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Intracellular Ca2þ signaling controls many cellular functions. Understanding its regulation by selenoproteins is essential for
understanding the role of selenoproteins in regulating cell functions. The activity of thioredoxin reductase (TrxR), thioredoxin (Trx)
content, and the activity of glutathione peroxidase (GPx) in the human endothelial cells cultured in selenium-supplemented
medium (refer as Seþ cells) was found 70%, 40%, and 20% higher, respectively than those in the cells cultured in normal medium
(refer as Se0 cells). The intracellular Ca2þ signaling initiated by inositol 1,4,5-trisphosphate (IP3), histamine, thapsigargin (TG),
carbonyl cyanide p-(tri-fluoromethoxy) phenyl-hydrazone (FCCP), and cyclosporin A (CsA) was investigated in both Seþ and Se0
cells. It was interestingly found that the higher activity of selenoproteins reduced the sensitivity of IP3 receptor to the IP3-triggered
Ca2þ release from intracellular stores, but enhanced activation of the receptor-coupled phospholipase C in histamine-stimulated
Seþ cells by showing much more generation of IP3 and higher elevation of cytosolic Ca2þ. The higher selenoprotein activity also
reduced susceptibility of the uniporter to the mitochondrial uncoupler, susceptibility of the permeability transition pore (PTP) to its
inhibitor, and the vulnerability of endoplasmic reticulum (ER) Ca2þ-ATPase to its inhibitor in selenium-supplementing cells. The
results suggest that cell calcium signaling is subjected to thiol-redox regulation by selenoproteins. J. Cell. Physiol. 205: 97–106,
2005. ß 2005 Wiley-Liss, Inc.

Selenium as an essential biological trace element
plays an important metabolic role via selenoproteins
(Ganther, 1999). The most famous disease caused by
selenium deficiency is Keshan disease found in China.
Blood selenium concentrations measured in areas of
China where Keshan disease is endemic are around
0.25 mmol/L (21 mg/L) in comparison with 1.2 mmol/L
(95 mg/L) in nonendemic areas (Yang et al., 1984).
Selenium in selenoproteins is in the form of selenocystein synthesized cotranslationally from serine and
selenide by a series of enzymatic reactions dictated by
the UGA codon (Berry et al., 1991). For the human
umbilical vein endothelial cell (HUVECs), there are at
least 30 selenoproteins in the cells, but thioredoxin
reductase (TrxR) and glutathione peroxidase (GPx) are
the most important selenoproteins in protecting cells
from oxidative damage (Miller et al., 2002). TrxR is the
major selenoprotein expressed in HUVECs (Anema
et al., 1999). Its catalytic activity is changeable when
the cells are cultured in a medium containing different
concentrations of selenium (Lewin et al., 2002). TrxR
along with its substrate thioredoxin (Trx) constitutes
one of the most important systems in maintaining
redox homeostasis in cells. TrxR reduces Trx that in
turn is capable of controlling various cellular redoxrelated processes such as reducing disulfide on proteins,
donating hydrogen for ribonucleotide reductase in
DNA synthesis, activating the glucocorticoid receptor
(Makino et al., 1999) and chaperones in protein folding.
Furthermore, Trx can also reduce H2O2 and scavenge
free radicals (Spector et al., 1988). GPx is an antioxidant
enzyme that scavenges H2O2 and organic hydroperoxides, and its expression level depends on selenium
availability (Stewart et al., 1999; Helmy et al., 2000;
Tolando et al., 2000). The activity of GPx is also important for maintaining cellular thiol homeostasis. An
increase in the amount of GPx in selenium-supplemented cells has been shown to inhibit both the activation of
mitogen-activated protein kinases such as p38, JNK1, or
ß 2005 WILEY-LISS, INC.

JNK2 and ERK1 or ERK2 as well as the NF-kB mediated
signaling pathway (Adler et al., 1996; Makropoulos
et al., 1996; Stapleton et al., 1997; Schieke et al., 1999).
Although, many studies on selenoproteins have been
devoted to the regulation of various cell functions and
intracellular signal transduction events, no study on the
role of selenoproteins in regulating Ca2þ signaling has
been reported.
Changes in the intracellular concentration of calcium
control many cellular functions ranging from short-term
responses such as muscle contraction and hormone
secretion to long-term regulation of cell growth, proliferation, and apoptosis (Berridge et al., 1998). Many
cells use inositol 1,4,5-trisphosphate (IP3), the product
of a phosphatidylinositol-specific phospholipase C, as
the second messenger to generate intracellular Ca2þ
signal by binding to the IP3 receptor (IP3R), the Ca2þ
channel on endoplasmic reticulum (ER), which is the
major intracellular Ca2þ store in many cell types. The
signal comprises an initial Ca2þ release from ER and a
followed Ca2þ entry triggered by emptying of intracellular Ca2þ store (Berridge et al., 2000; Putney et al.,
2001). After Ca2þ release, the refilling of Ca2þ into intracellular stores is mediated by Ca2þ-ATPase on ER
(Lytton et al., 1991). PLC, IP3R, and the Ca2þ-ATPase on
ER are, therefore, potential targets for modifying the
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intracellular Ca2þ signaling. In addition, the Ca2þ
signaling is further complicated by other organelles in
cells. There is increasing evidence to show that
mitochondrion is an active participant in intracellular
Ca2þ buffering and signaling. Its unique role is able to
rapidly accumulate and then release large quantities of
Ca2þ by detecting cytoplasmic Ca2þ signal resulted from
the discharge of the ER Ca2þ store. Conversely, both the
buffering of the cytoplasmic Ca2þ and ATP production
by mitochondria is predicted to influence the ER Ca2þ
handling (Landolfi et al., 1998; Murchison and Griffith,
2000). Triggering of the IP3 receptor on ER membrane
raises the Ca2þ concentration both in the cytoplasm and
in mitochondria, which subsequently activates the
metabolic activity according to the increased cell needs,
such as more production of NADH (Rizzuto et al., 1994).
After detection of depletion of ER calcium store,
mitochondria can feed back calcium to ER calcium store.
A protein called permeability transition pore (PTP)
mediates the efflux of Ca2þ from mitochondria. Opening
of the PTP forms a major pathway for rapid release of
Ca2þ from mitochondria (Kidd et al., 2002). Mitochondria act as calcium buffer in cell Ca2þ signaling. Besides
mitochondria, it has been also known that Ca2þ store
within Golgi apparatus may also be released in response
to IP3-producing agonists (Pinton et al., 1998). Part of
the accumulated Ca2þ in the Golgi apparatus can be
released by IP3 (Van Baelen et al., 2001). A PMR1 Ptype-like ATPase ion pump was found to transport Ca2þ
and Mn2þ with high affinity into the Golgi apparatus in a
thapsigargin (TG)-insensitive manner. Therefore, any
oxidized or reduced alteration of those proteins, which
functions either as Ca2þ channel or ion pump, would be
expected to modify the intracellular Ca2þ signaling.
Recently, increasing evidence has shown that the
activity of Ca2þ-ATPases, Na2þ/Ca2þ exchanger and
calmodulin are modulated by the intracellular redox
state (Sauer et al., 2001). It may be expected that
the redox status of the proteins involved in abovementioned Ca2þ signaling would be modulated by
selenoproteins, especially TrxR/Trx and GPxs. In the
present study, the effect of selenoprotein(s) on Ca2þ
signaling has been investigated by using seleniumsupplemented culture medium to raise the activities
of TrxR and GPx in the HUVECs, and using IP3,
histamine, TG, FCCP, and cyclosporin A (CsA) to probe
the related proteins involved in Ca2þ release from
various stores. This study demonstrates a significant
role of selenoprotein(s) in regulating Ca2þ signaling.
MATERIALS AND METHODS
Reagents

Mag-fura-2/AM and fura-2/AM were obtained from Molecular Probes (Eugene, OR), 1-(6-{[17b-3-methoxyestra-1,3,5(10)trien-17-yl]amino}hexyl)-1H-pyrrole-2,5-dione (U73122), Dmyo-IP3 hexasodium salt, digitonin, carbonyl cyanide ptrifluoromethoxyphenyl hydrazone (FCCP), TG, histamine
dihydrochloride, MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide), sodium selenite, insulin (bovine),
5,50 -dithiiobis-2-nitrobenzoic acid (DTNB), phenylmethylsulfonyl fluoride (PMSF), glutathione reductase, reduced glutathione, mercaptosuccinate (MS), b-nicotinamide adenine
dinucleotide phosphate (NADPH), and CsA were obtained
from Sigma Chemical Co. (St. Louis, MO). Dulbecco’s modified
eagle medium (DMEM) was obtained from Gibco Life Technologies (Gaithersburg, MD). Guanidine hydrochloride was
purchased from Bebco Industries, Inc. (La Marque, TX). Dmyo-IP3 [3H] assay system was purchased from Amersham
Bioscience (Piscataway, NJ). The bovine wild type TrxR was
from Department of Biochemistry and Biophysics (Karolinska

Institute, Sweden). All other reagents were of analytic grade.
CsA was dissolved in ethanol. Digitonin, FCCP, and TG were
dissolved in fresh dimethyl sulfoxide (DMSO) just before
addition into the cell-containing buffer. The final concentration of DMSO in the buffer never exceeded 0.1%.
Cell culture

ECV304 cells (the HUVEC line) were grown in DMEM
containing 10% calf serum, 1 g/L D-glucose, 100 mg/ml
streptomycin, and 100 U/ml penicillin. The cells cultured in
such medium and in the medium supplemented with 1 mM
sodium selenite for more than 1 week are referred as Se0 and
Seþ cells, respectively. Before measurement of cell calcium, the
cells were plated in glass-bottom dishes and incubated in the
corresponding medium at 378C overnight. No toxic effect was
observed in the cells cultured in the selenium-supplemented
medium (see Fig. 3).
Measurement of TrxR activity and protein
concentration in cell extract

The cells were lysed with lysis buffer (50 mM potassium
phosphate, 1% Triton X-100, 2 mM EDTA and 1 mM PMSF,
pH 7.5). After sonication in ice bath, the cell lysate was
centrifuged at 15,000g for 30 min. The supernatant fraction
was heated at 558C for 5 min, and filtered in a centrifugal filter
of 30-kDa cut-off. The retentate was washed three times with
PE buffer (50 mM potassium phosphate and 2 mM EDTA, pH
7.5) and used as crude cell extract. TrxR activity in the cell
extract was measured by the modified DTNB reduction assay
(Hill et al., 1997). The assay mixture contained 5 mM DTNB,
0.2 mM NADPH, 0.1M potassium phosphate, 10 mM EDTA,
and 0.2 mg/ml BSA (pH 7.5). Protein levels of the cell extracts
were determined using Bio-Rad Protein Assay system. To inhibit TrxR, the cell extracts (0.3 mg protein/ml) was incubated
with 20 mM gold thioglucose at room temperature for 20 min
before assay. In all assays, 50 ml of the cell extracts was added
into 750 ml of the assay mixture and the changes of absorbance
at 412 nm were recorded. The TrxR activity in the cell extract
was determined by subtracting the DTNB reduction rate in the
presence of gold thioglucose from that in the absence of the
inhibitor.
Measurement of Trx content in cells

The cell extracts were obtained same as described in TrxR
activity assay, except for the filtration of cell lysate supernatant by a centrifugal filter with 10-kDa cutoff. Trx content
was measured by Trx-dependent insulin reduction, in which
the Trx in cell extract was firstly reduced by bovine wild type
TrxR and then reduces the insulin. The numbers of the exposed
sulfhydryl groups in the reduced insulin were quantified by
DTNB reduction (Wright and Viola, 1998). In the assay, 15 ml
cell extract and 10 ml bovine TrxR (50 A412/ml min) were added
in 95 ml reaction mixture containing 100 mM insulin, 0.2 mM
NADPH, 25 mM KH2PO4, and 5 mM EDTA in 0.1M HEPES
buffer (pH 7.6). After incubation at 378C for 10 min, the
reaction was terminated with 500 ml of 8M guanidine–HCl in
50 mM HEPES (pH 7.6) containing 1 mM DTNB. For each
sample absorbance of DTNB at 412 nm was measured as Trx
content in cells using a calibration curve obtained by the same
procedure except for that the purified human wild-type Trx of
various concentration replaced the cell extract. The sample
prepared by addition of the cell extracts and TrxR after
incubation of the reaction mixture with the DTNB–guanidine–HCl solution was used as blank for each measurement.
According to the calibration curve, 0.1 A412 corresponds to 60 ng
Trx. The cellular content of Trx is expressed as the net
nanogram Trx per microgram protein.
Measurement of GPx activity in cell extract

The cells were lysed according to the same procedures
described for the assay of TrxR activity. The GPx activity was
assayed by Paglia and Valentine (1979) method with minor
modification. The method is based on two coupled reactions:
GPx-catalyzed oxidation of glutathione by H2O2 and glutathione reductase-catalyzed oxidation of NADPH by oxidized
glutathione. Hundred microlitres of the cytosol supernatant

SELENOPROTEIN AND Ca2þ SIGNALING

was added to 2.8 ml of the reaction mixture, that comprises
2.525 ml of a 0.1M Tris-HCl (pH 7.2) buffer, 75 ml of 30M
glutathione, 100 ml of 6 mM NADPH, and 100 ml of glutathione
reductase (0.24 U), and incubated for 5 min at 258C. The
reaction was initiated by adding 100 ml of 30 mM H2O2, and
the absorbance at 340 nm was recorded for 5 min. To correct for
possible interference from other NADPH-oxidizing enzymes, a
blank consisting of the complete reaction mixture plus 4 mM
MS, an inhibitor of GPx, was run for every sample (Chaudiere
et al., 1984). A molar extinction coefficient of 6.22  103 M1
cm1 was used to determine NADPH that is oxidized. The GPx
activity in cell extract was expressed as the oxidized NADPH
nM min1/mg protein.
Microscopic measurement of cytosolic
Ca2þ concentration

The cells plated in the glass-bottomed dishes (2  105 cells)
were incubated with 1 mM fura-2/AM at 378C for 40 min, and
then washed four times either with Ca2þ buffer (10 mM
HEPES, 145 mM NaCl, 5 mM KCl, 2.5 mM CaCl2, 1 mM MgCl2,
pH 7.4) or with Ca2þ-free buffer, in which 2.5 mM CaCl2 was
replaced by 0.5 mM EGTA, to remove free fura-2 and
extracellular free calcium. Then 1 ml of a desired buffer was
added into the dish and maintained at 378C for an additional
10 min to allow for de-esterification of the Ca2þ indicator. Fura2 was excited with light from a mercury lamp alternately
filtered to 340 or 380 nm. The fluorescence images of the
attached cells on the bottom glass were captured every 20 s
at emission of 510 nm for 100 msec on an Olympus IX-71
inverted microscope equipped with AquaCosmos Microscopic
Image Acquisition and Analysis System provided by Hamamatsu Photonics K.K. (Japan). The digitized fluorescence ratio
(F340/F380) images of the cells and the kinetic change of the
ratio in each cell were processed on line on a PC computer.
In the imaging system used in this investigation, the
excitation light illuminates cells only for very short time
(100 msec) during acquisition of each image, but was shut down
before next imaging (20 sec apart). Therefore, whatever the
Ca2þ in cytosol or in intracellular stores was measured
microscopically, the photobleaching of the Ca2þ indicator is
negligible.
Measurement of IP3-operated Ca2þ release from
intracellular Ca2þ stores in permeabilized
Seþ or Se0 cells

The measurement of IP3-operated Ca2þ release from IP3
receptor-mediated store in the permeabilized cells was performed according to the method described by Hu et al. (2000)
with minor modification. Before measurements, two intracellular-like media (ICM) with and without Mg2þ/ATP and a
Ca2þ-releasing medium were freshly prepared. The Mg2þ/
ATP-free ICM consists of 125 mM KCl, 19 mM NaCl, 10 mM
HEPES, 1 mM EGTA, and 0.33 mM CaCl2 (the free Ca2þ
concentration was 50 nM), and was adjusted to pH 7.2. The
complete ICM was made from Mg2þ/ATP-free ICM by adding 1
mM ATP and 1.4 mM MgCl2 (the free Mg2þ concentration was
0.1 mM). The Ca2þ-releasing medium consists of 125 mM KCl,
19 mM NaCl, 10 mM HEPES, 1.4 mM MgCl2, and 150 nM
CaCl2, and was also adjusted to pH 7.2. The cells plated on
glass-bottomed dishes (2  105 cells) were incubated with 2 mM
mag-fura-2/AM at 378C for 60 min. After mag-fura-2 loading,
the dishes were gently washed with HBSS and maintained at
378C for an additional 10 min to allow for de-esterification of
the Ca2þ indicator. The mag-fura-2-loaded cells were exposed
to Mg2þ/ATP-free ICM for 2–3 min and then permeabilized by
addition of 20 mg/ml digitonin for an extra 10 min at room
temperature. Permeabilization was monitored by observing
release of the cytosolic mag-fura-2 fluorescence, while the
fluorescence associated with organelles persisted after permeabilization. The permeabilized cells were washed with
Mg2þ/ATP-free ICM to remove digitonin and then exposed to
complete ICM for 10 min to allow for refilling of intracellular
Ca2þ stores. The permeabilized cells were then superfused
with Ca2þ-releasing medium for at least 10 min. Then, the
fluorescence images of the permeabilized cells excited consecutively at 340 and 380 nm were taken at emission of
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510 nm before and after addition of IP3 according to the same
procedure previously described for Microscopic measurement
of cytosolic Ca2þ concentration. The decrease of the digitized
fluorescence ratio (F340/F380) in the permeabilized cells reflects
the Ca2þ release from intracellular calcium stores.
Assay of Ins(1,4,5)P3 production

The generation of IP3 in the cells cultured in normal and
selenium-supplemented medium was quantified after histamine-stimulation by the 3H-IP3 competitive binding assay
(Siddiqui and English, 2000) using D-myo-IP3 [3H] assay
system. The ECV304 cells (2  106) in HBS buffer were
stimulated by histamine for 20 sec at 378C, and then cooled
down rapidly in an ice bath. The cells were lysed with ice-cold
4% perchloric acid for 20 min. The acid-insoluble component
was segregated by centrifugation at 2,000g for 15 min at 48C.
The supernatant was neutralized to pH 7.5 by ice-cold 10M
KOH. Then, KClO4 in the neutralized mixture was removed
by centrifugation. The neutralized supernatant was used to
quantitate the IP3 concentration according to the protocol
provided by the manufacturer. All assays were performed in
triplicate.
MTT assay for cell proliferation

The tetrazolium dye (MTT) assay was used to estimate the
toxicity of sodium selenite to ECV304 cells (Plumb, 2004). Cells
were plated in microtiter plates (96-wells) at a density of
2  103 cells per well and cultured in DMEM containing 10%
calf serum for 24 h to achieve good attachment to the wells. One
row of the wells containing only medium was used as blank.
Sodium selenite of various concentrations were added in each
row of wells and further cultured for 48 h. The cells were then
washed with fresh medium and subjected to MTT assay. In the
assay, 10 ml of MTT stock solution (10 mg/ml in PBS) was added
to each well and the plates were incubated for additional 4 h at
378C to allow MTT reduction. Thereafter, the supernatant was
removed completely and 150 ml of DMSO was added to each
well to solubilize the formed formazan crystals. The plate was
shaken for 15 min and the optical density of each well at 595 nm
was read on a Bio-Rad microplate Reader. The cell numbers in
each well was expressed as the blank-subtracted optical
density.

RESULTS
TrxR activity, GPx activity, and the Trx content
increased in the cells supplemented with selenium

TrxR activity, GPx activity, and the Trx content in the
Se0 cells and the Seþ cells were measured, respectively.
As shown in Figure 1A, the rate of DTNB reduction by
the extract from Seþ cells was much higher than that
by the extract from Se0 cells. When 20 mM gold thioglucose, the inhibitor of TrxR, was added in both cell
extracts to inhibit the activity of TrxR activity, the
DTNB reduction rate became much lower and there was
almost no difference between the extract from Seþ cells
and the extract from Se0 cells in reducing DTNB. Since
glutathione was removed by centrifugal filtration in
preparing the crude cell extract, the existence of glutathione reductase in cell extract could not affect the
DTNB reduction. At the concentration of 20 mM, gold
thioglucose cannot inhibit the activity of other selenoproteins such as GPx (Gromer et al., 1998). So the
reaction in the presence of gold thioglucose can be used
as a blank for all of the other assays, and the measured
DTNB reduction rate used as an indication of TrxR
activity.
The TrxR activity expressed as DTNB reduction rate
per mg protein of the cell extract and the measured Trx
content in Seþ and Se0 cell extract is shown in Figure 1B.
They increased by 72  9% and 38  18%, respectively in
the Seþ cells in comparison with that in Se0 cells. These
results confirmed that a clear difference of TrxR activity
and Trx content between the Seþ cells and the Se0 cells.
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Fig. 1. Thioredoxin reductase (TrxR) activity and thioredoxin (Trx)
content in Se0 and Seþ cells. TrxR activity in the crude cell extract was
measured by the modified 5(-dithiiobis-2-nitrobenzoic acid (DTNB)
reduction assay. Part A shows the DTNB reduction by the extracts
from Seþ and Se0 cells in the absence and presence of gold thioglucose,
respectively. In part B, left two columns represent the relative
activities of TrxR in Seþ and Se0 cell extracts after correction for the
DTNB reduction in the presence of gold thioglucose. The right two
columns represent the Trx concentration in Se0 cell and Seþ cell,
respectively. The experiments were done in duplicate and repeated for
three times. The value represent mean  SE for n ¼ 3 separate
experiments.

The GPx activities expressed as the oxidation rates of
the NADPH per milligram protein of the extracts from
Seþ and Se0 cells were also measured. As shown in
Figure 2A, the oxidation rate of NADPH catalyzed by the
extract from Seþ cells is faster than that by the extract
from Se0 cells. Notably, the GPx activity in Seþ cells
increased by only 20%, which is much less than the
increase of TrxR in the same cells. The activity measurements of TrxR and GPx confirmed the increase of
both selenoproteins in the cells cultured in seleniumsupplemented medium. However, TrxR is the major
selenoprotein that increased in the HUVECs cultured in
selenium-supplemented medium.
Effect of selenium-supplement on
cell proliferation

In the present investigation, the cells were grown in
the culture medium supplemented with 1 mM sodium
selenite. In order to know if the applied Na2SeO3
concentration is toxic to the cells, the proliferation
ability of the cells grown in the medium containing

Fig. 2. GPx activity in Se0 and Seþ cells. Glutathione peroxidase
(GPx) activity in the crude cell extract was measured by the bnicotinamide adenine dinucleotide phosphate(NADPH) oxidation
assay. Part A shows the NADPH oxidized by the extracts from Seþ
and Se0 cells in the absence and presence of mercaptosuccinate (MS),
respectively. Part B represents the activities of GPx in Seþ and Se0 cell
extracts after correction for the NADPH oxidation in the presence of
MS. The experiments were done in duplicate and repeated for three
times. The value represent mean  SE for n ¼ 3 separate experiments.

various concentrations of sodium selenite ranging from
0 to 64 mM was determined by MTT assay. The results
are shown in Figure 3. It was observed that below 16 mM,
the presence of sodium selenite in culture medium does
not inhibit but rather promotes proliferation of the cells
and the concentration of sodium selenite for 50% cell
survival, C50, is between 16 and 32 mM. The MTT assay
results may rule out any possible toxic effect of sodium
selenite on the cells at the studied concentration.
Selenium-supplement reduced the IP3 operated
Ca2þ release from intracellular store

To find out the possible effect of selenoproteins on the
sensitivity of IP3 receptor in response to IP3-triggered
Ca2þ release from intracellular Ca2þ stores, the Seþ and
Se0 cells were permeabilized by digitonin and exposed to
D-myo-IP3 hexasodium salt . Since fura-2 has a dissociation constant (Kd) of 200 nM for Ca2þ that are close
to the typical basal Ca2þ levels in mammalian cells
(100 nM), while the concentration of Ca2þ in the ERstores is in a range of hundreds of micromoles per liter
(Mogami et al., 1998), fura-2 would be completely
saturated in the ER-stores and unable to provide a
readout for intra-ER Ca2þ. Thus, mag-fura-2, which has
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Fig. 3. Concentration-dependent effects of sodium selenite on the
proliferation of ECV304 cells. The cells were pre-incubated with
sodium selenite of various concentrations for 48 h before MTT assay.
The relative proliferation is used to show the toxic effect of sodium
selenite. Each of data is the mean of eight independent measurements,
and their standard deviations (SD) are indicated as bars.

Kd of 25 mM and can avoid saturation, was chosen to
measure the calcium concentration within the intracellular store.
The fluorescence images of the mag-fura-2 loaded cells
in the intracellular-like medium before and after
addition of digitonin are shown in Figure 4. It clearly
shows that during permeabilization the mag-fura-2
cytosolic fluorescence (excited at 340 nm) started to
release from the cells 2 min later, became significantly
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dim 5 min later, and remained unchanged 10–12 min
after addition of 20 mg/ml digitonin. The remaining
fluorescence of mag-fura-2 indicates the persistence of
the Ca2þ indicator in intracellular Ca2þ stores.
It was observed that after refilling of Ca2þ stores in
mag-fura-2 loaded, permeabilized Seþ or Se0 cells in
the Ca2þ releasing medium, addition of 1 mM IP3 in the
medium caused a decrease of the fluorescence ratio of
F340 to F380 associated with ER, indicating a decrease of
the Ca2þ content in the intracellular stores. As a typical
result shown in Figure 5A, the Ca2þ release from
intracellular store induced by 1 mM IP3 in permeabilized
Seþ cells was significantly less than that in permeabilized Se0 cells. An almost unchanged fluorescence
intensity of the mag-fura-2 loaded ER-stores in the
permeabilized cells measured without addition of IP3
(see the curve ‘‘no IP3’’ in Fig. 5A) indicates that decrease
of the IP3-triggered fluorescence was not due to photobleaching of the calcium indicator within intracellular
stores nor leakage of the indicator out of the cell. Based
on three independent measurements, 20  4% reduction
in IP3-triggered Ca2þ release from intracellular stores
was observed in the cells cultured in selenium-supplemented medium (see Fig. 5B). The results demonstrate
that an increase in the activities of selenoproteins
significantly reduced the IP3-triggered Ca2þ release
from IP3 receptor mediated intracellular stores.
Selenium-supplement increased the
histamine-stimulated Ca2þ release and Ca2þ entry

Histamine, a well-established receptor agonist, was
used to see how selenoproteins affect the G-proteincoupled phospholipase C-activated Ca2þ signaling. In
the cells bathed in Ca2þ-free buffer, the histaminestimulated Ca2þ release and subsequent Ca2þ entry

Fig. 4. The release of mag-fura-2 cytosolic fluorescence from the mag-fura-2 loaded cells during
permeabilization by digitonin. The fluorescence images of the mag-fura-2 loaded cells excited at 340 nm
were taken every 20 sec at emission of 510 nm after addition of 20 mg/ml digitonin in the intracellular-like
medium.
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Fig. 6. Effect of selenium-supplement on the histamine-induced
Ca2þ release and subsequent Ca2þ entry in the fura-2 loaded single
living cells. The cytoplasmic Ca2þ concentration was recorded at 378C
as the ratio of the fluorescence excited at 340 nm, F340, to the
fluorescence excited at 380 nm, F380. The measurements were carried
out with Se0 and Seþ cells, respectively. Histamine (0.1 mM) was
added first in the cell-bathed Ca2þ-free buffer and then 2.5 mM CaCl2
was added 10 min late. All kinetic curves are the average of those
observed in six cells.

Fig. 5. Effect of selenium-supplement on the sensitivity of IP3
receptor in response to IP3-operated Ca2þ release in Seþ and Se0
cells. Part A: The decreased of [Ca2þ]store in Ca2þ-refilled intracellular
stores of the permeabilized cells upon addition of 1 mM D-myo-Inositol
1,4,5-trisphosphate hexasodium salt (IP3) are measured as the
decrease of the fluorescence ratio D(F340/F380) of mag-fura-2 in the
stores. The curve labeled by ‘‘no IP3’’ is the fluorescence ratio of magfura-2 in the stores without addition of IP3. The kinetic curves are
the average of those observed in six cells. Part B: The mean values of
the IP3-induced Ca2þ release in the permeabilized Seþ and Se0 cells
are based on three independent measurements. SE is indicated bar.
Asterisk indicates that the difference between set cells and Se0 cells is
significant with P < 0.05.

initiated by addition of CaCl2 are shown in Figure 6. In
contrast to decrease of the IP3-triggered Ca2þrelease,
selenium-supplement notably enhanced the histamineinduced Ca2þ release and the subsequent Ca2þ entry in
the Seþ cells. To confirm if this effect is due to enhanced
sensitivity of PLC towards histamine-stimulation by
selenoproteins, the IP3 production in the histaminestimulated cells both cultured in normal and seleniumsupplemented medium were measured using 3H-IP3
competitive binding assay. As shown in Figure 7A, the
histamine-stimulated production of IP3 significantly
increased in the Seþ cells and was 102  24% higher
than that in Se0 cells, which provides direct evidence
that activation of PLC is enhanced by selenium-supplement. In addition, the effect of U73122, a selective PLC
inhibitor that has been widely used to study the
involvement of G protein-coupled PLC in receptormediated cell activation (Bleasdale et al., 1990; Babich
et al., 1994), on Ca2þ signaling was also investigated in
the histamine-stimulated cells. As shown in Figure 7B

and Figure7C, a remarkable inhibition of either Ca2þ
release or Ca2þ entry by U73122 was observed in both
Se0 and Seþ cells, which confirms the involvement of
PLC activation in histamine-induced Ca2þ signaling.
The enhancement of histamine-induced Ca2þ signaling
and the production of IP3 in the Seþ cells implies that the
higher TrxR and GPx activities in cells could enhance
the overall sensitivity of the histamine receptor on
plasma membrane and GDP-binding protein coupled
PLC activity in response to histamine-stimulation.
Based on three independent measurements, 78  12%
enhancement of histamine-stimulated Ca2þ release was
observed in the Seþ cells cultured in selenium-supplemented medium (see Fig. 10).
Effect of selenium-supplement on the TG- and
FCCP-induced Ca2þ release and Ca2þ entry

To further identify the internal stores from which the
Ca2þ release could be modulated by the selenoproteins,
the Ca2þ release induced by TG, a potent endomembrane Ca2þ-ATPase inhibitor, which can release Ca2þ
from intracellular store with minimal disturbances of
other signaling mechanism (Thastrup et al., 1990), and
FCCP, a mitochondrial uncoupler which inhibits Ca2þ
uptake through mitochondrial uniporter by collapsing
the mitochondrial proton gradient and dissipating the
mitochondrial membrane potential (Medler and Gleason, 2002), were investigated. The results are presented
in Figure 8. It was found that the selenium-supplement
reduced the TG-induced Ca2þ release and subsequent
Ca2þ entry initiated by addition of CaCl2 in Ca2þ-free
buffer (Fig. 8A). Based on three independent measurements, the Ca2þ release induced by 1 mM TG was
reduced by 34  8% in the Seþ cells compared with that
in the Se0 cells (also see Fig. 10). The Part B in Figure 8
shows that the selenium-supplement also markedly
reduced the FCCP-induced Ca2þ release from mitochondria, whatever the initial sharp transient rise of the
cytoplasmic Ca2þ or the subsequent slow phase of Ca2þ
entry. Based on three independent measurements,
49  10% reduction of FCCP-induced Ca2þ release from
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mitochondria was observed in Seþ cells in comparison
with that in the Se0 cells. The experiment with FCCP
clearly demonstrates that the selenoproteins reduce the
Ca2þ release from mitochondria as well.
Effect of selenium-supplement on the inhibition
of Ca2þ efflux from mitochondria by CsA

In order to know the effect of selenoproteins on the
mitochondrial PTP, CsA, a well-known pharmacological
PTP inhibitor which decreases the open probability of
PTP (Bernardi et al., 1994; Crompton et al., 1998a), was
used to treat cells and to see if selenium-supplement
could have any influence on the Ca2þ efflux from
mitochondria. As shown in Figure 9, addition of 10 mM
CsA caused an immediate 5%–10% drop of the basal
cytoplasmic Ca2þ level, indicating a reduction of Ca2þ
efflux from mitochondria. Interestingly, the decrease of
the basal [Ca2þ]i in the Seþ cells was less than that in the
Se0 cells. Based on 18 cells from three independent
measurements, the drop of basal [Ca2þ]i in the Seþ cells
was 36  10% less than that in the Se0 cells (also see
Fig. 10). The larger reduction implies higher sensitivity
of PTP to CsA-caused decrease of the open probability.
The less reduced basal Ca2þ level caused by CsA in Seþ
cell may suggest that the open probability of PTP
reduces in the cells expressing higher TrxR and GPx
activity.
Statistical treatment of the data on the effects
of selenium-supplement
Fig. 7. IP3 production in histamine-stimulated cells and the effect of
U73122 on histamine-stimulated Ca2þ signal. The cytoplasmic Ca2þ
concentration is measured as the ratio of the fluorescence excited at
340 nm, F340, to the fluorescence excited at 380 nm, F380, at 378C.
Part A: Production of IP3 in Se0 and Seþ cell (106 cells/ml) without and
with stimulation by 0.1 mM histamine, respectively. Each data is the
mean of three independent measurements, and the SD is indicated
as the bar. Part B: 0.1 mM histamine-stimulated Ca2þ release and
subsequent Ca2þ-entry in the Se0 cells pre-incubated with or without
2 mM U73122 for 15 min. The kinetic curves are the average of those
observed in six cells. Part C: 0.1 mM histamine-stimulated Ca2þ
release and subsequent Ca2þ-entry in the Seþ cells pre-incubated with
or without 2 mM U73122 for 15 min. The kinetic curves are the average
of those observed in six cells. Asterisk indicates that the difference
between set cells and Se0 cells is significant with P < 0.05.

The mean values and standard deviation of the
change in cytoplasmic Ca2þ or the Ca2þ of intracellular
store, which are represented as D(F340/F380), induced by
various agents are calculated based on three independent measurements. Each of the datasets obtained with
Seþ and Se0 cells are subjected to t-test, and P < 0.05 was
found for all cases. The statistical analysis shows that
the observed IP3-, histamine-, TG-, FCCP-induced Ca2þ
release and CsA-caused drop of the basal cytoplasmic
Ca2þ level in Seþ cells significantly differ from those
observed in Se0 cells. A summary of all of these results is
shown in Figure 10. It was found that the high activities
of TrxR and GPx in Seþ cells reduces the IP3-triggered,

Fig. 8. Effect of selenium-supplement on the TG- and FCCP-induced
Ca2þ signal in the fura-2 loaded single living cells bathed in the Ca2þfree buffer. The cytoplasmic Ca2þ concentration is measured as the
ratio of the fluorescence excited at 340 nm, F340, to the fluorescence
excited at 380 nm, F380, at 378C. The measurements were carried out

with the Seþ and Se0 cells, respectively. Part A: Addition of 1 mM TG
was followed by addition of 2.5 mM CaCl2 in the cell-bathed Ca2þ-free
buffer. Part B: 2 mM FCCP was added in the cell-bathed Ca2þ buffer.
All kinetic curves are the average of those observed in six cells.
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Fig. 9. Effect of selenium-supplement on the cyclosporin A (CsA)induced lower basal intracellular Ca2þ level in the fura-2 loaded cells
in the Ca2þ-buffer. The measurements were carried out with the Seþ
and Se0 cells, respectively. 10 mM CsA was added in the buffer and the
kinetic curves of the basal [Ca2þ]i change are the average of those
observed in six cells.

the TG- and FCCP-induced Ca2þ release from intracellular stores, but enhances the histamine-stimulated
Ca2þ release from intracellular stores. The decline of the
basal cytoplasmic Ca2þ by CsA was found also significant in Seþ cells. All data suggest that the proteins,
which mediate the Ca2þ release or uptake in ER, mitochondrial and plasma membrane, are regulated by the
selenoproteins.
DISCUSSION

Selenium is known as an essential trace element
involved in many physiological functions and may
protect human body from cardiovascular diseases and
cancer (Rayman, 2000). Most selenoproteins, in which

selenium is incorporated as selenocysteine, have redox
function. Redox regulation has become an increasingly
interesting area, since many molecular and cellular
functions such as transcription, translation, enzymatic
activity, cell proliferation, and apoptosis are regulated
in this way. Selenoproteins such as TrxR and GPx are
particularly important for redox regulation of protein
function and signaling via thiol-redox control (Biguet
et al., 1994; Arnér and Holmgren, 2000). The events
upstream calcium signaling involve a variety of proteins
on plasma and cytoplasmic membranes such as receptors and ion channels on cell surface, G-protein-coupled
phospholipase C family, IP3 or ryanodine receptor on ER
or SR membrane, Ca2þ-ATPase on both plasma and ER
membranes, and the PTP on mitochondrial inner
membrane. They all contain thiols and are potential
targets for redox regulation by cellular TrxR/Trx system
(see equations below) as well as by glutathione/GPx
system. It has been reported that without seleniumsupplement the normal culture medium, which contains
10% fetal-bovine serum, has a selenium concentration
less than 0.01 mM (Gallegos et al., 1997). In the present
work, the cells were cultured in the medium containing
1 mM selenium for expressing more selenoproteins.
Based on the data from literature (Thomson and
Paterson, 2001), the serum selenium concentration in
the persons, who have a selenium intake of around
60 mg/day in diet, is about 1 mM. Comparing various
stimuli-induced Ca2þ release from all possible internal
stores in the cells cultured in selenium-supplemented
medium with that in the cells cultured in normal
medium may provide a better evaluation on the role of
selenoproteins, particularly TrxR and GPx, in regulating Ca2þ signal.
The IP3-operated Ca2þ channel is responsible for the
agonist-stimulated release of Ca2þ from IP3-sensitive
ER. The competitive binding study of radiolabeled IP3
has suggested that the IP3 receptor is a putative target
for different regulatory mechanisms including phosphorylation by protein kinase A and C or calmodulin
kinase (Ferris et al., 1991). We permeabilized the cells
cultured in either selenium-supplemented or normal
medium, and used exogenous IP3 to directly probe the
sensitivity of IP3 receptor in IP3-triggered Ca2þ release
from intracellular stores. Our data revealed that the
sensitivity of IP3 receptor in the cells expressing higher
selenoprotein activity was significantly reduced. This
may attribute to the reduction of critical disulfide sites
on IP3 receptor to sulfhydryl. Recently, Uchida et al.
(2003) identified two regions of the IP3R, residues 1–223
and 651–1,130, are critical for IP3-induced gating as
well as a highly conserved cysteine residue at position
2,613 located within the C-terminal tail as being
essential for channel opening. It may suggest that the
numbers of sulfhydryl in those critical regions of IP3
receptor depend on the activity of TrxR and Trx in the
following manner.
Trx-S2 þ NADPH þ Hþ

Fig. 10. Summary of the effect of selenium-supplement on the
change of the cytoplasmic Ca2þ concentration in the fura-2 loaded Seþ
and Se0 cells caused by 0.1 mM histamine, 1 mM TG, 2 mM FCCP, and
10 mM CsA, respectively. The change of cytoplasmic Ca2þ concentration is expressed as D(F340/F380). Positive value means an increase,
while negative means a decrease of the cytoplasmic Ca2þ level. Data
are calculated based on three independent measurements and in each
measurement the value is the mean of those observed from six cells.
Asterisk indicates that the difference between Seþ cells and Se0 cells is
significant with P < 0.05.

Trx-ðSHÞ2 þ Protein-S2

TrxR

! Trx-ðSHÞ2 þ NADPþ ð1Þ

! Trx-S2 þ Protein-ðSHÞ2 ð2Þ

Although, GPx cannot directly reduce the disulfides of
proteins to thiols, it may also play a role for maintaining
cellular thiol homeostasis by eliminating hydroperoxides of lipids and H2O2 in cells. Since Trx is able to
directly reduce the protein’s disulfides and 70% increase
of TrxR activity but only 20% increase of GPx activity
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were found in the cells cultured in selenium-supplemented medium, it may be speculated that the increased
TrxR activity would be mainly responsible for a more
reduced form of IP3 receptors in the cells expressing
more selenoproteins.
Recently, Hu et al. (2000) proved that the NADPH
oxidase-derived H2O2 increases the sensitivity of intracellular Ca2þ stores to IP3 in human endothelial cells.
Now, our data suggest that higher activity of selenoproteins especially TrxR decrease its sensitivity to IP3. Both
our finding and the report by Hu et al. seem to draw a
complete picture that the sensitivity of IP3 receptor in
response to IP3-operated Ca2þ release could be very well
regulated by cellular redox status.
The effect of selenium-supplement on histaminestimulated Ca2þ release and subsequent Ca2þ entry
is totally different from that observed in the IP3stimulation. An enhancement of histamine-induced
Ca2þ release and subsequent Ca2þ entry are found in
the Seþ cells. The histamine-stimulated cytoplasmic
Ca2þ mobilization is a typical receptor agonist-induced
Ca2þ signaling in which GDP-binding protein mediates
activation of PLC and leads to a generation of two second
messengers: IP3 and diacylglycerol. IP3 then induces
the release of Ca2þ from intracellular stores. Since a
reduction of the IP3 receptor sensitivity to IP3-stimulated Ca2þ release was found in the Seþ cells, there must
be even greater increase of IP3 generation in the
histamine-stimulated Seþ cells to account for the enhancement of Ca2þ release from intracellular stores.
Our result confirmed the speculation. The production of
IP3 induced by histamine in Seþ cells is much greater
than the production in Se0 cells. Regulation of four
mammalian PLC isozymes (b1–b4) has been extensively
studied (Rhee and Bae, 1997). Stimulation of PLC by
many agonists (e.g. histamine, vasopressin, a- and badrenergic agonists) occurs through receptors coupled
to heterotrimeric G-proteins and is mediated by the a
subunit members of the Gq subfamily and by bg
subunits. The increase of IP3 production in Seþ cells
could be the result of an increase of the G-protein
coupled PLC activity and/or increased histamine receptor sensitivity to its agonist in the cells expressing more
selenoproteins. The increased activity of PLC may be
related to the redox status of PLC itself, the coupled Gprotein or the agonist receptor. It has been reported that
the thiol agent, p-chloromercuribenzene sulfonic acid
(pCMBS), inactivates the P2Y12 receptor by interacting
with two free cysteines in its extracellular domains
(Ding et al., 2003). Another thiol reagent (N-ethylmaleimide) reduced Sambucus nigra agglutinin-induced
lysozyme release from neutrophils through the mechanisms involving G-proteins and the thiol-dependent
signaling systems (Gorudko and Timoshenko, 2000).
Inhibition of protein activity by thiol reagents is indicative of the participation of cysteine residues in
biochemical events. Thus, it could be expected that
the higher activity of selenoproteins in the Seþ cell
may result in higher sensitivity of agonist receptor, Gprotein and PLC activity by switching these proteins
to a more reduced form. Either the reduction of IP3triggered Ca2þ release or the enhancement of histamine-stimulated Ca2þ release in the Seþ cells leads to
same conclusion that selenoproteins affect Ca2þ signaling through redox regulation of the proteins involved in
the pathways upstream Ca2þ release from intracellular
Ca2þ stores.
The effects of selenium-supplement on TG- and
FCCP-induced cytoplasmic Ca2þ signal (see Fig. 8)

indicate not only the existence of TG-and FCCPsensitive Ca2þ stores, but also the redox-regulation
of the Ca2þ release or efflux from those stores. The
reduction of the TG-induced Ca2þ release and the
subsequent Ca2þ entry in Seþ cells may suggest that
the higher selenoprotein activity makes the Ca2þATPase on ER membrane less sensitive to its inhibitor
by thiol-redox regulation. FCCP can dissipate the membrane potential across the mitochondrial inner membrane that normally sustains the activity of uniporter
and elevation of cytoplasmic Ca2þ level (Medler and
Gleason, 2002). The reduced elevation of the cytoplasmic Ca2þ level by FCCP in Seþ cells suggests that the
mitochondrial uniporter is also a target protein for
the thiol-redox regulation by selenoproteins. Besides
the uniporter-dependent Ca2þ release from uncoupled
mitochondria, the PTP is another important protein for
mediating Ca2þ efflux from mitochondria. It consists of
three core components, the voltage-dependent anion
channel of the outer mitochondrial membrane, the
adenine nucleotide translocase of the inner mitochondrial membrane, and cyclophilin-D in the mitochondrial
matrix (Halestrap et al., 1998; Crompton, 1999). The
immunosuppressant CsA can selectively bind to cyclophilin D and displace it from its binding site in PTP,
which favors the closed state of the pore (Crompton et al.,
1998b). The CsA-induced drop of the basal cytoplasmic
Ca2þ level observed by us and others (Smaili et al., 2001)
is the result of lower Ca2þ efflux from mitochondria via
PTP. The smaller drop of the basal cytoplasmic Ca2þ
level in Seþ cells implies that a redox-alteration of PTP
by selenoproteins occurs.
TrxR is the predominant selenoprotein comprising
43% of the total selenoproteins in HUVECs (Anema
et al., 1999). Working with its substrate, Trx, and
the cofactor NADPH, TrxR forms a powerful dithioldisulphide oxidoreductase system that has multiple
roles. The reduced Trx is able to reduce a variety of
biological molecules such as thioredoxin peroxidase,
ribonucleotide reductase, and even oxidized glutathione
(Nordberg and Arner, 2001). The effect of seleniumsupplement on intracellular Ca2þ signaling presented
by this study is likely to be mediated by the TrxR/Trx
system, though other selenoproteins such as GPx may
also have some contribution. Since the intracellular
calcium signaling controls many cellular functions,
understanding the regulation of intracellular Ca2þ
signaling by selenoproteins such as TrxR and GPx is
certainly a necessary step for understanding the regulation of various cell functions by the selenoproteins.
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