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Sinikka Hinrichsen1
& Britta Planer-Friedrich1

Received: 23 April 2015 /Accepted: 10 December 2015 /Published online: 18 January 2016
# Springer-Verlag Berlin Heidelberg 2016

Abstract Based on acute cytotoxicity studies, selenosulfate
(SeSO3

−) has been suggested to possess a generally higher
toxic activity in tumor cells than selenite. The reason for this
difference in cytotoxic activity remained unclear. In the pres-
ent study, cytotoxicity tests with human hepatoma (HepG2),
malignant melanoma (A375), and urinary bladder carcinoma
cells (T24) showed that the selenosulfate toxicity was very
similar between all three tested cell lines (IC50 6.6–7.1 μM
after 24 h). It was largely independent of exposure time and
presence or absence of amino acids. What changed, however,
was the toxicity of selenite, which was lower than that of
selenosulfate only for HepG2 cells (IC50>15μM), but similar
to and higher than that of selenosulfate for A375 (IC50

4.7 μM) and T24 cells (IC50 3.5 μM), respectively. Addition
of amino acids to T24 cell growth medium downregulated
short-term selenite uptake (1.5 versus 12.9 ng Se/106 cells)
and decreased its cytotoxicity (IC50 8.4 μM), rendering it less
toxic than selenosulfate. The suggested mechanism is a stron-
ger expression of the xc

− transport system in the more sensi-
tive T24 compared to HepG2 cells which creates a reductive
extracellular microenvironment and facilitates selenite uptake

by reduction. Selenosulfate is already reduced and so less
affected. The cytotoxic activity of selenosulfate and selenite
to tumor cells therefore depends on the sensitivity of each cell
line, supplements like amino acids as well as the reductive
state of the extracellular environment.
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Introduction

Selenium (Se) is an essential trace element for humans.
Various selenium compounds are known to possess anticarci-
nogenic properties, e.g., selenite (Na2SeO3) is often used in
clinical trials as addition to commonly applied anticancer che-
motherapy drugs (Dennert and Horneber 2006). High concen-
trations of the anticancer drug cisplatin can result in different
side effects such as leukocyte reduction, diarrhea, vomiting,
edema, or nephrotoxicity. As an essential antioxidant selenite
can reduce the toxicity of cisplatin without compromising its
anticarcinogenic activity as shown in animal studies (Baldew
et al. 1989; Camargo et al. 2001; Markovic et al. 2011).
However, high doses of selenite have been shown to exert
strong cytotoxic effects themselves, e.g., on prostate (Li
et al. 2007), ovarian (Park et al. 2012a), liver (Shen et al.
1999), or lung cells (Park et al. 2012b). Due to the narrow
concentration range between beneficial and toxic effects and a
potential negative influence also on healthy tissue, application
of selenite in cancer treatment is still discussed quite
controversially (Micke et al. 2009; Vinceti et al. 2001;
Zhang et al. 2008b).

A recent patent (Patent US 2010/0172822) claims
selenosulfate (Na2SeSO3) to be preferable over selenite and
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suggests its use as complementary substance in anticancer
therapy (Zhang 2010). Mice studies showed that selenosulfate
effectively reduced gastrointestinal toxic effects induced by
cisplatin from 80 to 6 % (Li et al. 2012) without disturbing
its therapeutic effect on tumor cells (Zhang et al. 2008b). In
addition, while long-term (55 days) administration of selenite
resulted in dose-dependent growth suppression and
hepatoxicity in mice, selenosulfate administration in the same
concentrations (12.7 and 19 μM) did not result in toxic symp-
toms (Li et al. 2012). That means while being as efficient as
selenite in reducing negative side effects of chemotherapy
drugs such as cisplatin, selenosulfate is less toxic to healthy
tissue, thus, higher doses can be applied.

An interesting side effect in selenite-based cancer therapy
is that cell culture studies suggest selenite to have a higher
cytotoxicity in tumor cells compared to healthy cells, shown
e.g., in studies on human malignant glioma (Kim et al. 2007)
and osteosarcoma cells (Chen et al. 2012) versus comparable
healthy cells. The differences in toxicity for tumor versus
healthy cells are mainly explained by different uptake mech-
anisms, which in turn are governed by the extracellular reduc-
tive capacity (Olm et al. 2009). The redox state of the extra-
cellular environment largely depends on the cysteine/
glutamate exchange system (xc

−) first identified by Bannai
et al. (1986) and the presence of multidrug resistance proteins
(MRP) which are overexpressed in many tumor cell lines
(reviewed in Conrad and Sato 2012). The xc

−-overexpression
drives the intracellular cystin/cysteine redox cycle. Cysteine is
then increasingly secreted by MRP into the extracellular en-
vironment and induces increased selenium uptake by forma-
tion of more reduced selenium compounds, especially HSe-.
Both HSe- and selenite enter the cells by anion channels, but
there is a higher affinity for HSe- (Conrad and Sato 2012). A
strong relationship was found between extracellular thiol pro-
duction, selenite uptake, and cellular susceptibility to selenite
in different lung tumor cells (Olm et al. 2009). Selenite uptake
was increased by extracellular reduction through e.g., GSH
addition and decreased by extracellular oxidation (through
addition of 55′-dithiobis-(2-nitrobenzoic acid)) (Olm et al.
2009). Addition of extracellular thiols also increased selenite
uptake in a keratinocyte model (Ganyc &Self 2008). Amino
acids might decrease selenite uptake, at least the reverse pro-
cess of selenite decreasing the uptake of amino acids was
confirmed previously (Hogberg and Kristoferson 1979;
Vernie et al. 1974). An influence of amino acids on selenite
uptake actually generates a problem when comparing cytotox-
icity data of different cell culture studies. Numerous different
cell growth media compositions have been used for growing
the same cell line and non-essential amino acids (NEAA) have
been added in some studies (McKelvey et al. 2015; Zhang
et al. 2008a) but not in others (Chu and Crawford-Brown
2006; Peng et al. 2007; Zou et al. 2007) without separating
pure selenite from combined selenite-NEAA effects.

For selenosulfate, patent US 2010/017282 claims that it has
an even higher activity than selenite to suppress and kill spe-
cifically tumor cells (Zhang 2010) which would be another
advantage of its preferred application. The claim is based on
acute cytotoxicity tests in cell culture studies with human he-
patocellular carcinoma (HepG2), epithelial colorectal adeno-
carcinoma (Caco-2), and three different kinds of leukemia
cells (HL60, T lymph adenoma, Daudi) (Zhang et al.
2008a). The amount of intracellular uptake or the effect of
extracellular compounds on cytotoxicity and uptake were
not investigated and no reason was given as to what could
have caused the difference in cytotoxic activity between
selenosulfate and selenite.

The goal of the present study was therefore to repeat the
previously published cytotoxicity tests (Zhang et al. 2008a) to
see if this claim can really be generalized to different types of
tumor cells and to elucidate why selenosulfate should be more
toxic than selenite. Besides human hepatoma cells (HepG2),
which were selected for comparison with the previous studies
(Zhang 2010; Zhang et al. 2008a), we tested two further tumor
cell lines: malignant melanoma (A375) and urinary bladder
carcinoma cells (T24). The T24 cells were selected because
high selenium levels in the body have been shown to be in-
versely correlated with bladder cancer risk (Kellen et al. 2006)
and selenium is discussed to act as a chemopreventive agent
against bladder cancer (Brinkman et al. 2006). The A375 cells
were selected because previous experiments related the pres-
ence of different selenium compounds — selenium nanopar-
ticles (Chen et al. 2008), selenocystine (Chen and Wong
2008), and 1,4-Diselenophene-1,4-diketone (Vinceti et al.
2014) — to oxidative stress and mitochondrial dysfunction
leading to apoptosis in A375 cells. Furthermore, selenium
compounds were found to be able to enhance X-ray induced
growth inhibition in A375 cells (Lo et al. 2008).

Using these three different cell lines, we compared cyto-
toxicity of selenosulfate and selenite for three different incu-
bation times (24, 48, and 72 h) and, for HepG2 and T24 cells,
in the presence and absence of NEAA asmedium supplement.
We also determined intracellular selenium concentrations to
investigate the relation between uptake and respective seleni-
um cytotoxicity.

Materials and methods

Synthesis and stability of selenosulfate standards

Selenosulfate was synthesized according to a published pro-
cedure (Zhang et al. 2008a). Briefly, selenite (Fluka
Analytical, Steinheim, Germany), glutathione (GSH,
Applichem, Darmstadt, Germany), and sulfite (Sigma-
Aldrich, Steinheim, Germany) were mixed in a molar ratio
of 1:4:4 and gently homogenized until the solution was clear.
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The purity of the standard (91.7±9.9 %, rest on average 6.8 %
selenite and 1.5 % selenate) was determined by speciation
analysis using anion exchange chromatography (Dionex) with
an AS16 column, a 0.02–0.1 M NaOH-eluent and no anion
suppressor, coupled to an inductively coupled plasma mass
spectrometry (AEC-ICP-MS, XSeries2, Thermo-Fisher). The
method had previously been described for separation of
thioarsenates and thioantimonates (Planer-Friedrich et al.
2007). In the experimental solutions themselves we could
not determine selenium speciation chromatographically due
to interferences from the applied cell growth medium.
Pretests under cell cultivation conditions (37 ° C, 5 % CO2)
showed after 72 h no precipitation of elemental red selenium
which had previously been taken as an indication of
selenosulfate instability (Zhang et al. 2008a). We therefore
conclude that selenosulfate was stable during all our
experiments.

Cell cultures

Both HepG2 and T24 cells were kindly provided by Prof. Dr.
E. Dopp (Institute of Hygiene and Occupational Medicine,
University Hospital Essen, Germany). The T24 cell line was
primarily assumed to be the UROtsa cell line which is a non-
tumorigenic urothelial cell line. However, several stocks of
UROtsa cells were cross-contaminated and were recently
identified as bladder tumor cell line T24 (Johnen et al.
2013). The A375 cells were purchased from CLS Cell Lines
Service GmbH (Eppelheim, Germany). The HepG2 cells were
grown in minimum essential medium with Earle’s Salts
(MEM, c·c·pro, Oberdorla, Germany) supplemented with
10 % FBS, 0.5 % gentamycine, 1 % L-glutamine, 1 %
NEAA, and 1 % sodium pyruvate (all c·c·pro, Oberdorla,
Germany). The T24 cells were cultivated in MEM supple-
mented with 10 % fetal bovine serum (FBS, Gibco), 0.5 %
gentamycine (c·c·pro, Oberdorla, Germany), and 1 % L-glu-
tamine (c·c·pro, Oberdorla, Germany). The A375 cells were
cultivated in Dulbecco’s modified Eagle Medium (DMEM, c·
c·pro, Oberdorla, Germany) supplemented with 10 % FBS,
1 % L-glutamine, and 1 % penicillin-streptomycin (DMEM,
c·c·pro, Oberdorla, Germany). All cell lines were incubated in
a humidified atmosphere at 37 °C and 5 % CO2 (Incubator
Galaxy 170 S, New Brunswick Scientific) and passaged thrice
weekly using trypsin (0.25 %, c·c·pro, Oberdorla, Germany)
for T24 cells and trypsin-EDTA (0.25 %, c·c·pro, Oberdorla,
Germany) for HepG2 and A375 cells. Before conducting tox-
icity experiments with the three cell lines, the thawed cells
(HepG2 passage number P22, T24 passage number P28,
A375 passage number P25) were passaged three times. To
maintain comparable conditions, no more than ten further pas-
sages were performed with one cell line.

Non-essential amino acids were only used for standard cul-
tivation of HepG2 cells. To investigate the effect of NEAA on

selenosulfate and selenite cytotoxicity and uptake, experi-
ments with HepG2 cells were additionally conducted in
MEM without NEAA addition and with T24 cells in MEM
with NEAA supplementation. To let the cells adapt to the
modified medium, they were passaged for at least three times
before starting an experiment.

MTTassay

For cytotoxicity testing, 5000 cells/well were allowed to at-
tach for 24 h in 96-well plates (Falcon, Becton Dickinson,
Meylan Cedex, France) and subsequently exposed to
selenosulfate (0.17–25μM) or selenite (0.1–15 μM). For each
experiment, selenosulfate and selenite standards were pre-
pared freshly, sterile-filtered, and diluted in autoclaved water
(Ampuwa, Fresenius Kabi, Bad Homburg, Germany). All ex-
periments were conducted as triplicate with six equally treated
wells per replicate (n=18). For HepG2 cells, the 24 h incuba-
tion experiments were conducted twice (each setup conducted
in triplicate). In each experiment, six wells were treated with
the same concentration. After the respective incubation time
(24, 48, and 72 h for HepG2 and T24 cells, 24 h for A375
cells), cells were incubated for 2 h with 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-
Aldrich, USA). Afterwards, the formazan crystals were dis-
solved in a solubilization solution (10 g sodium dodecyl sul-
fate (Sigma-Aldrich, Steinheim, Germany) dissolved in
99.4 mL dimethyl sulfoxyde (Sigma-Aldrich, Steinheim,
Germany) and 0.6 mL acetic acid (VWR PROLAB, Briare,
France)), and the formazan product was spectrophotometrical-
ly measured at 570 nm (reference wavelength 630 nm)
(Infinite 200 PRO, TECAN). Cell viability was calculated
by setting the cell viabilities of non-treated cells to 100 %.
Calculation of the substance’s inhibitory concentration induc-
ing 50 % cell viability (IC50) was conducted by fitting an
erfc(x) function to the measured cell viability values as pub-
lished previously (Hinrichsen et al. 2014). The lower the IC50

value, the more toxic the substance.

Determination of intracellular Se

A total of 5×106 cells were incubated for 24 h with fresh
growth medium containing 1 μM selenite or 1.7 μM
selenosulfate, respectively. Both selenium compounds were
freshly prepared. These concentrations were selected because
they were shown to be non-cytotoxic after 24 h incubation
(CV 98.8±3.7 % and 94.9±5.1 %, respectively). The exact
selenium concentrations in selenosulfate and selenite solu-
tions were analyzed by ICP-MS. For better comparability,
results are reported in ng Se taken up per 106 cells normalized
to μM of initially applied selenium. The medium was re-
moved after 24 h and the cells were successively rinsed with
Dulbecco’s Phosphate Buffered Saline (DPBS, GIBCO),
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Ampuwa, and 0.1 mM 2,3-dimercapto-1-propanesulfonic ac-
id sodium salt monohydrate (DMPS, Alfa Aesar, Karlsruhe,
Germany, purity 95 %) according to a published procedure
(Hippler et al. 2011) to ensure the absence of extracellular
selenium. Cells were trypsinized, collected in 2 mL DPBS,
and mechanically lysed using glass beads (Retsch, Haan,
Germany). Selenium uptake after 24 h incubation was addi-
tionally quantified in HepG2 cells grown in NEAA-free me-
dium and in T24 cells grown in medium supplemented with
NEAA. Total selenium concentrations in the cell lysates were
determined without any further dilution by ICP-MS.

Statistical analyses

Separate two-way analyses of variance (ANOVA) were used
to test for significant differences in the effects of incubation
time and NEAA addition on cell viability curves of the two
different selenium species. All data met assumptions of ho-
mogeneity of variance and normal distribution. Statistical
analyses were performed with SPSS version 21.0 (IBM,
Armonk, New York, USA).

Results

Comparing the three investigated cell lines - HepG2, A375,
and T24 cells -, it becomes obvious that only HepG2 cells
showed the expected trend of selenosulfate being more toxic
than selenite (Fig. 1). The IC50 values were 7.1 or 7.8 μM and
> 15μM for selenosulfate and selenite, respectively, for a 24 h
exposure (Table 1). The cell viability curves showed signifi-
cant differences for all selenium concentrations ≥3 μM with
maximal differences up to 50 %. For A375 cells, exposure to
selenosulfate and selenite resulted in comparable cell viability
curves. Slight differences were observed for the calculated
IC50 values (6.6 μM for selenosulfate and 4.7 μM for

selenite, respectively, Table 1) due to large standard deviations
in the mid concentration range. For T24 cells, the cytotoxicity
of selenosulfate was lower than that of selenite (IC50 values
6.9 or 7.0 and 3.5 μM, Table 1) with maximal differences up
to 45 %. It is interesting to note that the cytotoxicity of
selenosulfate was rather similar for all three cell lines while
the cytotoxicity for selenite increased in the order
HepG2<A375<T24 cells (Fig. 1).

For the two cell lines with opposing trends of selenosulfate-
selenite toxicity, HepG2 and T24 cells, more detailed investi-
gations were done varying exposure time (24, 48, and 72 h)
and in the presence or absence of NEAA. For easier compar-
ison, Fig. 2 (species comparison), Fig. 3 (time comparison),
and Fig. 4 (cell comparison) present essentially the same
24 cell viability curves derived from different combinations
of these variables.

Looking at the species comparison graph (Fig. 2), it be-
comes obvious that for HepG2 cells, selenosulfate was always
more toxic than selenite. The addition of NEAA had no sig-
nificant effect on selenosulfate cytotoxicity (p>0.19 for all
incubation times, Table SI-1) and only significant influence
on selenite cytotoxicity after 48 and 72 h (p < 0.001,
Table SI-2). For T24 cells, addition of NEAA had an
important effect: While selenosulfate curves were almost
identical with (IC50 6.9/7.0 μM) or without NEAA
(IC50 6.6 μM), selenite became much less toxic in the
presence of NEAA (IC50 8.4 μM compared to IC50

3.5 μM in the absence on NEAA). In fact, with the
addition of NEAA, selenite was less toxic than
selenosulfate for T24 cells just as observed for HepG2
cells. Over time (48 and 72 h versus 24 h), the cell
viability curves for both species became more similar,
essentially due to a stronger increase in toxicity for
selenite and a less pronounced increase in toxicity for

Fig. 1 Cell viabilities (CVs) [%] of HepG2, A375, and T24 cells after
24 h incubation with selenosulfate (0.17–25 μM) and selenite (0.1–
15 μM Se), respectively; CVs were determined by MTT assay

Table 1 IC50 values for HepG2, A375, and T24 cells exposed to
selenosulfate (0.17–25 μM) or selenite (0.1–15 μM) for 24, 48, and
72 h; 24 h experiments with HepG2 and T24 cells were conducted
twice (I and II); growth conditions were changed to test the influence of
non-essential amino acids (NEAA), i.e., HepG2 cells were grown without
NEAA, T24 with NEAA addition

IC50 [μM] 24 h (I) 24 h (II) 48 h 72 h

HepG2+NEAA selenosulfate 7.1 7.8 6.0 4.3

selenite >15 >15 11.7 4.2

HepG2 - NEAA selenosulfate 13.8 4.2 3.4

selenite >15 4.2 3.0

A375 (no NEAA) selenosulfate 6.6

selenite 4.7

T24 +NEAA selenosulfate 6.6 2.8 2.4

selenite 8.4 2.9 2.4

T24 −NEAA selenosulfate 6.9 7.0 1.5 1.0

selenite 3.5 3.5 1.0 1.0
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selenosulfate (Fig. 2c–f). After 72 h, IC50 values were
nearly identical with 4.3 μM for selenosulfate and
4.2 μM for selenite for HepG2 cells and 1.0 μM for

both selenosulfate and selenite in T24 cells. The ab-
sence of NEAA increased cytotoxicity for both species
in both cell lines with IC50 values being lower than in

Fig. 2 Comparison of
selenosulfate and selenite: Cell
viabilities (CVs) after
selenosulfate (0.17–25 μM) or
selenite incubation (0.1–15 μM)
in HepG2 (a, c, e) and T24 cells
(b, d, f) after 24 h (a, b), 48 h (c,
d), and 72 h (e, f); in addition to
treatment with standard growth
media, HepG2 cells were
cultivated and incubated in
growth medium without NEAA,
T24 cells were cultivated and
incubated in growth medium with
NEAA; CVs were determined by
MTT assay

Fig. 3 Comparison of incubation
times: Cell viabilities (CVs) after
24 h, 48 h, and 72 h incubation
with 0.17–25 μM selenosulfate or
0.1–15 μM selenite in HepG2 (a,
c) and T24 cells (b, d); in addition
to treatment with standard growth
media, HepG2 cells were culti-
vated and incubated in growth
medium without NEAA, T24
cells were cultivated and
incubated in growth medium with
NEAA; CVs were determined by
MTT assay
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the presence of NEAA (Table 1) (exception for HepG2
cells after 24 h incubation).

Figure 3 shows nicely the time effect, again. Cell viability
curves for each selenium species are presented separately for
HepG2 and T24 cells.While for selenosulfate the cell viability
curves for 24, 48, and 72 h were quite close together for both
cell lines (Fig. 3c, d), there was a significant difference be-
tween 24 and 48 h (p<0.001, Table SI-2) as well as between
48 and 72 h (p<0.002) independent of NEAA absence or
presence for selenite in HepG2 cells (Fig. 3a). The selenite
toxicity in HepG2 cells after 24 h of exposure was remarkably
low with cell viabilities of ≥ 67 % even at concentrations of
15 μM. In T24 cells, selenite after 24 h exposure in the pres-
ence of NEAAwas the curve most prominently distinct from
all others (Fig. 3b).

Comparing the general susceptibility of HepG2 ver-
sus T24 cells shows that HepG2 cells are more robust
for both species and over all exposure times (Fig. 4). It
is, however, also obvious that this difference is even
more pronounced for selenite than for selenosulfate.
Figure 4 also shows again that addition of NEAA has
a larger effect on selenite compared to selenosulfate,
especially for short-term exposure (24 h) and the more
susceptible T24 cells (Fig. 4a).

In contrast to what was observed for HepG2 and T24 cells,
no cellular Se retention could be determined for A375 cells
after 24 h exposure to 1 μM selenite or 1.7 μM selenosulfate
as there was no difference between intracellular selenium con-
centrations of non-treated A375 control cells (0.73 ng/106

cells) or A375 cells exposed to selenosulfate (0.65 ng/106

cells) or selenite (0.71 ng/106 cells) (Table 2). However, ex-
posure to low Se concentrations (< 5 μM) were associated
with cytotoxic effects that were even more pronounced than
in HepG2 cells (Fig. 1, Table 1).

For HepG2 and T24 cells, intracellular selenium concen-
trations were above those of non-treated control cells and there
was a significant difference for the two selenium species. For
selenite, uptakewas always greater in T24 cells than in HepG2
cells. The addition of NEAA enhanced the difference between
the two cell lines with 8.5 ng/106 cells in T24 cells in the
absence of NEAA compared to only 2.7 ng/106 cells in
HepG2 cells in the presence of NEAA. The order of increas-
ing intracellular concentrations corresponds to the increasing
toxicity and decreasing IC50 values (Fig. 4a). While differ-
ences in intracellular concentrations were small (maximum
differences 8.5–2.7 = 5.8 ng/106 cells), differences in IC50

values were large (> 11.5 μM) (Table 1). For selenosulfate,
intracellular concentrations showed a wider range between the

Fig. 4 Comparison of HepG2
and T24 cells: Cell viabilities
(CVs) after 24 h (a, b), 48 h (c, d),
and 72 h (e, f) incubation with
0.17–25 μM selenosulfate (b, d,
f) or 0.1–15 μM selenite (a, c, e);
in addition to treatment with
standard growth media, HepG2
cells were cultivated and
incubated in growth medium
without NEAA, T24 cells were
cultivated and incubated in
growth medium with NEAA;
CVs were determined by MTT
assay
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two cell lines with the lowest concentrations of 1.5 ng/106

cells in HepG2 cells, interestingly also in the presence of
NEAA. Uptake in the absence of NEAA was surprisingly
lower (3.2/2.5 ng/106 cells). The wider range of intracellular
selenium after selenosulfate exposure (maximum difference
23.2–1.5=21.7 ng/106 cells) is not reflected in the quite com-
parable cell viability curves (maximum difference of IC50

values 13.8–6.6=7.2 μM) (Fig. 4b, Table 1). If we compare
the effects in the Broutinely^ applied media (i.e., with NEAA
for HepG2 and without NEAA for T24 cells), intracellular
selenite concentrations were lower (2.7 versus 8.5 ng/106

cells) in HepG2 than in T24 cells.

Discussion

Based on the results of our study we have to caution that the
claim of patent US 2010/0172822 that Bsodium selenosulfate
had a much stronger cytotoxicity to tumor cells than sodium
selenite^ (Zhang 2010) cannot be generalized. While
selenosulfate was more toxic than selenite in previous cyto-
toxicity tests with tumor cells of the liver (HepG2), the intes-
tine (Caco-2), and the blood (HL60, T lymph adenoma,
Daudi) (Zhang et al. 2008a), we showed that for tumor cells
of the skin (A375) and the bladder (T24) this is not the case.

Our study showed that the selenosulfate toxicity was sim-
ilar between HepG2, A375, and T24 cells (Fig. 1) and largely
independent of exposure time or absence and presence of ami-
no acids, despite great variations in intracellular concentra-
tions. This is in contrast to a previous study (Olm et al.
2009) where selenium uptake was found to determine its ex-
tent of cytotoxicity in different cell lines. What changed
among the three cell lines was the toxicity of selenite, which

was lower than that of selenosulfate only for HepG2 cells, but
similar to and higher than that of selenosulfate for A375 and
T24 cells, respectively.

HepG2 cells were generally the least susceptible cell line
among the three cell lines tested, which is in accordance with
previous observations from our own studies on cytotoxicity of
arsenite and thioarsenates (AsS4−nOn

3−) (Hinrichsen et al.
2014). Especially at short exposure times, selenite toxicity to
HepG2 cells was remarkably low, both compared to
selenosulfate in HepG2 cells but also to selenite toxicity in
A375 and T24 cells. Over time, selenite toxicity increased
much more than that of selenosulfate and for longer
exposure times, toxicities for both species became similar. In
this context, it is interesting to note that the cytotoxicities that
Zhang et al. (2008a) measured after 72 h for HepG2 cells were
more comparable to what we measured after 24 h. In the
present study, 5 μM selenosulfate resulted in 117 % CV and
5 μM selenite resulted in 87%CV. In the study of Zhang et al.
(2008a), 6 μM selenosulfate resulted in 80 % CV and 6 μM
selenite resulted in 90 % CV after 72 h. The difference be-
tween both studies is that Zhang et al. (2008a) used fresh
growth medium for Se incubation whereas we already grew
HepG2 cells in the medium 24 h before selenium incubation
to maintain the routine of fresh medium supply as applied
during the cell cultivation. Thus, it seems that the large differ-
ence between selenosulfate and selenite toxicity is only a
short-term effect, observable under optimum conditions —
short exposure (24 h in our case) or fresh medium (Zhang
et al. 2008a, b) — for this specific cell line. An obvious ex-
planation might be the very low selenite uptake compared to
selenosulfate uptake in HepG2 or to selenite uptake in T24
cells. Amino acids had little short-term effect on either selenite
or selenosulfate cytotoxicity in HepG2 cells but decreased
cytotoxicity slightly for longer exposure times.

For T24 cells, we observed the opposite effect as for
HepG2 cells that selenite was more toxic than selenosulfate.
Small increases in intracellular selenite concentrations had a
much higher effect on increasing cytotoxicity both in compar-
ison to selenite in HepG2 cells as well as to selenosulfate in
T24 cells. Over time, the difference between selenite and
selenosulfate decreased. The addition of NEAA actually even
reversed the order of toxicity and decreased cellular uptake of
selenite. The strong effect that NEAA had on T24 cells, but
much less on HepG2 cells, could be explained by an effect on
the cellular transport system xc

−. Cellular uptake of selenite
was previously shown to be highly dependent of the cellular
transport system xc

−. Inhibition of the xc
− system decreases

the extracellular cysteine concentration and therefore, less sel-
enite is reduced to HSe− leading to decreased uptake and cy-
totoxicity (Olm et al. 2009). One amino acid that was
contained in the NEAA mixture we applied and for which
an effect had previously been shown (Olm et al. 2009) is L-
glutamic acid. In the form of its salt monosodium glutamate it

Table 2 Intracellular selenium content [ng Se/106 cells/μM of applied
Se] in HepG2, A375, and T24 cells; cells were incubated with 1.7 μM
selenosulfate or 1 μM selenite for 24 h prior to mechanical lysis and
analysis of total selenium content of the cell lysates by ICP-MS.
Growth conditions were changed to test the influence of non-essential
amino acids (NEAA), i.e., HepG2 cells were grown without NEAA,
T24 with NEAA addition

Intracellular Se [ng/106 cells/μM of applied Se] +NEAA −NEAA

HepG2 selenosulfate 23.2 3.2/2.5*

HepG2 selenite 2.7 4.5/4.0*

HepG2 without selenium addition (control) 1.5

A375 selenosulfate 0.65

A375 selenite 0.71

A375 without selenium addition (control) 0.73

T24 selenosulfate 1.7/1.5* 12.9

T24 selenite 6.2/2.8* 8.5

T24 without selenium addition (control) 0.5

*Experiments were conducted in duplicate
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had been shown to prevent toxic effects of selenite in lung
tumor cells by inhibiting cystine transport in the cells (depen-
dent on the xc

− transport system) in a competitive manner
(Gout et al. 1997; Olm et al. 2009). The xc

− transport system
was reported to be more expressed in selenite-sensitive com-
pared to selenite-resistant lung tumor cells (Olm et al. 2009).
The higher susceptibility of T24 compared to HepG2 cells and
the higher selenite uptake in T24 cells compared to HepG2
cells after 24 h, let us conclude that the xc

− transport system is
more expressed in T24 than in HepG2 cells and that this is the
reason for the stronger effect of presence and absence of
NEAA in T24 cells.

In contrast to selenite, selenosulfate cytotoxicity seemed to
be less affected by changes in the xc

− transport system. This
could be explained by facilitated uptake because of its reduced
state. Compared to selenite with an oxidation state of +4,
selenosulfate has an oxidation state of −1. Furthermore,
selenosulfate is synthesized from glutathione and sulfite and
non-reacted excess of any of these two compounds creates a
reductive extracellular microenvironment (Olm et al. 2009).
Thiols of excess GSH could also facilitate selenium uptake
(Bannai 1986) by formation of further reduced selenium forms
in addition to the formed selenosulfate (Ganyc and Self 2008),
e.g., selenotrisulfide, selenopersulfide, and hydrogen selenide
(Bannai 1986). Transport of these reduced compounds could
occur through anion channels of the plasma membrane as
reported previously (Conrad and Sato 2012).

Another observation from our study where the growth me-
dium seemed to have governed the toxicity of selenium spe-
cies for the respective cell line is A375. In contrast to the other
two cell lines, intracellular concentrations after both selenite
and selenosulfate incubation were not distinguishable from
untreated control cells, but caused comparable toxicities as
in HepG2 and T24 cells which indicated that A375 cells were
especially susceptible to selenium. A potential reason could be
that in contrast to HepG2 and T24 cells, A375 cells were
cultivated in DMEM medium, which contained about twice
as much L-cystine compared to MEM medium. We hypothe-
size that the presence of extracellular cystine changes the
GSH/GSSG ratio, resulting in a decreased defense against
oxidative stress produced by selenium. Increased toxicity of
oxidative stress producing H2O2 in the presence of high ex-
tracellular cystine levels was already shown for E. coli
(Smirnova et al. 2005).

Experiments with human tumor cell lines are a basic
pre-clinic test in terms of anticancer drug permission.
As already described, compositions of cell growth me-
dia differ between laboratories leading to limited com-
parability of cellular uptake and cytotoxicity values of
substances. The results of our study showed that the
absence or presence of only one medium supplement —
NEAA — can completely change the interpretation of the
cytotoxicity for a specific substance.

Conclusion

The claim that selenosulfate is more toxic than selenite for
tumor cells and this could be an additional reason for its pre-
ferred application in anticancer therapy compared to selenite,
cannot be generalized. While this has been demonstrated for
HepG2 cells, our cell culture study showed that there are cells
for which selenite is at least as toxic (A375 cells) or more toxic
(T24 cells) than selenosulfate. Our cell culture studies further
showed that the choice of growth medium significantly influ-
ences the outcome of cytotoxicity data. Uptake of selenite was
shown to be downregulated by the presence of NEAA, espe-
cially in selenium-sensitive cells, most likely because L-
glutamic acid inhibited the xc

− transport system. The uptake
of selenosulfate, on the other hand, was generally facilitated
by it being the more reduced species.We conclude that wheth-
er selenite or selenosulfate is more toxic to a specific tumor
cell line depends largely on the sensitivity of each cell
line as well as the reductive state of the extracellular
environment. The study shows the importance of con-
sidering the effects supplements in cell growth media
might have on uptake and cytotoxicity of different com-
pounds for individual cell lines.
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