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Over time it has �ecome clear that selenium as a 
component of human diet �especially such foods as 
grain products�� seafood�� meat and poultry [��]�� has a 
role in chemoprevention of cancer. According to one 
plausi�le hypothesis selenium supplementation can 
inhi�it carcinogen-induced covalent �NA adduct forma-
tion and retard oxidative damage as a result of chemical 
and physical insult to �NA�� lipids�� and proteins [��]. It is 
also proposed that the selenium-induced apoptosis of 
malignant cells may partially account for chemopreven-
tive activity of this trace element. The dysregulation of 
the cellular events and molecular pathways leading to 
apoptosis is common in cancer cells [��]. Apoptosis 
may �e triggered �y diverse stimuli including some cell 
damaging agents and cancer therapy. Several authors 
have demonstrated anti-mitogenic and pro-apoptotic 
effects of selenium compounds on mammary�� colon�� 
ovarian�� prostate�� lung�� oral cancer�� and leukemia cell 
lines [��� ��� ��� �4�� ���� �3]. Although a num�er of cel-
lular targets for selenium compounds mediating their 
apoptogenic activities have �een found out �such as 
caspases�� death receptor�� Bcl-� family mem�ers�� and 
pro-survival protein kinases [���� �3�� ���� �4�� ��]���� the 
precise apoptotic mechanisms are not well understood. 
Moreover�� inorganic and organic forms of selenium may 
regulate different specific steps in cell cycle and signal 
transduction pathways that control apoptosis. 

The aim of the study consisted in comparative 
analysis of the effects of two inorganic selenium com-
pounds�� namely sodium selenite and sodium selenate 
on cell cycle progression and apoptosis induction 

in MT-4 leukemic cells in vitro. We have focused on 
mithochondrial cell death signaling�� �ecause it is most 
likely to �e relevant to the cytotoxic activity of the most 
anticancer drugs [��]. We have also investigated the 
effects of these selenium compounds on the expression 
of proapoptotic Bax protein and caspase-3 activation. 
It was shown that G�/M cell-cycle arrest coupled with 
an induction of apoptosis �y sodium selenite was as-
sociated with the increase in expression of �oth Bax 
and active form of caspase-3 at the �4-h time point. 
In contrast�� sodium selenate only affected cell survival 
inducing apoptosis at very high concentrations without 
any alterations in cell cycle progression or Bax flow 
cytometry intensity.

MATERIALS AND METHODS 
Chemicals and antibodies. The following chemi-

cals were used: sodium selenite and sodium selenate 
�Sigma Chem. Co.�� St. Louis�� MO USA���� etoposide 
�Brystol-Myers Squi�� SpA�� Italy��. Anti-Bax anti�ody 
and FITC-conjugated F�a���� fragment of goat anti-
mouse immunoglo�ulin were purchased from Beckman 
Coulter �Miami�� FL USA��. FITC-conjugated IgG� MA� for 
isotype-matched non-specific control anti�odies were 
o�tained from Becton �ickinson �San Jose�� CA USA��. 

Cell culture and treatment. Human cell line MT-4 
of T-cell acute lympho�lastic leukemia was o�tained 
from the National Collection of Cell Lines of Institute of 
Experimental Pathology�� Oncology and Radio�iology 
�Kyiv�� Ukraine��. The cells were maintained at 3� °С in 
an atmosphere of ��% air and �% СО� as suspension 
cultures in medium supplemented with ��% fetal calf 
serum. The cultures were passaged every 3�4 days 
immediately upon reaching maximum cell density. 
Sodium selenite and sodium selenate were dissolved 
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in water and then stock solutions were further diluted 
in complete culture media. 

Morphological assessment of apoptosis. Cyto-
spin preparations of cells were stained �y May — Grün-
vald — Giemza�� examined and photographed under 
light microscope. 

Single cell gel electrophoresis (COMET assay). 
�� µL of cell suspension was mixed with an equal volu-
me of �% low melting point agarose �Sigma�� at 3� °C�� 
pipetted onto the layer of normal melting point agarose 
and covered �y low melting point agarose. The cells 
em�edded into agarose were treated with lysis solu-
tion ��.� M NaCl�� �.� M E�TA�� �� mM Tris�� �% sodium 
lauryl sarcosinate�� pH ���� and �% Triton X-����� for 8 
to �� min in the dark at 4 °C. The slides were placed on 
a horizontal gel electrophoresis platform and covered 
with cold alkaline �uffer ��.3 M NaOH and � mM E�TA�� 
to allow �NA unwinding and expression of the alkali-
la�ile sites. Electrophoresis was performed at 4 °C in 
the dark for �� min at �� V and 3�� mA. The slides 
were then rinsed twice with neutralizing �uffer ��.4 M 
Tris�� pH �.����� stained with ��� µL of propidium iodide 
�Sigma�� at a concentration of � µg/mL and covered 
with a cover-slip. The �NA comets were counted under 
fluorescent microscope. 

Flow cytometry analysis. A�� Cell cycle distribution 
and apoptosis: The cells were resuspended in hypotonic 
lysis �uffer ��.�% sodium citrate�� �.�% Triton X-����� 
� µg/mL propidium iodide��. ��� µg/mL of RNAse A was 
added to each cell sample�� and the cells were stained 
for �� min at 3� °C. Flow cytometry was performed on 
a FACScan automated system �Becton �ickinson�� San 
Jose�� CA���� and data were analyzed �y using CellQuest 
software package and ModFit LT �.� program. The dead 
cells and de�ris were eliminated from the analysis on 
the �asis of forward and sideways light scatter. B�� Im-
munostaining: At the end of the treatments�� the cells 
were permea�ilized in saponin-containing �uffer and 
incu�ated at room temperature for 3� min with �� µL 
of unconjugated anti-Bax anti�ody at a � : �� dilution. 
Cells were further washed and incu�ated for 3� min with 
��� µL goat anti-mouse IgG FITC-conjugated second 
anti�ody �dilution � : �����. Negative controls were per-
formed �y incu�ating cells with non-specific isotypic 

anti�ody at the corresponding dilution. The percentage 
of Bax-positive cells was assayed �y flow cytometry. 

Statistical analysis. Each experiment was repli-
cated three times. The results of the experimental and 
control groups were tested for statistical significance 
�y a one-tailed Student’s t test.

RESULTS 
Effects of selenium compounds on cell viability 

and cell cycle parameters. MT-4 cells were exposed 
to various concentrations of sodium selenite or sodium 
selenate for �4��� h and their via�ility was assessed. The 
treated cells exhi�ited concentration-dependent reduc-
tion in their via�ility as compared to control. Sodium sel-
enite was much more toxic than sodium selenate �Fig. ���. 
The effects of various concentrations of sodium selenite 

and sodium selenate on the cell phase distri�ution were 
assessed �y flow cytometry after a treatment over a pe-
riod of �4 h. As shown in Ta�le�� sodium selenite at a dose 
of 3� µM modified the cell cycle traverse inducing the 
increase of the cells in G�/M in parallel with their decrease 
in G�/G� phase. The further increase in the concentration 
of sodium selenite resulted only in slight increase in such 
G�/M accumulation. The effect of sodium selenate on cell 
cycle traverse was insignificant even at 3�� µM. 

Fig. 1. Effects of sodium selenite �a�� and sodium selenate �b�� on 
via�ility of MT-4 cells. The via�ility of cells exposed to increasing 
concentrations of the selenium salts was evaluated �y Trypan 
�lue exclusion assay. Each experiment was done in triplicate and 
mean ± S.E. is indicated
Table. Cell cycle phase distribution after treatment of MT-4 cells with 
 inorganic selenium compounds (24 h)

Compound, dose
Distribution of cells in different phases of cell 

cycle, %
G0/G1 G2/M S

Sodium selenite, 30 µM 36.25 ± 1.54* 26.53 ± 0.67* 37.22 ± 1.72
Sodium selenite, 100 µM 31.90 ± 1.37* 31.21 ± 0.55* 36.89 ± 1.64
Sodium selenate, 30 µM 48.74 ± 1.66 14.80 ± 0.83 36.46 ± 1.45
Sodium selenate, 300 µM 46.64 ± 1.71 16.33 ± 0.74 37.03 ± 1.70
Control 51.17 ± 1.48 11.42 ± 0.60 37.41 ± 1.36
Etoposide, 40 µg/mL 79.43 ± 1.19* 2.45 ± 0.52* 18.12 ± 0.87*
Results are expressed as M ± SD and the difference compared to control 
is significant when P < 0.05 (indicated by *).

Effects of selenium compounds on DNA strand 
breaks. The exposure of MT-4 cells to sodium sel-
enite �ut not sodium selenate caused an increase in 
single-strand �NA �reaks detecta�le �y the COMET 
assay. Examples of COMET tail moments seen in cells 
exposed to sodium selenite and the a�sence of comets 
in untreated MT-4 cells are seen in Fig. �.  

Apoptosis induction. To further analyze the effects 
of selenium compounds�� FACS analysis was carried 
out on MT-4 cells treated for �4 h with sodium selenite 
and sodium selenate upon PI staining. The percentage 
of su�-G�-phase cells was considered as an apoptosis 

marker. The treatment with 3� µM of sodium selenite 
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increased the percentage of cells in su�-G� phase 
from ��.3% to �4.4%. In contrast�� the treatment with 
sodium selenate did not result in apprecia�le increase 
in apoptotic percentage at 3� µM ��4.�%�� whereas at 
3�� µM 3�.�% of cells were hypodiploid. 

The morphological analysis of sodium selenite-treated 
cells has shown the presence of cells with typical apoptotic 
features including chromatin condensation�� cell shrinkage�� 
and fragmentation of nuclear structure on the �ackground 
of the features of general toxicity �Fig. 3��.

Bax expression. Taking into account the role of 
Bcl-� family proteins in the apoptotic pathway we 
have attempted to assess Bax involvement in sele-
nite-induced apoptosis. The drastic increase in Bax 
flow cytometry intensity over the �asal level has �een 
evident only in selenite-treated cells �Fig. 4��. Non-spe-
cific �inding was excluded �y the experiment in which 
FITC-conjugated IgG� MA� was used.

DISCUSSION
Based on the data of epidemiological and experi-

mental studies�� selenium compounds are considered as 
micronutrients�� which may �e advantageous for cancer 
prevention and treatment. Molecular mechanisms of 
anticancer effects of selenium are diverse and include 
antioxidant activity of selenoproteins�� stimulation of 
�NA-repair enzymes and activation of the tumor sup-
pressor protein p�3�� enhancement of immune function�� 
induction of apoptosis�� inhi�ition of cell proliferation�� 
alteration of carcinogen meta�olism�� influence on es-
trogen and androgen receptor expression�� inhi�ition of 
angiogenesis�� interactions with heavy metals involving 
in cancer promotion and some others [��]. 

Several selenium compounds have �een shown to 
induce apoptosis in cancer cells in vitro with the efficacy 
of apoptosis induction varying with different chemical 
species of selenium. The relative contri�ution of apop-

tosis and necrosis to the cytotoxic effects produced �y 
selenium compounds depends strongly on the type of 
cancer cells. There are limited reports indicating that in 
several promyelocytic leukemia cell lines apoptosis is 
the predominant type of cell death [��� ��� �8�� ��]. There 
are no data in the availa�le literature on apoptosis in-
duction in cells of other �iological forms of leukemia�� 
in particular in malignant lymphoid cells. In this in vitro 
study the effects of two different inorganic selenium 
salts�� namely selenite �Se4+�� and selenate �Se�+�� were 
studied in human lympho�lastic leukemia MT-4 cells. 

Our flow cytometry data showed that sodium 
selenite induced apoptosis in MT-4 leukemia cells in 
dose-dependent manner starting from concentrations 
of �� µM�� while apoptosis induction �y sodium selenate 
was effective only at 3�� µM. The characteristic apop-
totic morphological alterations were also o�served in 
selenite-treated cells. Selenite-induced apoptosis 
was shown to involve caspase-3 activation �data not 
presented��. Sodium selenite �ut not sodium selenate 
caused an arrest in G�/M phase of cell cycle that is in 
line with the data o�tained in different cancer cell lines 
where the accumulation of cells in G� or/and S phases 
has �een evident [��� ���� �4].

Selenite �ut not selenate treatment was shown to 
result in increasing �NA single-strand �reaks in cells 
under study�� as detected �y COMET assay. Therefore�� 
selenite-induced apoptosis of MT-4 cells involves �NA 
damage. Certain types of �NA damage are known to 
activate p�3�� which in turn induces expression of the 
proteins involved in cell cycle arrest or in the initiation of 
apoptosis�� in particular the proapoptotic Bcl-� protein 
Bax [3]. In fact�� apoptosis induction in cells treated with 
selenite was accompanied �y the significant increase 
of Bax expression revealed �y flow cytometry of cells 
stained with anti-Bax monoclonals. Such findings are 
consistent with the results presented recently �y Hu 

Fig. 2. Effect of inorganic selenium compounds on �NA damage in МТ-4 cells. Comet assay of lysed cells treated with sodium se-
lenite or sodium selenate for �8 h. Cells were stained with PI. The picture represented inverted photos of �NA comets: �a�� Untreated 
cells; �b�� Cells treated with 3� µM of sodium selenite; � of sodium selenite; �sodium selenite; �; �c�� Cells treated with 3�� µM of sodium selenateCells treated with 3�� µM of sodium selenate of sodium selenatesodium selenate
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et al. [4] who demonstrated that selenite increased Bax 
level in LNCaP prostate cancer cells. Moreover�� Bax 
a�undance induced �y selenite sensitizes these cells 
to the apoptogenic effects of trail. 

It is interesting to note that cancer cells are su�stan-
tially more sensitive to selenite and more prone to apop-
tosis induction than normal cells [8�� ��] and this gives 
an opportunity to use it as therapeutic agent. However�� 
taking into account pro-oxidant properties of selenite 
[8�� ��]�� which potentially can damage healthy tissues 
it is important to pay more attention to natural forms of 
selenium�� in particular to selenomethionine. The phar-

macological approaches �chemoprevention�� should �e 
assessed against nutritional approaches ��alanced diet�� 
in terms of their efficacy of cancer prevention. Indeed�� 
in most of human trials the highest protective effect of 
selenium compounds against cancer was seen in those 
participants who were initially selenium-deficient or at 
least characterized �y comparatively low selenium status 
[�]. In this regard�� it seems likely that�� �y using selenium-
enriched food it is possi�le to achieve optimal selenium 
status �eyond which pharmacological interventions with 
selenium compounds would not �e necessary [��].
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СРАВНИТЕЛЬНЫЙ АНАЛИЗ ИНДУКЦИИ АПОПТОЗА 
СОЕДИНЕНИЯМИ СЕЛЕНА В КЛЕТКАХ МТ-4 ОСТРОГО 

Т-ЛИМФОБЛАСТНОГО ЛЕЙКОЗА ЧЕЛОВЕКА
Цель: механизмы индукции апоптоза различными соединениями селена изучены недостаточно. В работе проведен 
сравнительный анализ апоптогенной активности двух неорганических солей селена, а именно селенита и селената натрия, в 
клетках МТ-4 острого Т-лимфобластного лейкоза человека. Проанализировано влияние этих соединений на прохождение 
клеточного цикла и активацию проапоптотического белка Bax. Методы: индукцию апоптоза и распределение по фазам 
клеточного цикла при воздействии неорганических соединений селена на клетки МТ-4 анализировали методом проточной 
цитометрии с помощью пропидий йодида. Экспрессию Bax изучали проточной цитометрией клеток с использованием 
моноклональных антител против этого белка. Степень повреждения ДНК оценивали с помощью метода ДНК-комет.  
Результаты: при концентрации 10 мкмоль/л и выше селенит натрия дозозависимо индуцировал апоптоз, тогда как 
селенат натрия оказался гораздо менее токсичным и вызывал апоптотическую гибель клеток при концентрации не ниже 
300 мкмоль/л. При действии селенита натрия отмечали задержку клеточного цикла в G2/M-фазе, в то же время у селената 
натрия подобный эффект отсутствовал. Цитотоксические проявления в клетках, инкубированных с селенитом натрия, 
сопровождались повреждением ДНК, визуализированным при анализе ДНК-комет. Апоптоз, индуцируемый селенитом, но 
не селенатом натрия, протекал на фоне значительного увеличения внутриклеточного уровня белка Bax. Выводы: индукция 
апоптоза селенитом натрия происходит на фоне повышения уровня белка Bax. 
Ключевые слова: селенит натрия, селенат натрия, острый Т-клеточный лимфобластный лейкоз, апоптоз, клеточный цикл, 
Bax, повреждение ДНК.


