScalibur instru-
ment, and percentages of cells 
with collapsed m were calcu-
lated using WinMDI version 2.8 
software. b K562 cells were 
treated with sorbitol (1 M) for 
the indicated time periods. Equal 
amounts of cytochrome protein 
from mitochondrial fraction 
(lower panel) and cytosolic frac-
tion (upper panel) were ana-
lyzed by Western blotting using 
an anti-cytochrome c antibody. 
�-Actin was used as an equal 
loading control
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Antioxidant eVect on sorbitol-induced apoptotis K562 cells

Our previous study demonstrated that sorbitol induced-
apoptosis was mediating by production of reactive oxygen
species (ROS) (Sinibaldi-Salimei et al. 2007; Aquilano
et al. 2007). To measure the eVect of two antioxidants on
sorbitol induction of apoptosis of K562 cells, we pre-
treated the cells with quercetin and rutin for 1 h before
treating the K562 cells with 1 M sorbitol. Both antioxidants
were found able to inhibit sorbitol-induced apoptosis of the
K562 cells. The eVect of these antioxidants in sorbitol treat-
ment on the integrity of genomic DNA shows in Fig. 6.

Discussion

In the present study, we investigated the possible mecha-
nisms via which sorbitol should induce apoptosis in human
K562 cells. First, we demonstrated that sorbitol induced
cell death in a concentration range from 0.6 to 1 M in K562
cells. These cells treated with sorbitol exhibited characteris-
tic morphological features of apoptosis, such as membrane
shrinkage, chromosomal condensation. The several mecha-
nisms of apoptosis activation in diVerent either physiologi-
cal or pathological conditions in cells have been proposed
and studied intensively (Vaux and Korsmeyer 1999).
Numerous factors, such as cytosolic cyt c release, caspase 3
activation, and the expression of Bcl-2 family proteins,
have been suggested to play an essential role in the apopto-
tic process in cancer cells. Our study have demonstrated
that sorbitol-treated K562 cells underwent apoptosis in
dose and time-dependent manner. In addition, progressive

decrease of the mitochondrial membrane potential as well
as release of cyt c into the cytosol were also observed. In
many in vitro systems apoptosis has been noticed to be
associated with a loss of mitochondrial membrane poten-
tial, which may correspond to the opening of an outer mem-
brane pore (permeability transition pore). Thus, this event
has been suggested to be responsible for cyt c release into
cytosol from mitochondria (Kantrow and Piantasdosi
1997). In our study, the cytosolic cyt c accumulation in sor-
bitol-treated human K562 cells is probably the consequence
of the loss of mitochondrial membrane potential, which
Wnally leads to the cell death. The Bcl-2 family is com-
posed of a number of genes that play critical roles in the
control of mitochondrial integrity. The reduction, or total
diminution, of mitochondrial membrane potential leads to
the release of intermembrane proteins, such as cyt c and
apoptosis-inducing factors, into the cytosol and conse-
quently induces apoptotic cell death (Yang et al. 1997).
Several studies have shown that over-expression of Bcl-2
and Bcl-XL prevents the mitochondrial release of cyt c,
thereby inhibiting the activation of caspases cascade and
apoptosis (Solange and Martinou 2000; Gross et al. 1999;
Budihardjo et al. 1999; Salvesen and Dixit 1999). Bax, a
proapoptotic member of Bcl-2 family, can dimerize with
either itself or Bcl-2 or Bcl-XL (Gross et al. 1999). In the
present study, sorbitol-induced apoptosis in human K562
cells was accompanied by up-regulation of Bax, p-Bad, and

Fig. 5 Expression of Bcl-2 family proteins in sorbitol-treated human
K562 cells. These cells were treated with 1 M sorbitol for 30 and
60 min. After the treatment, cell lysates were extracted, and the levels
of Bcl-2 family proteins were analyzed by Western blot analysis Fig. 6 Protective eVect of quercetin and rutin in sorbitol-induced

apoptosis. K562 cells, at a density of 2 £ 105/ml, were pre-incubated
with quercetin and rutin at 25 �M concentration for 60 min and then
treated with 1 M sorbitol. Cells were then harvested and DNA extracts
were obtained as described in Materials and methods. DNA ladder was
quantiWed using Quantity One soft. DNA fragmentation is not evident
when the cell line was pre-incubated with antioxidants (M, marker;
CN, control)
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down-regulation of p-Bcl-2, without eVect on Bcl-XL.
Other studies have demonstrated that Bcl-2, Bcl-XL, Bax,
can act as channel proteins within the mitochondrial mem-
brane (Gross et al. 1999; Eskes et al. 2000; Wood and New-
comb 2000). It is conceivable that the channel property of
Bax may control the mitochondrial permeability transition
and other early mitochondrial perturbation. Thus, Bax may
facilitate the passage of some important proteins, such as
cyt c or other apoptosis-inducing factors that trigger the
activation of caspase cascade and apoptosis. Previous
reports have also documented that the ratio of pro- and anti-
apoptotic proteins determines, at least in part, the suscepti-
bility of cells to a death signal (Gross et al. 1999; Vander
Heiden and Thompson 1999; Zhang et al. 2000). Our
results showed that expression of Bcl-2 family proteins p-
Bcl-2, Bcl-XL, Bax, p-Bad can be diVerently regulated by
sorbitol, suggesting that this mechanism is controlled by a
balanced expression between those apoptosis-inducing and
apoptosis- suppressing molecules. Thus, enforced dimer-
ization or inducible expression of Bax may result in altering
permeability, triggering mitochondrial cyt c release into
cytosol, activating caspase 3 cascade, and eventually pro-
moting cell death. Moreover, K562 cells were preincubated
with speciWc caspase 3 inhibitor (z-DEVD-fmk) before
being treated with sorbitol and the caspase 3 activity was
analyzed. Results showed that pre-incubation of cells with
z-DEVD-fmk eVectively inhibited the caspase 3 activity. In
summary, the treatment of human K562 cells with sorbitol
activates a cell death pathway that regulates the mitochon-
drial membrane permeability by down-regulation of p-Bcl-
2 and up-regulation of Bax, and p-Bad, triggering the cyt c
release from mitochondria into cytosol. In addition, sorbitol
could induce the caspase 3 activation, and consequently
cleaves speciWc substrates leading to process apoptotic
changes, such as nuclear condensation, cell shrinkage, and
DNA fragmentation. Taken all together, our studies indi-
cate that down-regulation of p-Bcl-2 and up-regulation of
Bax, and p-Bad triggering the accumulation of cytosolic cyt
c, may play an important role in the regulation and activa-
tion of the executioner phase of sorbitol-induced apoptosis.
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