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Abstract Several authors have demonstrated the chemo-
protective and anti-carcinogenic role of selenium. However,
the therapeutic potential of selenium in myelodysplastic syn-
drome (MDS) as single agent and as co-adjuvant of the current
therapies has not been previously studied. Sodium selenite and
selenomethionine, alone and in combination with cytarabine,
induce a decrease in cell viability in a time-, dose- and
administration-dependent manner inducing cell death by apo-
ptosis in F36P cells (MDS cell line). These compounds in-
creased superoxide production and induced mitochondrial
membrane depolarization. The increase in BAX/BCL-2 ratio
and in the activated caspase 3 expression levels, the decrease
in mitochondria membrane potential, as well as the increase in
superoxide production, supports the mitochondria contribu-
tion on selenium-induced apoptosis. These findings suggest
that selenium may offer a new therapeutic approach in
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myelodysplastic syndrome in monotherapy and/or as co-
adjuvant therapy to conventional anti-carcinogenic.
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Introduction

Many observational epidemiological studies and also some
randomised clinical trials have demonstrated the potential pre-
ventive application of natural compounds in cancer, in partic-
ular vitamins and minerals, and some of them may decrease the
risk of developing cancer. The main group of carcinogenesis
inhibiting agents is dietetic antioxidants; however, natural
compounds may have several other properties such as
inhibiting apoptosis, cytochrome P450 enzymes and angiogen-
esis but also antagonising growth factors, hormones or DNA-
repairing enzymes [1, 2]. Despite this, their molecular activity
is not yet clear and identifying their molecular targets may
bring some enlightenment on their potential therapeutic role in
several diseases such as cancer. These compounds may acti-
vate or inhibit several cell signalling pathways such as those
involved in proliferation, survival, differentiation and cell
death. Apoptosis may be induced by stimulating several intra
or extracellular targets regarding oxidative stress, cell cycle
changes, hypoxia induction and loss of cell adherence [3, 4].
On the other hand, the simultaneous use of antioxidant com-
pounds with the anti-carcinogenic therapy has proven to be of
benefit in cancer patients being associated with a lesser sec-
ondary toxicity, decreasing the premature interruption rate of
the antineoplastic therapy [5-8]. The chemoprotective and
anti-carcinogenic effects of selenomethionine (SeMt) and so-
dium selenite (NaSe), being considered an active product in the
chemoprevention of cancer, has been proposed by several
authors. However, these effects are limited when intracellular
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methionine levels are low. In the absence of adequate concen-
trations of methionine, selenomethionine is incorporated into
proteins, replacing methionine [9-14]. Besides, it has been
demonstrated in previous studies that the interaction of Se with
other trace elements, namely lead (Pb) and cadmium, may
result in an increased cancer susceptibility and in the abolish-
ment of its anti-carcinogenic effect [15, 16]. Moreover, the
anti-carcinogenic effect exhorted by selenium is dependent on
the available form for cell use, organic or inorganic form, i.e.
selenomethionine or sodium selenite, respectively. While
selenomethionine induces apoptosis and cell cycle block in
G1 phase [9, 10], sodium selenite induces a cytotoxic and anti-
proliferative effect by cytoplasmatic vacuolization, cell mem-
brane damage, cell cycle arrest in S/G2 phase and breakdown
of the DNA double helix-originating cell death by necrosis. In
fact, some studies demonstrate that the presence of selenium in
cell cultures prevents cell mutation or transformation into
neoplastic cells. These observations may be related with the
increased in antioxidant capacity, namely in glutathione per-
oxidase activity, with the inhibition of the enzymes responsible
for converting carcinogenics, with the increase in immunolog-
ical response and the decreased in the proliferation rate
[11-14]. Myelodysplastic syndrome (MDS) is a group of
clonal diseases of the hematopoietic stem cell characterised
by dysplasia, ineffective haematopoiesis and a high risk of
progression to acute myeloblastic leukaemia. Several mecha-
nisms are involved in MDS pathophysiology, namely those
related to genetic and/or epigenetic modifications, apoptosis
deregulation, oxidative stress and mitochondrial dysfunction
[17, 18]. The therapeutic approach to MDS is far from satis-
factory and only stem cell bone marrow transplantation offers a
potentially curative approach but it is associated with a high
morbidity and mortality. As far as chemotherapy is concerned,
MDS is considered to be particularly refractory to cytotoxic
chemotherapy regimens; when remissions are accomplished,
MBDS are usually brief and associated with a high incidence of
drug toxicity and thus a high morbidity and mortality, espe-
cially in the elderly [19]. Therefore, new therapeutic ap-
proaches and new molecular targets should be pursued and
so, in this study, we intend to evaluate the therapeutic potential
of selenium in MDS, both in monotherapy and/or as an adju-
vant to conventional anti-carcinogenic therapies.

Materials and Methods
Materials

RPMI 1640 medium, foetal bovine serum (FBS), peni-
cillin/streptomycin and recombinant interleucin-3 (rh-I1-3)
were from GIBCO, Invitrogen (Barcelona, Spain).
Phosphate-buffered saline (PBS), cytarabine (Ara-C),
hydroetidine (HE), mercury orange (MO), selenomethionine

and sodium selenite were from Sigma (Sintra, Portugal).
Annexin V (AV)-fluorescein isothiocyanate (FITC) and
propidium iodide (PI) were from Immunostep kit (Salamanca,
Spain). 2',7-Dichlorodihydrofluorescin diacetate (H2DCF-
DA) and JC-1 were from Molecular Probes, Invitrogen (Bar-
celona, Spain). Culture flasks and multi-well plates were from
Sarstedt (Rio Tinto, Portugal). Phycoerythrin (PE) anti-BAX
and fluorescein isothiocyanate (FITC)-labeled anti-BCL-2 an-
tibodies were from Santa Cruz, CA, USA. PE anti-activated
caspase 3 was from Pharmingen, Becton Dickinson (San Jose,
CA, USA). Monoclonal mouse antibody isotype immunoglob-
ulin G (IgG)1/FITC and antibody isotype IgG2b/PE was from
Dako (Glostrup, Denmark).

Cell Culture

The F36P cells, a myelodysplastic syndrome cell line
established from a patient with refractory anaemia with excess
of blast in transformation (RAEB-t), was purchased from the
European Collection of Cell Cultures (UK). Cell line was
routinely grown in RPMI-1640 medium (L-glutamine 2 mM,
HEPES-Na 25 mM, penicillin 100 U/mL and streptomycin
100 pg/mL) supplemented with 10 ng/mL rh-II-3 and 10 %
heat-inactivated FBS at 37 °C in a humidified atmosphere
containing 5 % CO,. All experiments were performed between
10 and 25 passage numbers and F36P cells were seeded at a
density of 5x10° cells/ml. For the preparation of NaSe and
SeMt stock solutions, these compounds were dissolved in
water, shacked and stored at 4 and —20 °C, respectively. Cells
were incubated in the absence and in the presence of increasing
NaSe and SeMt concentrations ranging from 0.1 to 250 and 10
to 1,000 puM, respectively, in monotherapy or in association
with 50 nM Ara-C.

Cell Viability Assay

Cell viability was assessed by resazurin metabolic assay. This
assay is based on the addition of a redox fluorogenic indicator
to the cell culture. When resazurin is added to the cell culture,
viable cells reduce resazurin into resofurin changing colour
from non-fluorescent indigo blue to fluorescent pink. This
colour change can be measured by spectrophotometry. There-
fore, resazurin, in a final concentration of 10 pg/ml, was added
to the plates 2 h prior to the reading in a spectrophotometer
(Synergy™ HT Multi-Mode Microplate Reader, BioTek In-
struments) at 580 and 600 nm and compared to the control.

Cell Death Evaluation
F36P cell death was evaluated under the conditions describe
above by optical microscopy through morphological assess-

ment of May—Griinwald—Giemsa-stained slides and by flow
cytometry using annexin V and propidium iodide double
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staining. For morphological assessment, cells were trans-
ferred to slides fixed, stained and evaluated under light
microscopy, using a Nikon Eclipse 80i equipped with a
Nikon Digital Camera DXm 1200F. For flow cytometry
analysis, F36P cells were stained simultaneously with AV,
labelled with FITC and PI. After drug treatments in the above
conditions, cells were co-stained with AV-FITC and PI
according to the manufacturer’s recommended protocol.
Briefly, cells were washed with ice-cold PBS (centrifuged
at 500xg for 5 min), resuspended in 100 pl of binding buffer
and incubated with 5 ul of AV-FITC solution and 5 pl of PI
solution for 15 min in the dark. After incubation time, cells
were diluted in 400 pl of binding buffer, and analysed by
flow cytometry. Flow cytometry analyses were performed
using a six-parameter, four-colour FACSCalibur™ flow
cytometer (Becton Dickinson). For each assay, 1x10° cells
were used and at least 10,000 events were collected by
acquisition using CellQuest software (Becton Dickinson)
and analysed using Paint-a-gate software (Becton Dickinson).

Evaluation of Reactive Oxygen Species Production

The reactive oxygen species (ROS) production in F36P cells
was determined by oxidation of H2DCF-DA and HE. Cells
cultured in the absence and presence of NaSe and SeMt were
incubated with 5 uM H2DCF-DA for 30 min and with 2 puM
of HE during 15 min at 37 °C in the dark. Cells were then
washed twice with PBS, resuspended in the same solution
and fluorescence was detected by flow cytometry [20].

Mitochondrial Membrane Potential Measurement

Mitochondrial membrane potential (A,,;,) in F36P cells
treated with and without selenium compounds were mea-
sured using JC1 (Molecular Probes) as described by others
[20]. Briefly, after incubation in the absence or in the pres-
ence of NaSe and SeMt, cells were washed with PBS (cen-
trifugation at 300xg during 5 min) and incubated with JC-
1 at final concentration 5 pg/ml for 15 min at 37 °C in the
dark. At the end of the incubation period, the cells were
washed twice in PBS, resuspended in a total volume of
500 pl and analysed by flow cytometry.

Evaluation of Apoptotic Proteins Expression by Flow Cytometry

The modulation of BAX, BCL-2 and activated caspase 3
expression levels were analysed in cells cultured in the
absence and in the presence of NaSe and SeMt. F36P cells
were centrifuged and incubated with monoclonal antibodies
anti-BAX, anti-BCL-2 and anti-cytochrome ¢ antibodies,
according to manufacturer’s protocols. For all the assays,
negative controls were established with isotype IgG, IgGl
and IgG2b, and submitted to the same procedures.
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Statistical Analysis

Data were expressed as mean+SD of the number of inde-
pendent experiments indicated in the figure legends, each
one performed in triplicate. Student’s ¢ test and/or analysis of
variance were used to determine the statistical significance,
considering a p value of <0.05.

Results

NaSe and SeMt Have an Anti-Proliferative Effect on the F36P
Cell Line

NaSe and SeMt induce a decrease in F36P cell viability in a
time- and dose-dependent manner, with a medial lethal con-
centration (LCso) of 5 and 250 uM, respectively, at 48 h of
exposure to the compounds (Fig. 1a, b). In order to assess
whether the frequency of administration had influence in the
anti-proliferative effect of these compounds, a low dose of
NaSe and SeMt (£LC,() were added every 24 h. As we can
observe in Fig. 1c, cells treated with this daily dose adminis-
tration of NaSe (1 M) and SeMt (50 uM), achieved a greater
anti-proliferative effect than with 5 uM and 250 uM (LCs) in
single administration. We also investigated if the association
of these compounds with the conventional anti-carcinogenic
therapy, Ara-C, has any influence on cell growth. The F36P
cells were incubated with a concentration of 50 nM of Ara-C,
with slight effect on cell growth (LC,q after 96 h of exposure).
When this concentration of Ara-C was administrated simulta-
neously in association with the same concentrations for NaSe
and SeMt used in daily administration, we observed a poten-
tiation synergistic anti-proliferative effect with the association
of NaSe and Ara-C (Fig. 1d), whilst when SeMt and Ara-C
were combined, this effect was not observed.

Cytotoxicity Induced by NaSe and SeMt is Mediated by Late
Apoptosis/Necrosis

In order to assess if the anti-proliferative effect was accom-
plished by cytotoxicity, we analysed cell viability and death by
flow cytometry using an annexin V/propidium iodide double
staining incorporation, by flow cytometry. As we can observe
in Fig. 2, both NaSe and SeMt induce cell death mainly by late
apoptosis/necrosis in a concentration and selenium form de-
pendent manner. In fact, a fivefold increase in concentration of
SeMt was needed to obtain an equivalent cytotoxic effect as
those observed with NaSe. Sodium selenite and SeMt in com-
bination with Ara-C also presents a synergistic cytotoxic effect.
Morphological features of F36P cells confirm the results obtain
by flow cytometry, considering the smears of the F36P cell
line—using a May—Griinwald—Giemsa staining—which showed
morphological features typical of apoptosis (data not shown).
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NaSe and SeMt Cytotoxicity is Mediated by Oxidative
Stress and Mitochondrial Membrane Dysfunction

To elucidate the cytotoxic mechanisms involved in cell death
mediated by the selenium compounds, intracellular expression
of hydrogen peroxide (H,0,), superoxide anion (O, ) and

110% 7
100% 1

Control

Fig. 2 Analysis of cell death induced by sodium selenite and
selenomethionine in F36P cells by flow cytometry. F36P cells were
incubated in a density of 0.75 x 10° cells/ml, during 48 h, in the absence
or in the presence of increasing concentrations of sodium selenite,
selenomethionine, alone or in combination with cytarabine, as indicated

H '1|J 1 e
90% = ‘
80% 1 ' [
70% 1
60% 1
50% 1
40% 1
30% 1
20% 1
10% -
0%

Ara-C NaSe 1 NaSe 5 NaSe 50 NaSe5 SeMt5 SeMt50 SeMt SeMt 50
50 nM HM pM HM

Ara-C 50 nM

reduced glutathione (GSH) were analysed (Figs. 3 and 4a).
As far as H,O, is concerned, we detected a decrease in these
levels both when the F36P cells were incubated with NaSe and
with SeMt. Moreover, when we measured O,  levels in cells
incubated with low concentrations of NaSe and SeMt, we
detected a decrease and a maintenance of O, levels,

WA WEA WA/N YN

pM HM MM

500 pM  pM
+ +

Ara-C 50 nM

in the figure. Cell death was detected by annexin V-FITC and
propidium iodide staining and analysed by flow cytometry. Data are
expressed as percentage of alive cells (4), late apoptotic/necrotic cells

(A/N), necrosis (N) and early apoptotic cells (£A4) as mean+SD obtained
from three independent determinations
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respectively, for each form of selenium. When cells were incu-
bated with high concentrations of these compounds, alone or in
combination with Ara-C, we detected an increase in O, levels.
Next, we analysed the changes in GSH levels in cells treated in
the same conditions. Treatment with NaSe increases GSH
levels in spite of the concentration. However, when cells were
incubated with SeMt, low concentrations induce a decrease in
GSH levels, but high concentrations induce a statistically sig-
nificant increase in such levels. Since apoptosis is closely
related to the collapse of A, we assessed the effect of SeMt
and NaSe on A,;; (Fig. 4b), by flow cytometry using the JC1
dye. We detected an increase in monomeres/aggregates ratio
(M/A ratio), which is correlated with a decrease in mitochon-
drial transmembrane potential, except for the low-dose 50 pM
SeMt, in which there was a decrease in M/A ratio, but was not
statistically significant. We also observed a decrease in A 1{pm
in cells treated with the combination of selenium with Ara-C.

Fig. 3 Evaluation of ROS a

expression levels in F36P cells 120 -

treated with selenium by flow
cytometry. In a hydrogen

peroxide (H,0,) and in b 1001

superoxide anion (O, "), levels
were analysed by flow cytometry
using DCFH2-DA and DHE
fluorescent probes, respectively.
F36P cells were incubated in a
density of 0.75% 10 cells/ml,
during 48 h, in the absence or in
the presence of sodium selenite
(NaSe), selenomethionine
(SeMt) and cytarabine (Ara-C).
Results are expressed as medium
fluorescence intensity (MFI)

-]
o

H202
(Normalized to control)

normalised to control and 0

represents mean+SD of
fluorescence intensity detected in
three independent experiments.
*p<0.05
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NaSe and SeMt Induce Apoptosis by Modulation of Apoptotic
Proteins

BCL-2 and BAX are members of the BCL-2 family involved
in apoptosis regulation, playing an anti-apoptotic and pro-
apoptotic role, respectively. As observed in Fig. 5a, a signif-
icant increase of intracellular concentration of BAX/BCL-2
ratio is observed when cells are treated with both compounds
alone or in combination. Moreover, the changes in BAX and
BCL-2 expression levels are accompanied by an increase in
activated caspase 3 expression level (Fig. 5b).

Discussion

Ever since the first civilizations, plants have been used as
chemoprotective approaches on several diseases and its

i I
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ControlSeMt 5 SeMt SeMt SeMt
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Fig. 4 Analysis of reduced a
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compounds used as useful therapeutic agents. In recent de-
cades, this approach has resurfaced and many researchers
have been trying to isolate potentially bioactive compounds
and analysed its potential use as therapeutic agents in
cancer therapy [5, 6, 8]. The precise molecular mecha-
nisms of how these compounds work is not yet fully
understood but it is thought that it may interfere in cell
signalling pathways either by activation or inhibition of
proliferation, survival, differentiation and cell death path-
ways. As an attempt to answer this question, we evaluated
the potential use of NaSe and SeMt as anti-cancer agents.
Several studies have shown that selenium has cytotoxic
effect in multiple cell lines, such as breast cancer, prostate
cancer, melanoma and some haematological tumours cell
lines [11-14, 21]. However, the use of this compound in
MDS is not yet studied.

0 -
ControlNaSe 1 NaSe 5 NaSe NaSe 5

o_. (I

ControlNaSe 1 NaSe 5 NaSe NaSe 5

~ —

ControlSeMt5 SeMt SeMt SeMt
HM pM 50 uM  pM UM 50 uM 500 pM 50 pM

+ +
Ara-C 50 nM Ara-C 50 nM

Lo
= I
I-UU

ControlSeMt 5 SeMt SeMt SeMt

UM uM 50 uM  pM uM 50 uM 500 pM 50 M
+ +

Ara-C 50 nM Ara-C 50 nM

Our results show that both selenium forms have anti-
proliferative and cytotoxic effect dependent of the concen-
tration, the time of exposure and the selenium form used.
This cytotoxic effect was induced mainly by apoptosis. The
inorganic selenium form —NaSe— demonstrated an earlier
cytotoxic effect and at lower concentrations compared with
the inorganic form. The daily dose administration appears to
be the best regimen of administration considering that it
achieved the same cytotoxic effect but at a lower accumulat-
ed dose. When a low concentration of Ara-C was tested
simultaneously with lower concentrations than the LCs of
NaSe and SeMt, we observed a potentiation synergistic
cytotoxic effect with the association of NaSe and Ara-C.
When SeMt and Ara-C were combined, this effect was not
observed suggesting that inorganic form of selenium is more
effective than organic form.
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Fig. 5 Evaluation of apoptotic a

protein expression levels in F36P 300 -
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flow cytometry. BAX/BCL-2
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Since selenium is one of the key antioxidants that maintain
cell redox balance in account of its role as a co-factor of the
antioxidant enzyme glutathione peroxidase, we analysed cell
oxidative stress status, in particular the ROS production and
GSH levels. We observed a significant increase in O, levels
in cells treated with high SeMt concentrations and a significant
decrease in H,O, in this cell line. These results may be
explained through the reaction of NaSe with GSH, forming
selenodiglutathione, which is then reduced to selenopersulfide
anion producing O,  [13]. However, when these cells were
incubated with high concentrations of NaSe and SeMt, we also
observed a significant increase in GSH production, which may
be related to an increase in glutathione reductase. Furthermore,
selenium have a role in the synthesis of seleno-proteins such as
the antioxidant defences glutathione peroxidase and
thioredoxin reductase, and higher concentrations are related
with increased oxidative stress by decreasing reduced
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glutathione/oxidised glutathione (GSH/GSSG) ratio and also
by altering manganese superoxide dismutase (MnSOD) sub-
cellular distribution [22]. Besides that, the increase in GSH
may not be enough to neutralise the amount of ROS generated
and thus, unable to prevent oxidative damage.

Cell death and the correspondent increase in O, is also
associated with the mitochondrial dysfunction induced by
selenium since a significant decrease in the mitochondrial
membrane potential was observed, as previously reported by
others [11-14]. There is yet evidence that selenium leads to
the opening of pores in the mitochondrial membrane through
oxidation of thiol groups in mitochondrial proteins and O,
synthesis in reaction with GSH. Kim et al. observed the
induction of apoptosis in hepatocellular carcinoma cell line
(HepG2) when cultivated with NaSe and the subsequent
decrease in mitochondrial membrane potential and cyto-
chrome c release. According to these authors, the opening
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of the pores in the mitochondrial cell membrane was induced
by proteins thiol groups oxidation since they observed thiol
groups oxidation in isolated mitochondria in HepG2 cell
lysate. However, most studies show that the induction of
apoptosis depends mainly on GSH depletion and ROS for-
mation [11, 14]. Moreover, selenium alters subcellular dis-
tribution of MnSOD, another important antioxidant defence,
inducing its depletion in mitochondria and increase in cyto-
sol [23]. Within mitochondria, MnSOD provides a major
defence against oxidative damage induced by reactive oxy-
gen species, converting the superoxide radical into hydrogen
peroxide. Depletion of MnSOD in the mitochondrial matrix
may result in inefficient dismutation of superoxide anion into
hydrogen peroxide contributing to the observed increase in
superoxide anion and decrease in hydrogen peroxide levels.
The increase in BAX/BCL-2 ratio and the decrease in mito-
chondria membrane potential, as well as the increase in
superoxide production reinforces the contribution of mito-
chondria on selenium-induced apoptosis.

These findings suggest that sodium selenite and seleno-
methionine alone and in combination with cytarabine may be
an effective MDS treatment and should be evaluated as a new
therapeutic approach in these patients, in monotherapy or as an
adjuvant to conventional anti-carcinogenic therapy. Moreover,
this association and/or daily administration, by lowering drug
concentration, may be also useful in reducing drug side effects
related with systemic toxicity.
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