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Abstract

A range of Se species has been shown to occur in a variety of different foodstuffs. Depending on its speciation, Se is more or less
bioavailable to human subjects. In the present study, the role of speciation as a determinant of Se bioavailability was addressed with
an investigation of species-specific mechanisms of transport at the intestinal level. The present work focused on four distinct Se com-
pounds (selenate (Se(VD), selenite (Se(IV)), selenomethionine (SeMet) and methylselenocysteine (MeSeCys)), whose intestinal transport
was mimicked through an in wvitro bicameral model of enterocyte-like differentiated Caco-2 cells. Efficiency of Se absorption was
shown to be species dependent (SeMet > MeSeCys > Se(VD) > Se(IV)). In the case of SeMet, MeSeCys and Se(VD), the highly polarised
passage from the apical to basolateral pole indicated that a substantial fraction of transport was transcellular, whilst results for Se(IV)
indicated paracellular diffusion. Passage of the organic Se species (SeMet and MeSeCys) became saturated after 3h, but no such
effect was observed for the inorganic species. In addition, SeMet and MeSeCys transport was significantly inhibited by their respective

S analogues methionine and methylcysteine, which suggests a common transport system for both kinds of compounds.
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Se is a micronutrient whose essentiality for human subjects
and animals has been recognised for over 50 years'”. Essenti-
ality of this element is associated with its presence in the active
centre of several antioxidant enzymes®, allowing Se to play a
critical role in the cellular redox balance. Se is also involved
in thyroid regulation®, keratinocyte function, skin develop-
ment™® and heavy metal ) Furthermore,
specific anti-cancer properties have been attributed to methyl-
selenol, an intermediate in Se metabolism®~®. Low Se intake

causes deficiency symptoms, ranging from brittle hair and
5.9

detoxification

nails” to serious cardiac and osteoarthritic pathologies
On the other hand, excessive Se intake may cause possibly
fatal intoxications in severe cases™'”. The optimal range of
Se intake is narrow, and corresponds to 60—70 wg/d .

Se enters the body almost exclusively through food.
Depending on the type of food, both concentration and
chemical form of Se can vary. These two factors (dose and
speciation) critically influence Se bioavailability, bioactivity
and potential toxicity'?. Several studies dealing with Se diet-
ary enrichment of human subjects and animals have indicated

that organic forms are more bioavailable and less toxic than
inorganic ones™*™'®_ In rats, Se concentrations in blood and
liver were reported to be up to four times higher following
SeMet supplementation compared with selenite (Se(IV))
supplementation®. Similarly, in human subjects, plasma Se
content was twice as high after SeMet enrichment compared
with Se(IV) addition""”'®. In crucian carps, the selenoenzyme
glutathione peroxidase was expressed more after SeMet intake
than after comparable Se(IV) intake">.

In the present study, an in vitro model of the intestinal
barrier was used for a detailed investigation of bioavailability
of four Se species (selenate (Se(VD), Se(IV), selenomethionine
(SeMet) and methylselenocysteine (MeSeCys)), as well as for
the study of the mechanisms involved in their transport
across the intestinal epithelium. Bioavailability — or the bio-
available fraction — is considered to be ‘the fraction of an
element that is absorbed through intestinal membrane and
reaches the systemic circulation, from where it can be distrib-
uted to organs and tissues and possibly become bioactive’? .
We worked with enterocyte-like-differentiated Caco-2 cells in

Abbreviations: AP, apical; BL, basolateral; DMEM, Dulbecco’s modified Eagle’s medium; EGTA, ethylene glycol tetraacetic acid; FBS, fetal bovine serum;
HBSS, Hank’s buffered salt solution; LY, lucifer yellow; MeSeCys, methylselenocysteine; P,pp, apparent permeability; Se(IV), selenite; Se(VD), selenate;

SeMet, selenomethionine; TEER, transepithelial electrical resistance.
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a culture system that mimicked Se transport through the
intestinal membrane, and we measured the degree of
absorption of the aforementioned Se species. In addition,
the occurrence of para- and transcellular pathways was inves-
tigated, as well as the possible competition for absorption
between Se species and their S analogues. Given the high
sensitivity of the detection method (inductively coupled
plasma-MS), we were able to work with realistic concentrations
of Se intake and to perform speciation analyses on the products
of transport experiments. In this way, the present study aimed
at refining knowledge of the influence of the mode of transport
of Se on its species-dependent bioavailability.

Materials and methods
Cell culture system

Caco-2 cells, originating from a human colorectal adenocarci-
noma, were obtained from the American Type Culture Collec-
tion (ATCC HTB-37). Cells were stored in liquid N, and
aliquots were regularly defrosted for experiments. Caco-2
cells were cultured at 37°C in a humidified atmosphere of
5% CO, — 95% air (v/v) in Dulbecco’s modified Eagle’s
medium (DMEM; Lonza) supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS; HyClone; Perbio-
Sciences), 1% (v/v) non-essential amino acids (Lonza) and
1% (v/v) r-glutamine 200 mm (Lonza). Cells were expanded
in 175cm? flasks and sub-cultured at 90% confluence with a
trypsin-EDTA solution (Lonza). Each sub-cultivation incremen-
ted by one the passage number and cells were used for experi-
ments until passage number 60. After sub-cultivation, cells
were seeded on permeable PE Transwell® cell culture inserts
(24mm diameter, 0-4 um pore size; Corning; Elscolab) at a
density of 4 X 10° cells per insert. Inserts were placed in six-
well plates (Corning; Elscolab), delineating upper (apical,
AP) and lower (basolateral, BL) compartments. AP and BL
compartments were filled, respectively, with 1-5 and 2-5ml
of culture medium that was changed three times a week
until full differentiation of cells (21d post-seeding). Because
serum contains traces of Se, the last medium change before
starting the experiment used 0-5% FBS instead of 10 %.

Monitoring of the cell culture system

Several cell culture parameters were monitored to guarantee
the suitability and reproducibility of the model. Integrity of
the cell monolayer and the effectiveness of the epithelial
tight junctions were verified prior to and after experiments
by measuring the transepithelial electrical resistance (TEER;
Endohm 24, World Precision Instruments). The absence of
Se influence on the functioning of tight junctions was
assessed by measuring the permeability to 500 pg/ml lucifer
yellow (LY; Sigma-Aldrich) in the presence or absence of Se
species, by fluorimetry at 485nm (excitation) and 538 nm
(emission), respectively (Fluoroscan Ascent FL, Thermo
Fisher Scientific). As transport of LY occurs exclusively by
extracellular diffusion, this compound was also used as a con-
trol for the degree of paracellular passage through the Caco-2

layer. Potentially induced cytotoxicity was estimated through
the release of intracellular lactate dehydrogenase into the
extracellular medium. Activity of dehydrogenase was assayed
by a cytotoxicity detection kit from Roche Diagnostics and
compared with appropriate negative (absence of compound
or condition to be tested) and positive (total cell lysis induced
by 1% Triton, Sigma-Aldrich) controls.

Experimental design

Quantitative characterisation of selenium transport and
influence of selenium concentration. Se was added to the
afore-described cell culture system as a solution of individual
Se species standards (Se(VD), Se(IV), SeMet and MeSeCys;
Sigma-Aldrich) diluted in Hank’s buffered salt solution
(HBSS, Lonza) over a concentration range (25-50-100 and
200ng Se/mD (n 3). Before addition of Se, cells were system-
atically pre-incubated for 20min in Se-free HBSS. For each
treatment/replicate, a volume of 1-5ml of the respective Se
standard was added to the AP chamber, and 2:5ml of HBSS
containing 1% (w/v) bovine serum albumin (Sigma-Aldrich)
was added to the corresponding BL chamber. Cells were main-
tained in these conditions at 37°C for 3 h, a plausible duration
for the passage of food through the small intestine. At the end
of the 3h period, both AP and BL culture media were directly
collected in clear glass vials and appropriately diluted for
Se quantification. Cells were doubly washed with Se-free
PBS solution (PBS) and scraped in 1ml of this solution.
Subsequently, one-tenth of this quantity was used for protein
determination via the Bicinchoninic Acid kit for Protein Deter-
mination (Sigma-Aldrich) and the rest was used for determi-
nation of cellular Se content. Cells in PBS were centrifuged
at 13000 rpm for 4 min, the supernatant was removed and
an enzymatic extraction was applied to the pellet in order to
liberate Se. Extraction was carried out with protease (protease
X1V, Sigma) in Tris—HCI buffer (30 mm; Sigma-Aldrich) at pH
7-5 and 37°C, with application of an ultrasonic probe (Vibra
Cell, Bioblock Scientific) for 1-5min per sample. Certified
reference materials (SELM-1 (selenised yeast) NRCC; BCR-
185-R (beef muscle), IRMM and NIST-2976 (mussel tissue),
NIST) were used to verify the efficacy of the extraction
method. The preservation of Se species during extraction
was verified by spiking experiments on SELM-1.

Methods for Se addition and sample collection were identi-
cal for all experiments in the present study and only specific
differences in procedure for each experiment are further
detailed.

Polarisation of selenium transport. Solutions of individual
Se standards containing 100 ng Se/ml were added either to the
AP or the BL compartment, and Se species were quantified
in the opposite compartment after 3h. LY and radiolabelled
[**Cl-mannitol (ARC) were used as controls for paracellular
passage. Mannitol was quantified using a liquid scintillation
analyser (Packard 1600 TR; Perkin-Elmer) upon addition of
scintillation solution (Pico-Fluor-15, Perkin-Elmer).

Influence of tight junction opening on selenium transport.
Solutions of Se standards (100 ng Se/ml) were added to the
AP compartment for 3h. The opening of epithelial tight
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junctions was achieved by depriving them of Ca through the
addition of 2-5mwm-ethylene glycol tetraacetic acid (EGTA;
Sigma-Aldrich), a chelator of Ca ions, to both AP and BL
compartments.

Kinetics of selenium transport. Solutions of Se species
(100ng Se/mD were added to the AP compartment, and
aliquots from AP and BL media were sampled at six different
time periods after Se addition (6—15-45-90—135-180 min).
Volumes of collected aliquots corresponded to 5% of each
chamber’s volume, which represent 75 ul in the AP chamber
and 125 pl in the BL chamber. Calculations of concentrations
were adapted to remaining volumes. In this way, a constant
ratio between the AP and BL volumes was maintained,
preventing any effect of changes in solute concentration on
Se transport.

Temperature dependence of selenium transport. Solutions
of Se standards (100 ng Se/ml) were added to the AP compart-
ment, and transport took place at either 37°C or at 4°C. For
the 4°C experiments, cells and solutions were pre-incubated
for 20 min at 4°C in order to reduce enzymatic activity and
to rigidify lipid plasma membranes, thus inactivating both
active and passive carriers during Se transport. LY was
added together with Se in order to compare the extent of
paracellular transport at 37 and 4°C. In contrast to other experi-
ments, the duration of transport was for 2h instead of 3h in
order to limit cold-induced cell damage.

Competition between selenium and sulphur analogues
during transport. Caco-2 cells were treated with solutions
containing Se species (100ng Se/ml in the presence or
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absence of their respective S analogues. The latter were
added at concentrations 100-fold higher (10 pg S/mD than
the Se analogues. Respective analogues of Se(VD), Se(IV),
MeSeCys and SeMet were sulphate, sulphite, methylcysteine
and methionine (all from Sigma-Aldrich). These compounds
have identical molecular structures, but differ only by the pre-
sence of an S atom replacing an Se atom in the same position.

Chemical analysis of selenium

Se species were quantified in AP and BL culture media, as well
as in scraped cells. Se content of major medium components
(DMEM, HBSS and FBS) was also determined. Speciation
analyses were made with HPLC (Pro Star, Varian) coupled to
inductively coupled plasma-MS (820-MS, Varian). The limit
of quantification and the limit of detection were calculated
as, respectively, six times and three times the baseline stan-
dard deviation, and the limit of quantification was 0-5ng
Se/ml for all Se species. Chromatographic separation of Se
species was obtained with a reverse-phase C8 Alltima
column (250 mm X 4-6mm inner diameter X 5um particle
size; Grace Davison Discovery Science) using a mobile
phase consisting of 2% (v/v) heptafluorobutyric acid (Alfa
Aesar) in a gradient with 50% (v/v) methanol (HPLC grade;
VWR). Total elution of all Se species was obtained within
10 min at a flow rate of 1 ml/min. The isotope "*Se was used
for measurement with 90 ml/min of H, as reaction gas to
remove spectral polyatomic interferences on this mass. All
dilutions were made with milliQ water (Millipore).
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Fig. 1. Fractions and concentrations of (A) selenate, (B) selenite, (C) methylselenocysteine and (D) selenomethionine in the basolateral compartment at 3h after
having been added to the apical compartment as individual standards at various concentrations (25, 50, 100 and 200ng selenium/ml). Lines show results
expressed as ng selenium/mg protein and columns show percentages of initial added selenium. Values are means, with standard deviations represented by verti-
cal bars. For a given species, all selenium values expressed in ng selenium/mg protein were significantly different from each other (P =< 0-5). *°Mean values with
unlike letters were significantly different for selenium values expressed in percentage (P < 0-5).
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Fig. 2. Distribution of selenate (Se(VI)), selenite (Se(lV)), methylselenocys-
teine (MeSeCys) and selenomethionine (SeMet) in different locations of the
cell culture system at 3h after having been added to the apical compartment
at 100 ng selenium/ml. @, Apical; B, cells; N, basolateral.

Percentage of initial concentration of Se

Statistical analysis

Results are given as mean values and standard deviations.
Each experiment was repeated three times (7 3) and samples
were produced in duplicate for each repetition (1 2). The
effect of concentration on Se absorption was analysed by
one-way ANOVA, followed by Tukey’s honestly significant
difference multiple comparison procedure in order to com-
pare means of individual species. The effects of temperature
and of the presence of EGTA and S compounds were analysed
by a Student’s ¢ test in comparison to control conditions, i.e. at
37°C and without EGTA or S. Software used was JMP 9.0.0 for
Windows (SAS Institute). Differences with a P value less than
or equal to 0-05 were considered as being statistically signifi-
cant (95% confidence level).

Results
Monitoring of cell culture system

Potential cytotoxicity was found to be less than 10% of the
positive control for all experimental conditions. TEER values
prior to the start of the experiment ranged from 1100 to
1400 Q cm?, which ensured the integrity of the cell mono-
layer®. A decrease of about 10% of initial TEER values was
systematically observed at the end of the experiment (except
in the presence of EGTA, where there was a greater decrease).
Average protein content of cells was 0-26 (sp 0-08) mg per
insert, corresponding to 56-7 pg/cm®. No Se was detected in
either DMEM or HBSS, but a concentration of 20ng Se/ml
was measured in pure FBS, mainly in the form of Se(IV) and
SeMet. This means that 2ng/ml of Se was present in the
10% FBS nutritive medium. When 0-5% of FBS was used
during the last 2d of culture, Se background in media and
cells was reduced to a value below the limit of detection.
Transport of LY was similar (within 1 and 2% of initial LY)
in the presence or absence of Se compounds, with no differ-
ence between Se species, which indicated that Se had no
effect on tight junctions opening.

Experimental results

Quantitative characterisation of selenium transport and influ-
ence of selenium concentration. For all Se species and at all
concentrations applied, Se species recovered in the BL com-
partment were identical to those that were initially added to
the AP compartment, clearly indicating that no transformation
of species occurred during transport. Within the applied con-
centration range (25-200 ng Se/ml), the degree of transport of
Se(VD), Se(IV) and MeSeCys from the AP to BL compartment
was proportional to the concentration applied (Fig. 1.
Indeed, whatever the initial AP Se concentration, a constant
fraction of Se (as a percentage of initial Se) was recovered
in the BL compartment. In contrast, SeMet was recovered in
a smaller proportion in the BL compartment when added at
a concentration of 200ng Se/ml, compared with the lower
initial concentrations. In general, efficiency of Se absorption
was as follows: Se(IV) (12 (sp 1)%) <Se(VD (33 (sD 2)%)
<MeSeCys (46 (sD 2) %) <SeMet (56 (sD 4) %). Fig. 2 shows
the distribution of Se species in different locations of the cell
culture system, 3 h after the addition of Se species. Proteolytic
extraction of cells revealed the presence of detectable
amounts of Se following enrichment with both Se(IV) and
SeMet. Intracellular Se(IV) and SeMet accounted, respectively,
for 2 and 4% of initial Se.

Polarisation of selenium transport. To allow for a better
comparison between data obtained for Se, LY and mannitol,
results of the present experiment were expressed as clearance
values. These correspond to the volume of solution containing
the compound of interest that passed across the cell mono-
layer per h (ul/h)®Y. Data presented in Table 1 show that
the BL to AP passage was low and very similar for all Se
species and control substances (LY and mannitol). This
suggests that all were transported at the same low level,
most probably by the paracellular route. Both LY and mannitol
controls showed clearance ratios (i.e. clearance value in the
AP-BL way compared with the same value for the BL-AP
way) close to 1, which indicates a non-polarised transport.
Among Se species, Se(IV) also had a clearance ratio close to
1 (1-9), but the three other Se species showed considerably
higher ratios, which means that their transport across the

Table 1. Clearance values and ratios for selenium species (100ng
selenium/ml) in comparison with lucifer yellow (LY) and mannitol, from
the apical (AP) to the basolateral (BL) pole and inversely, 3h after
selenium addition

(Mean values and standard deviations)

Clearance
AP-BL (ul/h) BL-AP (pl/h)
Clearanceap.g/
Mean SD Mean SD clearanceg .ap
Se(VI) 1014 24.9 14.0 4.3 7-3
Se(lV) 28-6 15-0 15.2 5.9 19
SeMet 2339 34.6 12.5 1.9 187
MeSeCys 186-4 6-4 139 2.7 13.5
Mannitol 136 1.7 129 0-2 11
LY 9.3 2.7 92 0-8 1.0

Se(VI), selenate; Se(lV), selenite; SeMet, selenomethionine; MeSeCys,
methylselenocysteine.
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Fig. 3. Concentrations of selenate (Se(VI)), selenite (Se(lV)), methylseleno-
cysteine (MeSeCys) and selenomethionine (SeMet), per mg of protein, in the
basolateral compartment at 3h after having been added to the apical com-
partment at 100 ng selenium/ml in the presence or absence of EGTA. Values
are means, with standard deviations represented by vertical bars. For each
species, results in the presence or absence of EGTA were significantly differ-
ent from each other (P = 0-05). W, Selenium; W, selenium + EGTA.

cell monolayer was importantly polarised in the AP—BL way.
The accumulation of SeMet and Se(IV) in enterocytes was
also polarised, as no intracellular Se was detected following
BL addition.

Influence of tight junction opening on selenium transport.
The effect of EGTA on relaxing tight junctions and the concur-
rent increase in paracellular diffusion were verified after the
3 h treatment by TEER values that reduced to 35 % of their initial
resistance and by a six-fold increase in LY clearance (from 9 to
54 pl/h). Se(IV) was the only species whose transport was
amplified by EGTA (2-2-fold increase) (Fig. 3). All the other
species had their passage lowered in the presence of EGTA.

Kinetics of selenium transport. Recovery of Se in the BL
chamber always increased with the duration of exposure,
regardless of the species that was added to the AP
compartment. However, organic and inorganic Se species
showed distinct absorption profiles (Fig. 4):

(1) Transport of SeMet and MeSeCys started very quickly
after addition of Se to the AP compartment. After
15 min, Se concentration in the BL chamber was greater
than 50 % of the Se concentration measured after 3h. In
contrast, inorganic Se species were only detected in the
BL chamber 45 min after the start of exposure.

(2) While concentrations of Se(IV) and Se(VD) in the BL
compartments were still increasing at the end of the 3h
experiment, absorption curves of SeMet and MeSeCys
reached a plateau, suggesting that their transport was
almost at its maximum. At that moment, final concen-
trations (per volume unit) were almost equal in both
compartments for SeMet and MeSeCys. In contrast, final
BL concentrations of the inorganic species were well
below AP concentrations.

Temperature dependence of selenium transport. Se(IV)
was the only species whose transport was not affected by
low temperature, similar to LY (Fig. 5). At 4°C, there was no

significant difference between final BL concentrations of Se
species. In addition, the clearance values at this temperature
were very close to those found for LY. It is probable that, at
4°C, Se transport was only composed of the paracellular
fraction.

Competition for transport between selenium and sulphur
analogues. Fig. 6 shows that transport of SeMet and MeSeCys
was significantly reduced in the presence of their respective
S-analogues. The observed reductions were 62 and 60 %,
respectively. Transport of inorganic Se species did not signifi-
cantly decrease in the presence of sulphate or sulphite.

Discussion

Cell culture system

Se bioavailability has been investigated using animal4~1¢-222%
and human7'®2% models, in which bioavailability was esti-
mated by determination of Se content in blood or in tissues
after ingestion of specific Se species. Compared to in vivo
models, recent in vitro cell culture systems allow more rapid
and easy variations of some relevant parameters such as Se
concentration, absorption duration, temperature or addition
of certain components, which may help to obtain a deeper
insight into mechanistic processes at the absorptive level.
Caco-2 cells used in the present in vitro model originate
from a human colon adenocarcinoma and express, upon full
differentiation, several morphological and biochemical charac-
teristics of intestinal absorptive cells (enterocytes), such as
cell polarisation, presence of microvilli and tight junctions
or expression of membranous transporters>>*®. In practice,
cells were cultivated on bicameral permeable inserts placed
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Se(VI) 62-8 28 122 30
Se(lV) 64-1 5.7 34 17
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MeSeCys 30-5 6-0 22:4 0-8

Fig. 4. (A) Concentrations of selenate (Se(Vl), =&=), selenite (Se(lV), - &),
methylselenocysteine (MeSeCys, --) and selenomethionine (SeMet, -4-),
per mg of protein, in the basolateral (BL) compartment at 6, 15, 45, 90, 135
and 180 min after having been added to the apical (AP) compartment (100 ng
selenium/ml). (B) Corresponding concentrations of selenium species per
volume unit in the AP and BL poles after 180 min. Values are means, with
standard deviations represented by vertical bars.
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Fig. 5. (A) Concentrations of selenate (Se(Vl)), selenite (Se(IV)), methylsele-
nocysteine (MeSeCys) and selenomethionine (SeMet), per mg of protein, in
the basolateral compartment at 2h after having been added to the apical
compartment at 100 ng selenium/ml. Values are means, with standard devi-
ations represented by vertical bars. *Mean values are not significantly differ-
ent from each other. (B) Corresponding clearance values for selenium
species and lucifer yellow. m, 37°C; m, 4°C.

in culture wells in which the upper (AP) chamber mimicked
the intestinal lumen while the lower (BL) chamber mimicked
the bloodstream. Albumin, the principal plasma Se transpor-
ter®”, was added to the BL compartment to simulate blood
and extravascular fluids. The enrichment concentration of
100ng Se/g, which was used for most experiments, corre-
sponded to a dose slightly higher than the usual Se intake
that would have been diluted in 1 litre of drinking water
and digestive fluids. This concentration allowed analytically
detectable responses at early collection time points of the
kinetics experiment and in the presence of S-containing Se
analogues. The inevitable presence of Se in serum could
potentially lead to Se accumulation in cells, and could thereby
affect transcellular transport by limiting the entry of com-
pounds inside the cells. For this reason, the FBS fraction in
the medium was reduced during the last 2d of culture, and
transport experiments were conducted in Se-free media. This
allowed us to obtain cells virtually free from Se (less than
limit of detection). In addition, Se concentrations in enrich-
ment solutions were in excess of Se concentration in the
medium, which also prevented a substantial influence of
endogenous Se on the exogenous species transport.

Efficiency of selenium species transport

Se transport across the Caco-2 monolayer was clearly
influenced by speciation. Organic species showed greater

absorption than inorganic species over the 3h experimental
exposure period. The extrapolation of the present cellular
model to the human intestinal tract would indicate that 56 %
of the SeMet released from the food matrix into the small
intestine is absorbable through the intestinal barrier for poten-
tial further metabolic utilisation, i.e. it is bioavailable. Corre-
spondingly, bioavailable fractions of MeSeCys, Se(VD) and
Se(IV) are, respectively, 46, 33 and 12%. In addition, Caco-2
cells were shown to accumulate significant quantities of
Se(IV) and SeMet, exclusively from the AP pole. Neither
Se(VD nor MeSeCys were detected in cells. In a previous
study, Caco-2 cells were reported to accumulate Se from
MeSeCys to a similar extent to Se from Se(TV)?®, Considering
that the duration of these experiments were 72h in the
reported study, ». 3h in the present study, it is possible that
Se(IV) accumulates more rapidly in cells compared with
MeSeCys. Intracellular SeMet content detected during the pre-
sent study was high compared with that of Se(IV). However,
on addition of high concentrations of Met, no SeMet was
detected in cells. This illustrates the inability of cellular Met-
transfer RNA to discriminate between SeMet and Met. In the
presence of SeMet, translational mechanisms permit the inte-
gration of SeMet instead of Met in order to generate so-
called ‘Se-containing proteins’. SeMet can accumulate in cells
in substantial quantities as long as Se supply is sufficient®” .
This ability of SeMet to be stored in body proteins represents
an interesting mechanism, not shared by other Se species that
have much shorter half-lives in the body“®.

Characterisation of selenium species transport

Se species transported via a transcellular route might undergo
metabolic transformations inside cells prior to their release to
the BL side. In previous in vitro studies, bioavailable Se was
systematically reported as total Se without reference to
speciation®®*V_ In the present study, speciation analysis was
performed by HPLC-inductively coupled plasma-MS on the
products of the transport experiments. This showed that Se
species remained in their original form after crossing the

400
350 |
300 [

200 [
150 b
100

Se species concentration in
basolateral pole (ng Se/mg protein)

Se(VI) Se(lV) SeMet MeSeCys

Fig. 6. Concentrations of selenate (Se(VI)), selenite (Se(IV)), methylseleno-
cysteine (MeSeCys) and selenomethionine (SeMet), per mg of protein, in the
basolateral compartment at 3h after having been added to the apical com-
partment (100 ng selenium/ml) in the presence or absence of their sulphur
analogue (10 g selenium/ml). Values are means, with standard deviations
represented by vertical bars. #°Mean values with unlike letters are signifi-
cantly different from each other for a given species (P < 0-05). m, Selenium;
m, selenium + sulphur.
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Caco-2 monolayer. Hence, Se species seem to cross the intes-
tinal barrier without metabolic transformation.

Transport across the intestinal epithelium can be achieved
by paracellular or transcellular pathways, with both modes
of transport making variable contributions to the total Se trans-
ported. During paracellular transport, nutrients simply diffuse
through extracellular spaces along a concentration gradient.
Because of numerous tight junctions that bind epithelial cells
closely together, paracellular passage is limited to hydrophilic
molecules of low molecular weight and low hydrodynamic
dimension, which is the case of Se species under investigation
here. On the other hand, when using a more efficient transcel-
lular pathway, nutrients enter the cells during their transport
process. As the phospholipid cell plasma membrane restricts
the diffusion of hydrophilic Se compounds, passive or active
membrane transporters are expected to be required for trans-
cellular passage of Se®*39,

In the present study, identification of the para- or transcel-
lular route was primarily based on the degree of polarisation
of Se species transport. A clearance ratio of 1 corresponds to
a non-polarised transport and reveals that a compound
should be exclusively using the paracellular route. Clearance
ratios >1 relate to compounds having an additional transcel-
lular transport component whose importance is proportional
to the size of this ratio. The use of EGTA was also expected
to reveal the occurrence of para- or transcellular transport as
this chelating agent has a particular affinity for Ca, which
is necessary to ensure epithelial tight junction integrity. The
presence of EGTA entails a decrease in free Ca*" that causes
loosening of the junctions and increases paracellular diffu-
sion®?. As a consequence, in the presence of EGTA, Se
species using the paracellular route should show enhanced
transport in comparison with Se species transported transcel-
lularly. Results obtained in the present study were surprising,
in the sense that three of the four Se species had their trans-
port lowered by EGTA rather than unchanged or slightly
increased, as was expected considering that their paracellu-
lar fraction of transport had been amplified. An explanation
could be the existence of a Ca-dependent transport process,
which would have been inhibited by EGTA but, to our knowl-
edge, such a mode of transport has never been reported for
Se. Despite a lack of explanation for this decrease in Se trans-
port, we could identify two distinct forms of behaviour for Se
species in combination with EGTA: either an increase or a
decrease in Se passage. We propose that an EGTA-mediated
increase in Se mobility should be indicative of a paracellular
transport pathway, while a decrease suggests predominantly
transcellular transport.

A second step in Se transport characterisation was the detec-
tion of the action of membrane-bound transporters, achieved
by establishing kinetic profiles of Se species absorption.
Carrier-mediated transport has typical enzyme-like kinetics,
i.e. rapid increasing absorption followed by a saturation pla-
teau corresponding to a full occupation of transporters work-
ing at their maximal velocity (V,,,). In contrast, paracellular
diffusion has a profile of absorption that is time proportional
and of low importance with saturation occurring after a
much longer period, i.e. when concentrations are equal in

both compartments. The occurrence of transporters was also
assessed by an investigation into the temperature dependence
of Se mobility. At low temperature, most cellular enzymes are
inhibited, which considerably slows down catabolic reactions
providing ATP and inactivates energy-dependent transporters.
In addition, at 4°C, the plasma membrane becomes signifi-
cantly more rigid so that membranous ion channels are
expected to contract and become blocked or highly restricted.
In this way, at 4°C, only non-carrier-mediated transport is
maintained.

Finally, concerning the identity of potential Se transporters,
it is probable that mechanisms involved in S transport also
play a role in the transport of Se-compounds due to important
chemical and morphological similarities between Se species
and their S analogues®®. The existence of common transpor-
ters is expected to generate competition for absorption
between Se and S, which is affected by the affinities of the
transporters for one or the other type of compound.

Selenate

In a previous in vitro study, Se(VI) was proposed to be trans-
ported by the paracellular route because a non-polarised
transport had been observed (apparent permeability (P,p,)
ratio, i.e. parameter comparable to the clearance ratio, close
to DY, However, the present results do not support this
hypothesis. First, the clearance ratio was largely superior to
1 (7:3). Moreover, the presence of EGTA did not favour
Se(VID) passage. Third, despite the typically limited extent of
paracellular diffusion, the efficiency of Se(VD transport
reached 33%. Se(VI) passage was reduced to its paracellular
fraction at low temperature, which suggests a role for
membrane transporters as they become inhibited in these
conditions. We could not observe any significant competition
between Se(VD and sulphate, despite a sulphate concentration
100-fold higher than Se(VD. A common transport mode for
sulphate and Se(VD) can, however, not be completely
excluded, because a slight inhibition was noticed and because
no saturation in Se(VD transport was observed after 3h. We
can therefore hypothesise that, in the present experimental
conditions, Se(VD/sulphate transporters were not saturated
and allowed passage of both compounds. This hypothesis
would support the conclusions of Wolffram et al®>, who
identified, based on experiments conducted on brush-
border membrane of pig jejunum, two active modes of
transport (Na*- and H'-co-transports) used by both sulphate
and Se(VD).

Selenite

Se(IV) had the lowest clearance ratio among Se species, with
a value of 1-9. This suggests that Se(IV) transport occurred
mainly via a paracellular route. The absence of an effect of
low temperature and of the presence of sulphite, in combi-
nation with an increased transport in the presence of EGTA
and a low and progressive absorption profile, were also all
in favour of a paracellular mode of transport. These obser-
vations are in accordance with the conclusions of a previous
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study suggesting a passive diffusion of Se(IV) based on a P,
ratio of approximately 1%V

Selenomethionine and methylselenocysteine

SeMet and MeSeCys behaved rather similarly under the pre-
sent experimental conditions. Their AP to BL transport was
highly polarised, suggesting a dominant transcellular transport
mode. In addition, SeMet and MeSeCys transport strongly
decreased at low temperature and was partially inhibited by
their respective S-analogues. The present results thus indicate
that SeMet and MeSeCys are transported, at least to a
certain extent, by an AP transport system shared with their
S-analogue. Whereas there is little published data on MeSeCys
absorption, the existence of a common transporter for SeMet
and Met is better documented®'*®. Two active mechanisms
of SeMet transport were identified in differentiated Caco-2
cells, one of them being Na™ dependent®”. These transpor-
ters also were reported to have similar affinity for Se- and S-
compounds®®. In the present experiment, inhibition of Se
transport by S compounds was not complete, although Met
and methylcysteine concentrations were 100-fold higher than
those of the corresponding Se compounds, which suggests
the existence of additional transport mechanisms.

SeMet and MeSeCys both exhibited saturation kinetics of
absorption following their addition at 100ng/ml to the AP
compartment. Saturation was concomitant with the diminution
of the concentration gradient existing between the AP and BL
chambers. Velocity of transport depended on the importance
of the initial concentration gradient applied to the cell culture
system. Indeed, higher final Se concentrations were measured
in the BL pole after initial Se concentrations of 200 ng/ml com-
pared to 100ng/ml, demonstrating a more rapid transport
associated with the highest initial concentration of Se. Final
BL concentration of MeSeCys was exactly two times more
important when initial concentration was doubled. In the
case of SeMet, final BL concentration was slightly lower than
the exact double, meaning that maximal velocity (V.0 of
SeMet transporters was closer to being reached compared to
MeSeCys. The Vi.x values of Se transport thus seem to be
species dependent, with SeMet transporters reaching their
Vmax at slightly lower Se concentrations in comparison with
MeSeCys transporters.

Conclusion

The existence of a species-dependent degree of bioavailability
of Se is well-known. In the present study, bioavailability of
Se could be related to differences in efficiency of Se species
absorption at the intestinal level. An explanation for these
differences in Se absorption is the fact that Se species follow
distinct transport routes through the intestinal barrier. Se(IV)
crosses the intestinal epithelium almost exclusively by a
passive paracellular pathway. In contrast, Se(VD) transport is
for a great part transcellular, with a possible intervention of
the sulphate transporter. Both SeMet and MeSeCys follow
transcellular pathways and are able to use the same AP trans-
porters as their S-analogues. In addition, SeMet can be stored

in cellular proteins, which represents an Se supply in case of
shortage. In line with their modes of transport, Se(IV) turns
out to be poorly bioavailable, while SeMet is the most avail-
able Se species, followed by MeSeCys. The present results
suggest that, in the context of Se diet enrichment, preference
should be given to organic forms of Se compared to inorganic
ones. Se(IV) seems to be of particularly low nutritional value,
as most of it will be directly excreted.
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