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Abstract This study aims at developing new organoselenium
compounds with good anticancer ability and low biotoxicity.
Sucrose selenious ester (sucrose-Se) was synthesized by the
reaction between sucrose and selenium oxychloride. MTT
assay showed that sucrose-Se effectively inhibited the prolif-
eration of cervical cancer cell line HeLa in a dose-dependent
manner without cytostatic influence on human normal liver
cell line HL-7702.Morphological observation and agarose gel
electrophoresis demonstrated that sucrose-Se induced apopto-
sis to HeLa cells. In addition, sucrose-Se was able to inhibit
proliferation of bladder carcinoma cell line 5637, human
malignant melanoma cell line A375, and gastric carcinoma
cell line MGC-803. Median lethal dose of sucrose-Se and
sodium selenite was 290.0 and 13.1 ppm, respectively, in the
acute toxicity test on mice. In conclusion, sucrose-Se has
potential in cancer chemoprevention due its apoptosis induc-
tion capacity and low biotoxicity.
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Introduction

The protective ability of Se against cancer was suggested in
1969 with the discovery of an inverse relationship between
cancer occurrence and Se content of local crop in the USA
[1]. Since then, many studies have been focusing on the
anticancer effects of different selenium compounds. Al-
though the last cancer prevention trial (SELECT) did not
support the positive effects of Se on prostate cancer preven-
tion [2], most studies denoted that Se administration im-
proved clinical results and reduced side effects on cancer
patients [3–5]. Several mechanisms have been provided to
explain the anticancer actions of Se, including the specific
inhibition to tumor cell growth by Se metabolites, antiox-
idative protection by selenoproteins, induction of apoptosis,
modulation of carcinogen metabolism, etc. [6–9].

In current researches, the commonly studied and utilized
selenocompounds include selenite, selenate, methylselenic
acid, and selenoproteins [10]. Inorganic selenite componds,
due to their prooxidant character, are able to induce cellular
apoptosis by generating oxidative stress. However, selenite
is usually more toxic than organic selenium. Therefore,
long-term intake of supplements containing selenite may
cause negative influences on human health. It is of great
significance to develop novel organoselenium compounds
and to study their applications in cancer chemoprevention
and cancer therapy.

Materials and Methods

Materials Sucrose and sodium selenite were purchased
from Sinopharm Chemical Reagent Co., Ltd (China); sele-
nium oxydichloride was purchased from TCI (Japan).
RPMI-1640 culture medium and fetal bovine serum (FBS)
were obtained from Gibco BRL company (Grand Island,
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NE); diphenyltetrazoliumbromide (MTT), acridine orange
(AO), ethidium bromide (EB), and dimethylsulfoxide
(DMSO) were purchased from Sigma Chemical Company
(St. Louis, MO); human cervical carcinoma cell line HeLa,
human normal liver cell line HL-7702, bladder cancer cell
line 5637, human epidermal malignant melanoma cell line
A375, and gastric cancer cell line MGC-803 were purchased
from the China Center for Type Culture Collection, Wuhan
University, China; and BALB/c male mice were provided by
Shanghai Animal Test Center. All other chemicals not men-
tioned above were analytical grade and purified by the
standard methods.

Preparation of Sucrose-Se

Sucrose (0.01 mol) was dispersed in anhydrous pyridine
(20 ml) with moderate stirring at 35 °C for 12 h. Selenium
oxydichloride was slowly added into pyridine (v/v01/50) at
0 °C and then stirred at 25°C for 12 h. The two well-
dispersed solutions were mixed and reacted at 35 °C in
sealed condition. After 4 h, the crude product was dissolved
in DMSO and centrifuged at 16,000 rpm for 10 min. Chlo-
roform was added into the supernatant to precipitate sucrose
selenious ester (sucrose-Se). The mixture was centrifuged at
16,000 rpm for 10 min and then sucrose-Se was collected
and lyophilized.

The purified sucrose-Se sample (light yellow viscous
solid) was characterized by elemental assay, FTIR (Spec-
trum-2000, PerkinElmer, USA; 25 °C), and 13C NMR
(Bruker, German; 600 MHz, 25 °C) experiments.

Cell Culture

Cells were grown in 1-L culture flasks at 37 °C and main-
tained in RPMI-1640 medium, supplemented with 10 %
FBS. All cells are cultured in the CO2 incubator (Thermo
Forma, USA) in the humidified atmosphere of 95 % air and
5 % CO2. The culture medium was refreshed every 24 h.
Cell suspension was obtained by mechanical isolation and
then was transferd into cryotubes containing 10 % DMSO
and 90 % serum. The cell suspension was cryopreserved
using a programmed freezing machine at constant cooling
rate of 1 °C/min. Thereafter, the samples were transferred to
a liquid nitrogen container and stored.

MTT Assay of HeLa Cells and HL-7702 Cells Treated
with Selenocompounds

HeLa cells (1×104 cells/well) were cultured in a 96-well
plate at 37 °C and maintained in RPMI-1640 medium,
supplemented with 10 % FBS for 15 h. Cells were exposed
to various concentrations of sodium selenite or sucrose-Se
for 72 h. Cells only treated with culture medium was set as

the control group. After the supernatant was removed and
washed three times with phosphate-buffered solution (PBS),
10 μl MTT (5 mg/ml) and 100 μl medium were added into
each well. Cells were incubated for another 4 h and then
dissolved in 200 μl DMSO [11]. The absorbance intensity of
each sample was measured by using a microplate reader
(Bio-Tek, USA) at 570 nm wavelength. Cell inhibition rate
(IR) was calculated following formula (1):

IR ¼ ðAC � AEÞ=AC � 100 % ð1Þ
(Ac: absorbance intensity of the control group; AE: absor-
bance intensity of the experimental group).

MTT assay was carried out on human normal liver cell
line HL-7702, bladder carcinoma cell line 5637, human
malignant melanoma cell line A375, and gastric carcinoma
cell line MGC-803 to evaluate the antiproliferative effect of
sucrose-Se on normal cell line and other cancer cell lines.

Morphological Observation of HeLa Cells Treated
with Selenocompounds

Hoechst 33258 Staining HeLa cells were treated with sodi-
um selenite or sucrose-Se (equivalent Se dose00.5 ppm).
After 72 h incubation, cells were fixed in 4 % paraformal-
dehyde for 30 min [12] and stained with 10 μg/ml Hoechst
33258 for 10 min at 37 °C. Then, the cells were washed with
PBS and their morphologies were observed under a fluores-
cence microscope (Chongqing Optical Instrument Factory,
China).

AO/EB Double Staining After trypsinization, HeLa cells
were stained by AO (0.1 mg/ml) for 1 min and then stained
by EB (0.1 mg/ml) for 5 min. Cells were washed with PBS
and their morphologies were observed under the fluores-
cence microscope.

Agarose Gel Electrophoresis

After being treated with selenium samples for 72 h, cells
were washed with PBS and lysed with ice-cold lysis buffer.
Cell samples were maintained at 56 °C in a water bath for
3 h. DNA fragments were extracted by using phenol/chlo-
roform mixture (1/1, v/v) and then subjected to 1 % agarose
gel electrophoresis (Six One Electrophoresis Factory, Bei-
jing, China) at 90 V for 100 min.

Acute Toxicity Test on Mice Treated with Selenocompounds

Healthy BALB/c male mice (4 weeks old, 20–24 g) were
pretreated with 8 h fasting and water deprivation prior to the
acute toxicity test. Mice in experimental groups were ad-
ministrated with different concentration of sodium selenite
or sucrose-Se. After 24 h, the mortality was recorded and the
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median lethal dose (LD50) was measured. All procedures
performed on mice have been approved by the Animal Care
Committee of Shanghai Animal Test Center (China). All
expriments on mice were performed according to the “Prin-
ciples of Laboratory Animal Care” (NIH publication 85–23,
revised 1985) and all mice were cared following the Guide
for the Care and Use of Laboratory Animals.

Antitumor Effect of Sucrose-Se on Tumor-Bearing Mice

Healthy BALB/c male mice were subcutaneously injected
with 10 ml HeLa cell suspension (1×106 cells/ml). After
24 h, mice were divided into five groups with ten mice in
each group. The mice in four experimental groups were
injected daily with sucrose-Se of various doses (equivalent
Se dose01, 2, 4, and 8 mg/kg) at their enterocoelia. The
control group was only injected with physiological saline.
Both sucrose-Se injection and physiological saline injection
lasted for 7 days. On the 60th day of our experiment,
surviving time (day) of each mouse was recorded. In vivo
antitumor effect of sucrose-Se on each selenium concentra-
tion was represented by using relative surviving time, which
was calculated following formula (2):

Relative increased surviving time ¼ TE � TC

TC
ð2Þ

(TE: average surviving days of the experimental group; TC:
average surviving days of the control group).

Statistical Analysis

Data were expressed as means±standard deviations (SD) of
multi-replicated determinations. Statistics were performed
with the SPSS statistics program (SPSS 16.0 for windows).
Results were analyzed by one-way analysis of variance with
the Student–Newman–Keuls multiple comparisons or t test
when comparing the differences between the means of two
groups at the same time point. Differences were considered
to be statistically significant if P<0.05.

Results

Se Content and Molecular Structure of Sucrose-Se

Se content of sucrose-Se was 13.0 % as measured by ele-
mental analysis. 13C NMR data of sucrose: δC-6060.9 ppm
and δC-5073.3 ppm. 13C NMR data of sucrose-Se: δC-60
64.2 ppm and δC-5072.7 ppm. Selenic esterification was
demonstrated to occur on C-6 OH because the esterification
of hydroxyl group caused a characteristic downfield shift of
α-C and an upfield chemical shift of β-C [13]. FTIR spec-
trum of sucrose-Se: two new absorption peaks at 924 and

681 cm−1, were, respectively caused by the stretching vibra-
tion of Se0O and stretching vibration of Se–OH [14]. Mo-
lecular structures of sucrose and sucrose-Se are shown in
Fig. 1.

Antiproliferative Effects of Sucrose-Se on Different Cell
Lines

Figure 2 showed inhibition rate of HeLa cells and human
normal liver HL-7702 cells treated with sodium selenite or
sucrose-Se for 72 h. At low Se concentration of 1 ppm,
sucrose-Se was less effective to inhibit the proliferation of
HeLa cells compared with sodium selenite. But the
sucrose-Se-induced inhibition was very similar to that
induced by sodium selenite with the tested Se concentra-
tion from 2 to 5 ppm (Fig. 2a). Very interestingly, inhibi-
tion rate of normal HL-7702 cells treated with sucrose was
−1.03 and 4.69 % corresponding to the Se concentration
of 0.15 and 1.2 ppm, respectively. But for HL-7702 cells
treated with sodium selenite, inhibition rate was as high as
43.64 and 67.27 % corresponding to the Se concentration
of 0.6 and 1.2 ppm, respectively (Fig. 2b). Sucrose-Se had
no obvious cytostatic effects on 5637 cells, A375 cells,
and MGC-803 cells at low concentration (0.04–0.2 ppm
Se), but the inhibition rate of these three carcinoma cells
significantly increased when Se concentration reached to
1 ppm and showed an increasing trend with the incremen-
tal Se concentration (Fig. 2c).

Morphological Observation of Apoptosis Induced
by Selenocompounds

Hoechst 33258 is a fluorescent DNA-binding dye used to
define nuclear chromatin morphology, which is an index
of cellular apoptosis. Sodium selenite and sucrose-Se in-
duced cellular apoptosis, which was characterized by con-
densed or fragmented nucleus (Fig. 3b, c). In the sucrose-

Fig. 1 Molecular structure of sucrose (a) and sucrose-Se (b)
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Se group, more obvious apoptotic bodies were easily
observed due to their typical half moon shape. AO/EB
double staining is used for parallel detection of cellular
apoptosis and necrosis. AO permeates the integrated cell
membrane and stains the nucleus to green color. EB can
only permeate deteriorated cytoplasmatic membrane and
stain the nucleus to red color. Therefore, normal cells are
characterized by homogeneous green nucleus, while apo-
ptotic cells can be distinguished by their contracted chro-
matin and light orange flurescence. Necrotic cells will
exhibit unhomogenous orange–red fluorescence. Massive
organge–red nucleus and some swollen cells were ob-
served in HeLa cells treated with sodium selenite, indicat-
ing the induction of cell necrosis by sodium selenite
(Fig. 4b). Cells treated with sucrose-Se showed more
obvious apoptotic characters including nuclear condensa-
tion and light orange flurescence (Fig. 4c).

Analysis of DNA Fragmentation

The result of agarose gel electrophoresis is shown in Fig. 5.
No chromosomal DNA fragments were observed in the
control group. But HeLa cells treated with sodium selenite
or sucrose-Se group exhibited chromosomal DNA frag-
ments, tailing phenomenon, and formation of DNA ladder.

Biotoxicity of Sucrose-Se and Its Antitumor Effect In Vivo

For normal BALB/c mice treated with sodium selenite or
sucrose-Se of different concentrations for 24 h, the LD50 of
sodium selenite and sucrose-Se was 13.1±2.8 and 290.0±
21.2 mg/kg, respectively (P<0.01). The relative increased
surviving time was 0.75, 1.06, 1.67, and 0.50 for tumor-
bearing mice treated with sucrose-Se at equivalent Se dose
of 1, 2, 4, and 8 mg/kg, respectively (P<0.05).

Fig. 2 Inhibition rate of cell
lines treated with sodium
selenite and sucrose-Se of dif-
ferent concentrations for 72 h.
Values were expressed as
means±SD of five independent
experiments. (a inhibition rate
of HeLa cells; b inhibition rate
of HL-7702 cells, P<0.05; c
inhibition rate of bladder carci-
noma cell line 5637, human
malignant melanoma cell line
A375, and gastric carcinoma
cell line MGC-803 treated with
sucrose-Se)

Fig. 3 Morphological
observation of HeLa cells
treated with sodium selenite and
sucrose-Se at Se concentration
of 0.5 ppm for 72 h by using the
Hoechst 33258 staining meth-
od. (a control group; b sodium
selenite group; c sucrose-Se
group)
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Discussion

From the result of MTT assay, both sucrose-Se and sodium
selenite exhibited similar antiproliferative effects on HeLa
cells with the tested Se concentration from 2 to 5 ppm,
showing an obvious dose-dependent manner. More interest-
ingly, sucrose-Se had no obvious antiproliferative effects on
normal HL-7702 cells with the tested concentration from
0.15 to 1.2 ppm Se. But in contrast, sodium selenite induced
significant inhibition to HL-7702 cells at very low concen-
tration. This is because cellular responses to selenocom-
pounds are both form-dependent and dose-dependent [15].
Considering the cytostatic influences on both cancer cells
and normal cells, sucrose-Se is more applicable than sodium
selenite to be used in cancer chemoprevention or therapy. In
addition, sucrose-Se induced inhibition to bladder carcino-
ma cell line 5637, human malignant melanoma cell line
A375, and gastric carcinoma cell line MGC-803, further
demonstrating the broad-spectrum cytostatic effects of
sucrose-Se.

Based on the result of morphological observation, sucrose-
Se was more efficient to induce apoptosis to HeLa cells,
whereas sodium selenite induced more cell necrosis. Cells
treated with sucrose-Se exhibited fragmented and condensed
chromatin, demonstrating the induction of apoptosis by
sucrose-Se. But distinctively, cells treated with sodium sele-
nite exhibited large number of orange nucleus, which are
characteristics of necrotic cells at later period. Our finding is
also supported by previous report that sodium selenite tends to
induce cell necrosis rather than apoptosis [16]. The apoptosis
induction ability instead of necrotic induction is considered to
be the key factor of a potential anticancer drug [17]. Therefore,
the apoptosis induction capacity of sucrose-Se supported its
potentials as anticancer drugs. In parallel with the morpholog-
ical observation, the biochemical features of apoptosis were
detected by DNA fragmentation. Cells treated with sucrose-Se
(0.5 ppm Se) for 72 h exhibited obvious DNA fragments and
tailing phenomenon, indicating that sucrose-Se caused DNA
damage to HeLa cells. A mainstream explanation for
selenium-induced DNA damage is that selenite and Se-
cysteine, precursors of the main selenium metabolite H2Se,
induce DNA single-strand breaks (genotoxicity) [18–21].

LD50 measured by acute toxicity test indicated that
sucrose-Se possessed much lower biotoxicity than sodium
selenite. This novel sucrose-Se has promising potentials in
chemopreventive application to substitute the generally used
selenite, which may expose an organism to a toxic level.

Sucrose-Se effectively inhibited tumor growth in vivo
and extended the surviving time of tumor-bearing mice,
compared with the control group. Equivalent Se dose of
4 mg/kg might be the optimum dose of sucrose-Se to inhibit
tumor proliferation in mice body. Se dose higher than 4 mg/
kg may destroy some normal physiological functions due to
the potential toxicity of selenium. This conclusion can be
supported by an early study, which indicated that selenium
functions as an essential trace nutrient at level of about 0.1
to 0.2 mg/kg in the tested animals, but it became toxic when
the level exceeded 5 mg/kg [22].

Summarily, a novel organoselenium compound was syn-
thesized and its chemical structure was identified. Sucrose-
Se inhibited proliferation of HeLa cells, bladder carcinoma

Fig. 4 Morphological
observation of HeLa cells
treated with sodium selenite and
sucrose-Se at Se concentration
of 0.5 ppm for 72 h using the
AO/EB double-staining meth-
od. (a control group; b sodium
selenite group; c sucrose-Se
group)

Fig. 5 Gel electrophoretogram of HeLa cells treated with sodium
selenite and sucrose-Se with concentration of 0.5 ppm Se for 72 h.
(M 100 bp DNA maker; 1 control group; 2 sodium selenite group; 3
sucrose-Se group)
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cell line 5637, human malignant melanoma cell line A375,
and gastric carcinoma cell line MGC-803. However,
sucrose-Se had no cytostatic effects on human normal liver
cell line HL-7702 at the tested concentration from 0.15 to
1.2 ppm Se. Besides, sucrose-Se induced apoptosis to HeLa
cells and possessed much lower toxicity than sodium sele-
nite. Most importantly, sucrose-Se inhibited tumor growth in
vivo and extended surviving time of tumor-bearing mice.
Taken together, this novel sucrose-Se has promising poten-
tials as anticancer drugs due to its cytostatic effects, apopto-
sis induction capacity, and low biotoxicity.
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