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ABSTRACT. Biotransformation of selenite involves both reactions with GSH and methylations. Therefore,
the role of GSH, methylation, and the hepatobiliary GSH transporter was investigated in the biliary excretion
of selenium in rats injected with sodium [*Se]selenite (1-10 wmol/kg, i.v.). Biliary output of selenium exhibited
an apparent capacity limitation with an approximately 3 nmol/kg * min maximal rate and a dose-related decline
in the fractional excretion. HPLC analysis of bile indicated absence of selenite and presence of selenodigluta-
thione (GS-Se-SG) and/or its hydrolysis products as the major biliary selenite metabolites. Depletion of hepatic
glutathione by D,L-buthionine-[S,R]-sulfoximine or diethyl maleate decreased selenium excretion into bile by 60
and 80%, respectively. In contrast, inhibitors of methylation, i.e. periodate-oxidised adenosine or ethionine
doubled the rate of biliary selenium excretion. While indocyanine green—an inhibitor of hepatobiliary GSH
transport—failed to influence biliary selenium output, sulfobromophthalein (BSP)—another inhibitor of this
sort—dramatically enhanced it. This effect was found to be a function of the dose of both selenite and BSP. The
degree of BSP-induced enhancement of the selenium excretion rate gradually increased with elevation of the
selenite dose, approaching 20-fold at 10 wmol/kg selenite. In contrast, the stimulatory effect of BSP on biliary
selenium output was maximal at 50-100 pwmol/kg and gradually lessened with elevation of the BSP dose above
100 pwmol/kg. In summary, this study revealed that the biliary excretion of selenium depended on availability of
hepatic GSH, probably for formation of GS-Se-SG, the putative cholephilic selenite metabolite. Methylation
counteracted selenium excretion into bile and thus may contribute to the apparent capacity limitation of biliary
selenium excretion. Finally, selenium output into bile was insensitive to inhibitors of the hepatobiliary GSH
transporter, and was enhanced, paradoxically, by BSP several-fold. The mechanism of this unexpected effect is
explored in the adjoining article. BIOCHEM PHARMACOL 56;10:1381-1389, 1998. © 1998 Elsevier Science Inc.
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Conjugation with GSH, the most abundant nonprotein
thiol in cells, plays a key role in detoxification and
elimination of electrophilic compounds. The GSH conju-
gates of organic electrophiles (e.g. BSP)§ and GSH com-
plexes of several metal ions (e.g. mercury, methylmercury,
cadmium, and zinc) are preferentially excreted into bile [1,
2]. GSH is also involved in the hepatobiliary disposition of
the metalloids arsenic, antimony, and bismuth. We have
recently provided circumstantial evidence for biliary excre-
tion of these metalloids as unstable glutathione complexes
[3-5]. It has also been demonstrated that the hepatobiliary

¥ Corresponding author: Zoltan Gregus, Department of Pharmacology,
University Medical School of Pécs, Szigeti Gt 12, H-7643 Pécs, Hungary.
Tel. 36-72-324-122; FAX 36-72-211-761; E-mail: gregus@apacs.pote.hu.

§ Abbreviations: BSO, D,L-buthionine-[S,R]-sulfoximine; BSP, sulfobro-
mophthalein; CSH, cysteine; CGSH, cysteinylglycine; CS-Se-SC, sel-
enodicysteine; CGS-Se-SCG, selenodicysteinylglycine; DEM, diethyl
maleate; GSH, glutathione; GS-Se-SG, selenodiglutathione; GS-Se-SC,
mixed selenotrisulfide of GSH and CSH; GS-Se-SCG, mixed selenotrisul-
fide of GSH and CGSH; ICG, indocyanine green; and PAD, periodate-
oxidised adenosine.

Received 9 September 1997; accepted 9 April 1998.

transport of these metalloids is markedly diminished by
chemicals that deplete hepatic GSH or inhibit the trans-
port of GSH from liver to bile [3-5].

The biologic fate of another metalloid, the essential and
anticarcinogenic selenium, is also intimately linked to
GSH. Selenite is known to be biotransformed into GS-
Se-SG and subsequently into glutathionyl selenol (GS-
SeH) [6]. Thus, it is possible that selenium is excreted into
bile in GSH-bound form and that biliary excretion may be
significant in the disposition of selenium, because GSH
conjugates are cholephilic compounds. Furthermore, excre-
tion of selenium into bile, like that of arsenic, may depend
on the availability of hepatic GSH and the activity of
hepatobiliary GSH transporters. The present studies have
been designed to test these hypotheses. For this purpose, we
investigated the biliary excretion of selenium in rats in-
jected with sodium ["°Se]selenite. Specifically, we tested
the responsiveness of biliary selenium excretion to deple-
tors of hepatic GSH, such as BSO and DEM [7, 8], and
inhibitors of hepatobiliary transport of GSH, such as BSP
and ICG [1, 4], and analysed the bile for GSH-containing
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selenium metabolites. In addition, because the above-
mentioned GSH-dependent steps in the biotransformation
of selenite are followed by successive methylations to
produce methylselenol, dimethyl selenide, and trimethyl-
selenonium ion, the role of methylation in the biliary
elimination of selenium was also investigated. For this
purpose, the effects of PAD, an indirect inhibitor of
methyltransferases [9, 10], and ethionine, a depletor of
S-adenosylmethionine [11], on the biliary excretion of
selenium were also examined. Our studies with BSP unex-
pectedly revealed that this cholephilic organic acid drama-
tically increased the biliary excretion of selenium. Because
of its potential significance, this striking observation was
analysed further. Some of the descriptive characterisation
of this finding is presented in this work, whereas an
adjoining paper [12] deals with the mechanistic analysis of
BSP-induced increase in biliary excretion of selenium.

MATERIALS AND METHODS

Chemicals

Sodium selenite (Na,SeO; + 5H,0), selenium dioxide,
D,L-ethionine, GSH, CSH, adenosine, sodium periodate,
and urethane were purchased from Reanal. BSP was ob-
tained from Fluka, ICG from Hynson, Wescott and Dun-
ning, DEM from Koch-Light Laboratories and BSO as well
as CGSH from Sigma Chemical Co. Sodium [”°Se]selenite
was obtained from the Radioisotope Centre, Otwock-
Swierk, Poland and Amersham International Plc. PAD was
prepared by incubation of adenosine with sodium periodate
according to the method of Hoffman [9]. Immediately
before use, a saturated aqueous solution of PAD was
prepared and its PAD concentration was determined spec-
trophotometrically as described by Tandon et al. [13].
[°Se]GS-Se-SG and related selenotrisulfides were pre-
pared by the method of Ganther [14]. In brief, 0.0167 M
selenious acid solution was prepared by dissolution of
crystalline SeO, in 0.1 M hydrochloric acid. To 75 pL of
the ice-cold selenious acid solution (1.25 pmol H,SeO;)
1.5 uCi [°Se]Na,SeO; solution (1.1 wL) was added, and
the obtained solution was mixed with 50 wL 0.1 M ice-cold
GSH solution (5.0 pmol GSH) made up in deoxygenated
water. The mixture was kept in ice for a few minutes then
stored at —20°. An aliquot of this solution was diluted
200-fold before HPLC analysis. Similar incubations were
performed using CSH, CGSH, as well as 1:1 molar mixtures
of GSH plus CSH or CGSH instead of GSH to prepare the
analogous selenotrisulfides that might be formed in vivo

from GS-Se-SG.

Animal Experiments

Female 12- to 16-week-old Wistar rats (LATI, Godollo,
Hungary) weighing 220-260 g were used. The animals were
kept at 22-25° room temperature, at 55—65% relative air
humidity, and on a 12-hr light/dark cycle and provided with
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tap water and lab chow (Altromin, LATI, Godolls, Hun-
gary) ad lib.

Rats were anaesthetised with urethane (1.2 g/kg, i.p.)
and their body temperature maintained at 37° by means of
heating lamps. To maintain patent airways, tracheotomy
was performed on each animal. After median laparotomy,
the common bile duct was cannulated with the shaft of a
23-gauge needle attached to a PE-50 tubing (Clay-Adam:s).
Sodium [Se]selenite dissolved in saline was injected into
the left saphenous vein in a volume of 3 mL/kg and at doses
indicated in the figures. The radioactivity injected was
7-15 uCi/kg when excretion of total [°Se] was quantified,
but was approximately 250 w.Ci/kg when bile was analysed
for selenite metabolites. After administration of selenite,
bile was collected into preweighed 1.5-mL microcentrifuge
tubes for 2 hr in 20-min periods. For selenite metabolite
analysis, bile was collected into tubes kept at subzero
temperature in a cooling box.

To deplete hepatic GSH, rats were pretreated i.p. with
DEM (4 mmol/kg in 3 mL/kg of corn oil) 1 hr before
injection of selenite or with BSO (5 mmol/kg in 10 mL/kg
of saline 4 hr before selenite). To inhibit hepatobiliary
transport of GSH, rats were injected with BSP (50 wmol/kg
in 3 mL/kg of water) or ICG (25 wmol/kg in 3 mL/kg of
water) into the right saphenous vein 1 min after selenite
administration. To inhibit methylation, rats were pre-
treated i.p. with D,L-ethionine (500 mg/kg in 20 mL/kg
saline) 2 hr before injection of selenite or with PAD (50
pwmol/kg, in 5-10 mL/kg of saline, depending on the actual
concentration of PAD in the solution) 30 min before
selenite.

Analysis

The amount of selenium excreted in bile was determined by
measuring the radioactivity of the collected bile samples in
a well-type v scintillation counter. Standard solutions
containing a known amount of [°Se]selenite were also
counted to calculate the dosimetry. Bile flow was measured
gravimetrically taking 1.0 as the specific gravity.

Bile was analysed for metabolites of ["°Se]selenite by
HPLC using the pumps, injector, reversed phase guard and
analytical columns, and radioactivity detector specified in
the adjoining paper [12]. For HPLC analysis, 50 pL of bile
from [7°Selselenite-injected rat was deproteinised by addi-
tion of 200 pL of methanol. The resultant precipitate was
sedimented by centrifugation and resuspended in 250 L of
80% methanol and recentrifuged. The combined superna-
tants were evaporated in a SpeedVac (Savant Instruments),
and the residue was dissolved in 250 wL of water. Twenty
microliters of this solution was injected into the HPLC.
Gradient elution with a combined flow rate of 1 mL/min
was performed using eluent A containing 45% methanol
and 5 mM tetrapentylammonium bromide in water and
eluent B containing 60% methanol, 5 mM tetrapentylam-
monium bromide, and 10 mM sodium sulfate in water.
Elution was performed for 8 min with 100% A, which was
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FIG. 1. Effect of glutathione depletors on the
biliary excretion of selenium. Rats were pre-
treated with BSO (5 mmol/kg, i.p.) or DEM
(4 mmol/kg, i.p.) 4 hr and 1 hr before
injection of [“°Se]selenite, respectively. Af-
ter administration of sodium [?®>Se]selenite
(10 pmol/kg, i.v.) at time O, bile was col-

* lected in 20-min periods. Symbols represent
e * means * SEM of 4-6 rats. Asterisks indi-
n cate significant difference (P < 0.05) from
control.
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then changed linearly to 100% B by 10 min, after which
this condition was maintained.

Comparison of data were performed by ANOVA fol-
lowed by Duncan’s test with P < 0.05 as the level of
significance.

RESULTS
Role of GSH in the Biliary Excretion of Selenium

To assess the role of hepatic GSH availability in the biliary
excretion of selenium, the effect of the GSH depletor DEM
and BSO on the biliary excretion of selenium was studied in
rats injected with sodium [?°Se]selenite (10 wmol/kg, i.v.).
As demonstrated in Fig. 1, selenium appeared in the bile of
control rats immediately and was excreted at a steady rate
(2.5-3 nmol/kg - min) for 80 min before dropping below 2
nmol/kg + min by 2 hr. During this time period, approxi-
mately 3% of the selenium dose was eliminated via the bile.
In rats pretreated with the GSH depletors, the biliary
excretion rate of selenium was significantly lower than in
control rats throughout the experiments. DEM, which
depletes GSH by consuming it by conjugation, decreased
the maximal biliary excretion rate of selenium by 80%,
while pretreatment with BSO, which inhibits GSH synthe-
sis, lowered it by 60%.

To study the possible mechanism for the observed de-
pendence of biliary selenium excretion on hepatic GSH
availability, the bile of a [°Selselenite-injected rat was
analysed by HPLC linked to a radioactivity detector for
[Seselenite, [°Se]GS-Se-SG and the possible hydrolysis
products of this selenotrisulfide. Figure 2 demonstrates that
the main ["°Se]-containing compound(s) in [?°Se]selenite-
injected rat bile (top) coelute(s) with the synthetic
[°Se]lGS-Se-SG (bottom) at 11.5 min. HPLC analysis did
not reveal the presence of CS-Se-SC, selenite, or CGS-Se-
SCG in the bile; these compounds eluted at 1.70, 3.50, and
7.08 min, respectively (not shown). Similar analyses of the
incubates containing [°Se]selenite plus GSH and CSH or
CGSH indicated one prominent peak with the same
retention time as that of GS-Se-SG (not shown). There-
fore, it cannot be excluded that the peak in the chromato-
gram of the bile from selenite-injected rat (Fig. 2, upper
panel) represents not only GS-Se-SG but also GS-Se-SC
and GS-Se-SCG.

Role of Methylation in the Biliary Excretion of Selenium

To investigate the role of methylation in the biliary
excretion of selenium, sodium ["°Se]selenite (10 wmol/kg,
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FIG. 2. Representative HPLC
analysis of a bile sample collected

from a [“°Se]selenite-injected rat

[
10.00

(top) and of synthetic [“°Se]GS-
Se-SG (bottom). The analysed bile
sample was collected from a rat

Radioactivity

: L.

20-40 min after injection of so-
dium [“®Se]selenite (10 pmol/kg,
250 pCi/kg, i.v.). Preparation of
the bile sample for analysis and
[7>SelGS-Se-SG as well as the an-
alytical conditions are described in
Materials and Methods.

I
10.00

Minutes

i.v.) was administered to rats pretreated with inhibitors of
methylation. The effects of pretreatments with PAD-an
indirect inhibitor of methyltransferases—and ethionine—a
depletor of S-adenosylmethionine—are demonstrated in Fig.
3. Both PAD and ethionine pretreatment resulted in a
significant, approximately two-fold elevation in biliary
selenium output, starting from the second 20-min bile
collection period.

Effect of Hepatobiliary GSH Transport Inhibitors on the

Biliary Excretion of Selenium

Figure 4 shows the biliary excretion of selenium under the
influence of ICG and BSP, cholephilic organic acids which
are known to acutely inhibit the hepatobiliary transport of
GSH. Injection of ICG (25 wmol/kg, i.v.) was without any
significant effect on selenium excretion into bile. Unex-
pectedly, BSP (50 wmol/kg, i.v.) not only failed to inhibit
the biliary excretion of selenium, but even substantially

enhanced it. The stimulatory effect of BSP was apparent
throughout the experiment, but was greatest 20—60 min
after BSP administration. In this time period, selenium
excretion rates were as much as 15-20 times higher than in
controls. Because of its potential significance, the effect of
BSP on the biliary excretion of selenium was analysed with
respect to the dose of BSP, the dose of selenite, and the
timing of BSP administration relative to injection of
sodium selenite.

The effect of BSP on selenium excretion varied markedly
with its dose (Fig. 5). These variations were seen in both
the extent and the time course of the effect of BSP. The
maximal (almost 20-fold) increase in selenium excretion
observed within the time frame of the experiment was
evoked by BSP injected at doses of 50 and 100 pmol/kg.
Both the lower dose (25 pmol/kg) and, curiously, the
higher doses (150 and 200 wmol/kg) of BSP were less
effective. In addition, the onset of the maximal BSP-
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FIG. 3. Effect of inhibitors of methylation on the biliary excre-
tion of selenium. Rats were pretreated with PAD (50 pmol/kg,
i.p.) or with ethionine (500 mg/kg, i.p.) 30 min and 2 hr before
administration of [“*Se]selenite, respectively. After injection of
sodium [“®Se]selenite (10 pwmol/kg, i.v.) at time O, bile was
collected in 20-min periods. Symbols represent means + SEM of
4-6 rats. Asterisks indicate significant difference (P < 0.05)
from control.

induced increase in the biliary excretion of selenium was
clearly dependent on the dose of BSP. Injected at 25, 50,
and 100 wmol/kg doses, BSP maximally augmented the
biliary excretion of selenium at 20—40, 40—60, and 60-100
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FIG. 4. Effect of inhibitors of hepatobiliary glutathione trans-
port on the biliary excretion of selenium. Rats were injected
with sodium [“®Se]selenite (10 pmol/kg) into the left saphenous
vein and 1 min later (at time 0) with BSP (50 pmol/kg) or ICG
(25 pmol/kg) into the right saphenous vein. Bile was collected
in 20-min periods thereafter. Symbols represent means + SEM
of 46 rats. Asterisks indicate significant difference (P < 0.05)
from control.

1385
O 0
= ® 25
2 70F 50 umol/kg
5 A 100 BSP
| 60 + ¢ 150
% m 200
s £ S0f //’f {/";
z 2 40} \\\
o < %/ﬁ\\ T
E o
€ E 307 A\ {,/—
> }///’
L 20 t { Tﬁ\
> T J—
r s n
E 10 ¢ /t/E !\\I\;
- [ ]
- 4
? 0 g0 00—8=8
0 20 40 60 80 100120

MINUTES

FIG. 5. Dose-dependent effect of BSP on the biliary excretion of
selenium. Rats were injected with sodium [“°Se]selenite (10
pmol/kg) into the left saphenous vein and 1 min later (time 0)
with BSP (25-200 pmol/kg) into the right saphenous vein. Bile
was collected in 20-min periods thereafter. Symbols represent
means = SEM of 4-7 rats. Selenium excretion rates in BSP-
injected rats are significantly different (P < 0.05) from those in
rats not receiving BSP (dose = 0), with the exception of the
rates at 0—20 min in rats injected with the three largest doses of
BSP.

min after administration, respectively. With higher doses,
maximal increases may have occurred at 2 hr after BSP
administration or even later, because the excretion rate of
selenium in rats injected with 150 and 200 wmol/kg of BSP
rose steadily throughout the experiment.

The effect of BSP (50 wmol/kg) on biliary excretion of
selenium in rats injected with sodium ["°Se]selenite in
different doses (1-10 wmol/kg) is depicted in Fig. 6. When
given alone, the excretion rate of selenium was little
dependent on its dose, with the peak rates reaching
approximately 1.5, 2.0, 3.0, and 3.0 nmol/kg - min following
administration of selenite at doses of 1, 2.5, 5.0, and 10
wmol/kg, respectively. In this order, approximately 16, 8, 6,
and 3% of the i.v. injected selenium doses appeared in bile
within 2 hr. Coadministration of BSP with any of the
selenite doses resulted in significant increases in biliary
selenium output (Fig. 6). However, these increases became
larger when the higher selenite doses were given. For
example, while the maximal BSP-induced enhancement of
selenium excretion rate was five-fold in rats receiving 1
wmol/kg of selenite, it was 8-, 12- and 18-fold, respectively,
in the animals injected with 2.5, 5, and 10 pwmol/kg of
selenite.

In the above experiments, BSP was injected 1 min after
administration of sodium selenite, and the bile collection
was immediately started. We also investigated whether BSP
also enhances the biliary excretion of selenium when
injected at a later point after the selenite administration.
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FIG. 6. Effect of BSP on the biliary excretion of selenium
administered at different doses. Rats were injected with sodium
[“®Se]selenite (Se; 1-10 pmol/kg) into the left saphenous vein
and 1 min later (time 0) with BSP (50 pmol/kg) into the right
saphenous vein. Bile was collected in 20-min periods thereafter.
Symbols represent means = SEM of 4—6 rats. Asterisks indicate
selenium excretion rates in rats injected with selenite and BSP
that are significantly different (P < 0.05) from those in rats
receiving selenite alone.

The effect of BSP (50 wmol/kg, i.v.) given either 1 min or
2 hr after selenite (2.5 pmol/kg, i.v.) on the biliary
excretion of selenium is shown in Fig. 7. It was found that
selenium excretion into bile was almost equally stimulated
by the immediate and the delayed BSP administration, with
8- and 6-fold increases, respectively, in the peak excretory
rates.

DISCUSSION

We have recently demonstrated in rats that i.v. adminis-
tered trivalent arsenic and antimony, neighbouring metal-
loids in group Va of the periodic table, are avidly trans-
ported into the bile with as much as 11% and 40% of the
dose, respectively, appearing in bile within 20 min. Fur-
thermore, the biliary excretion of these metalloids was
markedly suppressed after depletion of hepatic GSH as well
as by ICG and BSP, known inhibitors of hepatobiliary GSH
transport [4, 5]. Selenium is located next to arsenic in group
Vla of the periodic table. This chemical proximity and the
similarities in metabolic fate of these two metalloids
prompted us to analyse the role of GSH in the hepatobiliary
transport of selenium as well. Although biliary excretion of
selenium has been demonstrated in rats [15-17], factors
governing selenium transport into bile have not been
delineated.

This study has revealed both similarities and differences
in the biliary excretion of selenium and arsenic. Similarly to
arsenic, whose excretion into bile was almost abolished by
DEM-induced GSH depletion in arsenite-injected rats [4],
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the hepatobiliary transport of selenium in selenite-injected
rats was also diminished after chemical depletion of hepatic
GSH (Fig. 1). This was demonstrated using either DEM or
BSO, which deplete GSH through different mechanisms,
i.e. by increasing its consumption and inhibiting its syn-
thesis, respectively. The larger diminution in biliary output
of selenium after DEM than after BSO is probably related to
the fact that DEM is a more efficient depletor of hepatic
GSH than BSO [18, 19]. Thus, while adequate availability
of GSH in the liver is essential for biliary excretion of
arsenic, GSH supply is also an important determinant in
the hepatobiliary transport of selenium.

The mechanism underlying the GSH-dependent biliary
excretion of arsenic and selenium is probably also similar.
GSH forms complexes with arsenite in wvitro and circum-
stantial evidence indicates that such complexes exist in the
bile of arsenite-injected rats [3, 4], although the presence of
GSH-bound arsenic in bile has not been demonstrated
directly. Similarly to arsenite, selenite also reacts with GSH
in vitro and forms GS-Se-SG [14]. This compound has been
found in selenite-exposed HeLa cells [20] and in the urine
of selenite-exposed young rats [21]. Here we present,
apparently for the first time, chromatographic evidence for
the presence of GSH-containing selenotrisulfides, but the
absence of unchanged selenite, in the bile of a selenite-
injected rat. The selenite metabolite found in the rat bile is
most likely GS-Se-SG as it coelutes with synthetic GS-
Se-SG (Fig. 2). Whereas we obtained no evidence that
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FIG. 7. Effect of immediate and delayed administration of BSP
on the biliary excretion of selenium. Rats were injected with
sodium [“®Se]selenite (Se; 2.5 pmol/kg) into the left saphenous
vein and 1 or 120 min later with BSP (50 pmol/kg) into the
right saphenous vein (time 0). Bile was collected in 20-min
periods thereafter. Symbols represent means + SEM of 4-6
rats. All selenium excretion rates beyond 20 min are signifi-
cantly higher (P < 0.05) than those in rats receiving 2.5

pmol/kg of selenite alone that are presented in Fig. 6, upper
right panel.
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CS-Se-SC or CGS-Se-SCG are significant biliary metabo-
lites of selenite, we could not exclude the possibility that
the bile might also contain some GS-Se-SCG and GS-Se-
SC. Presence of these latter mixed selenotrisulfides in bile
would not be surprising, because they could be formed by
vy-glutamyl transferase-mediated hydrolysis of GS-Se-SG in
analogy to production of the mixed disulfide of GSH and
CGSH (GS-SCG) from glutathione disulfide (GS-SG)
[22]. Alternatively, these mixed selenotrisulfides may be
formed in thiol exchange reactions [23] between GS-Se-SG
and CGSH or CSH present in bile [24], but not within the
hepatocytes, because y-glutamyl transferase is not an intra-
cellular enzyme and hepatic concentrations of CGSH and
CSH are very low compared to GSH [25]. It is supposed
that formation of GS-Se-SG in the liver depends on
hepatic GSH concentration. Indeed, HeLa cells incubated
with selenite produced a significant amount of GS-Se-SG,
whereas HeLa cells depleted of GSH by BSO produced very
little [20]. It is also likely that GS-Se-SG is a cholephilic
compound because GSH and glutathione disulfide are also
readily transported into bile [22, 24, 26, 27]. Thus, forma-
tion of GS-Se-SG from selenite in the liver and subsequent
hepatobiliary transport of this selenotrisulfide would ac-
count for the dependence of biliary selenium output on
hepatic GSH availability (Fig. 1), as this has been observed
for other metals [1, 2, 28] and metalloids in group Va of the
periodic table [4, 5] that are known or thought to be
transported into bile as GSH complexes.

Differences in the biliary excretion of arsenic and sele-
nium are multiple. The rate and dose-dependence of the
biliary excretion of these metalloids are clearly dissimilar.
While the maximum rate of biliary excretion of arsenic is as
high as 300 nmol/kg + min [3], that of selenium is only 3
nmol/kg - min (Fig. 1). The fraction of dose excreted in 2 hr
into bile is 24-37% for arsenic and dose-independent in a
relatively wide dose-range [16]. In contrast, calculations
from data presented in Fig. 6 indicate that the fraction of
the selenite dose excreted into bile in 2 hr by control
female rats gradually declines from 16 to 3% when the dose
of selenite is elevated from 1 to 10 wmol/kg. A similar
tendency has been observed in male rats [16]. Thus, the
biliary excretion of selenium exhibits apparent capacity
limitation in the dose-range studied.

The mechanisms that limit the biliary output of selenium
in rats injected with large doses of selenite are unclear.
Theoretically, depletion of hepatic GSH by selenite could
account for such a finding; however, even the largest dose
of selenite employed in this study does not influence the
concentration of GSH in the liver [17]. Biotransformation
of selenite into metabolites that are not excreted into bile
may also be a factor. Selenite is known to be converted into
dimethyl selenide, which is volatile and readily exhaled.
Interestingly, the fraction that is exhaled as dimethyl
selenide increases with elevation of the selenite dose [13,
29, 30]. Therefore, methylation may limit the biliary
excretion of selenium at higher selenite doses. To test this
hypothesis, we examined the effect of PAD and ethionine
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on the biliary excretion of selenium in rats given 10
pwmol/kg selenite. PAD, an indirect inhibitor of methyl-
transferases [9], has been demonstrated to markedly dimin-
ish the pulmonary excretion of dimethyl selenide in rats
[13]. Although no direct evidence has been provided that
ethionine, a depletor of S-adenosylmethionine [11], also
inhibits methylation of selenium, our observation presented
in the accompanying paper [12] suggests that ethionine
does exert such an effect. Pretreatment with either PAD or
ethionine doubled the biliary excretion of selenium in
selenite-injected rats (Fig. 3), indicating that methylation
indeed counteracts the excretion of selenium into bile. In
rats, methylation is a quantitatively less significant pathway
in the biotransformation of arsenite, as rats excrete only 6%
of the arsenite dose in 24 hr in methylated forms [31]. In
comparison, as much as 12% of the dose is exhaled in 2 hr
as dimethyl selenide by rats injected with selenite [12].
Thus, methylation is a prominent pathway in selenite
biotransformation and may indeed be responsible, at least
in part, for the dose-related decline in the fractional biliary
output of this metalloid at high selenite doses. Mechanis-
tically, however, it is unclear how methylation could
counteract biliary excretion of selenium, because the ac-
cepted metabolic scheme of selenite (see [12]) indicates
that it is hydrogen selenide formed from GS-Se-SG, and
not GS-Se-SG, that is subject to methylation.

Selenium and arsenic also differ from each other in the
responsiveness of their hepatobiliary transport to inhibitors
of bile canalicular GSH transporter. Biliary excretion of
arsenic, like that of antimony and bismuth, is diminished by
cholephilic organic acids, such as ICG and BSP, that
inhibit the hepatobiliary transport of GSH [4, 5]. In
contrast, ICG failed to influence the output of selenium
into bile (Fig. 4). As demonstrated in the adjoining article
[12], the biliary excretion of selenium in selenite-injected
rats was also unaffected by dibromosulfophthalein, another
inhibitor of the bile canalicular GSH transporter [26].
Surprisingly, BSP dramatically enhanced the biliary excre-
tion of selenium (Fig. 4). All these findings indicate that
the hepatobiliary transport of exogenous selenium, unlike
that of arsenic, is not sensitive to inhibitors of the bile
canalicular GSH transporter. This may result from the lack
of involvement of this transporter in the biliary excretion of
selenium. Multidrug resistance protein (MRP2), thought to
be identical to canalicular multispecific organic anion
transporter (cMOAT) [32], could also translocate GS-
Se-SG across the bile canalicular membrane because a
subtype of this transporter accepts GS-SG as a substrate
[33]. It is unclear, however, how the GSH transport
inhibitors we used influence the activity of multidrug
resistance protein (MRP2). Alternatively, another action
of these organic acids may counterbalance or, in the case of
BSP, even overcompensate for the inhibitory action of
these cholephilic organic acids on the hepatobiliary trans-
port of selenium. For example, dibromosulfophthalein in-
hibits not only the bile canalicular, but also the sinusoidal
GSH transporter [26]. If the selenium species in the liver
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were substrate for both of these transporters, inhibition of
the sinusoidal transporter-mediated hepatovascular trans-
port could, in theory, partially offset a decrease in hepato-
biliary transport mediated by inhibition of the canalicular
transporter. However, this is unlikely, because the GSH
conjugate of BSP (BSP-SG), which is an inhibitor of the
sinusoidal but not the canalicular GSH transporter [26],
failed to increase the biliary excretion of selenium in
selenite-injected rats [12]. Nevertheless, the coming paper
[12] provides evidence for an in vivo chemical interaction
between the injected BSP and selenium, which can very
efficiently overcompensate for any inhibitory effect that
BSP might exert on the hepatobiliary transport of selenium.

Because of the physiological importance as well as the
antitoxic and anticarcinogenic properties of selenium, the
stimulatory effect of BSP on the biliary excretion of this
metalloid was subjected to detailed analysis. This has
indicated that BSP produces this remarkable effect not only
when given concurrently with selenite but also after de-
layed administration (Fig. 7). Very unusual dose-response
relationships as a function of the dose of either BSP (Fig. 5)
or selenite (Fig. 6) have also been revealed by these studies.
The findings that the effectiveness of BSP in inducing an
early increase in the rate of biliary excretion of selenium is
directly related to the dose of selenite (Fig. 6) but is
inversely related to the dose of BSP above 100 pwmol/kg
(Fig. 5) cannot be rationalised based on the studies de-
scribed here. However, as tentative explanations for these
phenomena have been provided by the mechanistic studies
presented in the forthcoming publication, they will be
given therein [12].

In summary, this work demonstrates that the biliary
excretion of selenium depends on hepatic GSH availability,
probably because selenite is biotransformed into GS-Se-SG
in the liver and is transported into bile in this form.
Furthermore, the biliary excretion of selenium is counter-
acted by its methylation, which may account, at least in
part, for the apparent capacity limitation in the biliary
selenium excretion at higher selenite doses. Finally, this
study demonstrates that the hepatobiliary transport of
selenium is insensitive to inhibitors of the bile canalicular
GSH transporter and, moreover, that it is dramatically
enhanced by BSP. The mechanism of this unexpected
finding is dealt with in a subsequent paper.
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