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Abstract The excretion of essential trace elements, namely,
Se, Sr, As, Mn, Co, V, Fe, and Zn into the bile of Se-deficient
(SeD)Wistar male rats was studied using the multitracer (MT)
technique, and instrumental neutron activation analysis
(INAA). Normal and Se-control (SeC) rat groups were used
as reference groups to compare the effects of Se levels on the
behaviors of the essential trace elements. The excretion (%
dose) of Se, Sr, As, Mn, Co, and V increased with Se levels in
the liver. The biliary excretion of Mn and As dramatically
enhanced for SeC rats comparedwith SeD rats, while that of V

accelerated a little for SeC rats. The radioactivity levels of
59Fe and 65Zn in the MT tracer solution were insufficient to
measure their excretion into bile. The role of glutathione and
bilirubin for biliary excretion of the metals was discussed in
relation to Se levels in rat liver.
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Introduction

Biliary excretion is an important route for a number of
essential and toxic metals. In the past, many investigators
studied and reviewed the distribution of metals in the
excretory organs, as well as the biliary and fecal excretions
of metals [1–5]. Studies on biliary excretion have been
concerned with the dependence of the processes on dose
and time. Metals such as Mn, Cu, Cd, Ag, and As excreted
into bile are characterized by large bile/plasma concentra-
tion ratios, and their rates of transport into bile are major
factors that determine their biological half-lives. In contrast,
Fe, Zn, Co, Au, Ni, Cr, inorganic Hg, and Sn showed low
bile/plasma concentration ratios, and biliary excretion is
less important for their elimination [5]. The effects of bile
flow on the secretion of trace elements have been system-
atically evaluated for normal rats [6].

We have so far investigated alteration of mineral
balance in the liver of Se-deficient (SeD) rats in relation
to the oxidative stress caused by Se deficiency [7–11].
Liver metabolism in liver plays important roles for the
homeostasis of trace elements in animals. It is known that
distributions of essential elements in organs of aerobic
animals change to maintain mineral balance, when the
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organs are exposed to oxidative stress under Se-deficient
conditions [12]. Complex antioxidant defense systems for
the animals consist of antioxidant enzymes, glutathione
peroxidase (GSH-Px), catalase (CAT), superoxide dismu-
tase (SOD), heme oxygenase, metal-binding proteins
(transferrine ceruloplasmin), and other low molecular
weight compounds such as glutathione (GSH) and
vitamins C and E. Selenium has also important health
effects particularly in relation to anti-inflammatory response
and cancer prevention, and these studies have been extensively
reviewed [13, 14].

In this study, in order to clarify the effects of Se
levels in rat liver, we examined the excretion of trace
elements (V, Mn, Fe, Co, Zn, As, Sr, and Se) in three
different types of rats, Se-different (SeD), normal, and
Se-control (SeC) rats for rather short time intervals (i.e.,
less than 120 min) after administration via the multi-
tracer (MT) technique. For comparison, the contents of
Fe, Co, Zn, and Se were determined by using
instrumental neutron activation analysis (INAA). The
MT technique provides information on the dynamics of
radioactive tracers into the bile after MT injection,
whereas INAA provides information on bile metal
contents. INAA is the analytical technique without
chemical treatment, and the MT technique is that using
a variety of radioisotopes simultaneously under the same
chemical condition. The combined use of the two
nuclear methods revealed clearly difference in the
excretion rates of essential trace elements under oxida-
tive stress mediated by Se deficiency.

Materials and methods

Materials

SeD diet was purchased from Oriental Yeast Co. LTD
(Tokyo, Japan). The Se content of SeD diet was reported in
our previous paper as 0.017 mg/kg [9]. Deionized water
prepared with a Milli-Q system was used for all experi-
ments and as drinking water for rats.

Animals

Female Wistar rats (15th day after pregnancy, purchased from
Japan Laboratory Animals, Inc.) were fed on a SeD diet
(Oriental Yeast Co., Ltd.) and given Milli-Q-treated water.
Sawdust was used in order to relax nervous pregnant rats from
stress in a rearing cage. Newly born rats were kept with their
own mother rat for 4 weeks. Four weeks after birth, young
male rats were weaned, and then fed SeD diet and Milli-Q-
treated water until the experiments began. At 8 weeks, the
male rats were used for experimentation in the SeD group.
SeC rats were fed on SeD diet with Milli-Q-treated water
containing a total of 2 mg/kg Se (seleno-L-methionin, sodium
selenite, sodium selenate=8:1:1). Normal male Wistar rats of
the same age as the rats of the same age in the SeD group
were purchased from the same vendor and used as the
normal control group. The animal experiments were carried
out in compliance with the Guidelines for Animal Care and
Use at Showa Pharmaceutical University (2004), and
approved by the Ethical Committee for Animal Care and
Use of the university.

Table 1 shows the contents of Se, Fe, Zn, and Co in Se-
deficient and normal diets, as well as sawdust. The normal
diet used in this work was CE-2 (CLEAR Japan, Inc.,
Tokyo, Japan). Selenium was found in the normal diet, but
not in the SeD diet and sawdust under the present
conditions (less than 0.005 mg/kg). The Fe and Co contents
in the SeD diet were approximately 1/10 and 1/70 those in
the normal diet, respectively.

GSH-Px activity in liver

Three rats from SeD group and seven rats from normal group
were food deprived for 24 h before the experiment and were
sacrificed by decapitation. The liver was perfused with ice-
cooled physiological saline (0.9% NaCl). The liver was
removed and homogenized with a 4-fold volume of Milli-Q-
treated water. The liver homogenate was then diluted with a
250―1,250-fold volume of water. GSH-Px activity in the
liver homogenate was measured using the method described
by Paglia and Valentine with some modifications [15]. The

Table 1 Contents of elements in diet and sawdust

Se Fe Co Zn

Se-deficient diet – 47.0±4.1* 0.03±0.002* 42.7±1.5*

Normal dieta 0.86±0.13 482±6 0.90±0.02 62.0±1.8

Sawdust – 1.5±0.1 0.02±0.02 6.3±0.5

Values are means±S.D. mg/kg in dried powder sample

*p<0.001, significant difference between Se-deficient and normal diets
a CLEA Japan, Inc. Tokyo
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absorbance of NADPH was measured at 340 nm using a
spectrophotometer (Hitachi U4100), and the activity was
estimated by a decrease in the absorbance per unit time.
GSH-Px activity was standardized with protein concentration
and expressed as U/mg protein.

GSH concentration

GSH content was assayed following the procedure described
by Griffith [16], and GSH concentration was normalized by
the amount of amount. The sample solution was measured at
412 nm with the spectrophotometer, and the GSH concen-
tration was calculated from the change in the absorbance.

Multitracer

The MT solutions were prepared from silver foil irradiated
with N-14 beams of 140 MeV/nucleon at the RIKEN Ring
Cyclotron. After the chemical separation of Ag+, a hydro-
chloric acid solution containing the multitracer was prepared
[17–19]. The solution was then evaporated to dryness and
the MT was dissolved in 2 mL of a 0.9% NaCl solution for
administration to rats. The biliary duct was cannulated with
PE-10 polyethylene tubing under Nembutal anesthesia
(intraperitoneal injection of 50 mg/kg body weight (b.w)).
After intravenous (i.v.) injection of a saline solution (200 μL)
containing MT to the tail, the bile was collected in
polyethylene tubing every 10 min and the γ-ray spectra of
each fraction were measured. The elements in the MT
solution may consist of the following: VO�

3 , Mn2+, Fe3+,
Co2+, Zn2+, AsO4

3−, SeO4
2−, and Sr2+ due their salt form

[17].

Sample preparation for INAA

a) Liver sample

Rats were anesthetized with a 50 mg/kg b.w. intraper-
itoneal injection of Nembutal (Dinabot). Entire blood

was drawn from the abdominal aorta. The entire body
was then perfused by ice-cooled saline (0.9% NaCl),
and the liver was removed. Subsequently, the liver was
wiped with KimWipes (Nippon Paper Crecia Co. Ltd)
and weighed. Livers from three rats of the same group
were mixed and homogenized with a 4-fold volume of
Milli-Q-treated water. The homogenate was kept at
−30 °C until it was frozen, after which the frozen
samples were lyophilized and ground into powder. An
aliquot (approximately 100 mg) of the powdered sample
was weighed precisely and sealed in a quartz tube with
oxygen burner. Standard Reference Material 1577b
(bovine liver) obtained from the National Institute of
Standards and Technology (Bethesda, MD) was used to
quantify the inorganic elements. Three tubes were
prepared for each sample and subjected for irradiation
in order to test the precision of analyses.

b) Bile sample

Rats were food deprived for 24 h (with drinking water
being available) before collecting bile. SeD, normal, and
SeC rats were given i. p. injections of Nembutal (Dianabot
Co. Ltd., Osaka, Japan) at a dose of 50 mg/kg b.w. The bile
duct was cannulated with 50-cm segment of PE-10 tubing,
connected to an Eppendorf tube for 2 h. Collection started
at about 2 p.m. to reduce the variation in bile flow due to
rhythmus [6]. The collected bile (100 μL) was added to
100 mg of Si powder (purity of 99.9%, Wako Pure
Chemicals) in a polyethylene tube. After weighting, the
sample was kept at −30 °C, and the freeze-dried sample
was weighted again. The net dry weight of the bile residue
was estimated. The dried sample was powdered in an agate
mortar and was subjected to INAA. The bile was freeze-
dried, and the powdered samples were weighed accurately
(~100 mg per sample) and put into quartz tubes with
powdered silicon. The contents were then freeze-dried and
the quartz tube was sealed.

Neutron activation

Neutron irradiation was carried out for 1 h at the D-pipe
(thermal neutron flux; 4.3×1013 n/cm2/s) of the JRR-4
nuclear reactor at the Japan Atomic Energy Research
Agency. The irradiated samples were cooled for at least
1 week. The γ-ray spectra of irradiated samples were
measured with a high-purity germanium semiconductor
detector equipped with a multichannel analyzer (Seiko
EG&G Co., Ltd. Matsudo, Japan). γ-Ray spectra were
analyzed with a least-square fitting program of Gaussian
functions, and the criterion of photo-peak identification was
above the 3σ of the base line counts. The radioactive
isotopes (half-life and γ-ray energy) analyzed in the MT
experiments were listed in Table 2.

Table 2 The radioactive isotopes analyzed in the MT experiments

Radioisotope Half-life (day) γ-ray energy (keV)

48V 15.97 983.5
54Mn 312.12 834.83
58Co 70.92 810.77
59Fe 44.50 1,099.25
65Zn 243.90 1,115.55
74As 17.78 595.93
75Se 119.77 264.66
85Sr 64.84 514.15
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Results

GSH-Px activity and GSH levels

Cytosolic GSH-Px activities and GSH levels in liver
homogenates of SeD, normal, and SeC rats are listed in
Table 3. The cytosolic GSH-Px activity in the liver
homogenate of normal and SeC rats was consistent with
those reported for similarly aged rats [7, 11], while
remarkably low cytosolic GSH-Px activity was observed
in the SeD rats. Significantly low GSH levels were obtained
for SeD rats. The GSH content in liver homogenates
appears to be correlated with the Se contents in liver.

Contents of Se, Fe, Co, and Zn in liver

The contents of Se, Fe, Co, and Zn in the livers of SeD,
normal, and SeC rats are listed in Table 4. The Se content in
the livers of SeD rats was below the detection limit under the
present experimental conditions. The SeD and SeC rats were
fed the same SeD diet, i.e., the former rats were fed with
drinking water, and the latter rats were fed with drinking
water containing Se compounds. Therefore, Fe, Co, and Zn
levels were compared between the SeD and SeC rat. The Fe
level in the livers of SeD rats was higher than that of SeC
rats, which is consistent with our previous results [7, 9, 11].
However, the Fe level in the livers of SeD rats was lower
than that of normal rats in the present study. The Fe contents
in the SeD diet were arranged to approximately 1/10 of that
in the normal diet, in order to avoid a condition of Fe
overlord due to Se deficiency. The Co contents were lower in
SeD and SeC rats in normal rats. This can be attributed to the
low content of Co in the SeD diet. The Zn level in the livers
of SeD rats was somewhat higher than that of SeC rats,
although the difference was not significant (p<0.06).

Contents of Se, Fe, Co, and Zn in bile

The contents of Se, Fe, Co, and Zn in bile are listed in Table 5.
No Se was detected in the bile of SeD and normal rats
whereas Se was excreted into bile when SeC rats were fed
with drinking water containing 2 ppm Se. Biliary excretion

of Se depends on the status of Se in the liver. In the normal
and SeD rats, Se was not measured. However, a content of
1.06±0.12 mg/kg was measured in the bile of SeC rats
(Table 5). It has been reported that this level is not a lethal
dose and that it does not alter body weight [20]. In the same
report, it was reported that biochemical parameters
concerning lipid status as well as hepatic function were
altered at Se levels greater than 2.0 ppm. In this study, the Se
level was selected in order to clearly show the effect of Se on
the excretion of metals independent of toxic effect. The
contents of Fe and Co in bile were found to be regulated
irrespective of different Se levels in the normal and SeD
diets. The Zn level in the bile of SeD rats was found to be
higher than that of normal or SeC rats, although SeD and
SeC rats were fed the same SeD diet as stated above.

Bile flow rate

Bile flow rate is plotted against time in Fig. 1, in which the
quantity of bile collected for every 10 min is shown. The
cumulative flow rate for 120 min was not significantly
different between SeD and SeC rats (p<0.06), or between
normal and SeC rats (p<0.5), although a small decrease
was seen at 90―120 min after starting collection.

Multitracer in bile

In this study, we set the bile collection time to every 10 min
from the end of MT injection up to 2 h post injection. We
used a measure of cumulative excretion (% dose) value in
order to evaluate more reliable data instead of the value for
each fraction. Therefore, the counting error is small, and the
standard deviation of the measurements is below the mark
in logarithmic scale in Figs. 2, 3, and 4.

Cumulative excretion % doseð Þ

¼ radioactivity cpsð Þ in bile t minð Þ
radioactivity cpsð Þ injected in a rat � 100 %ð Þ

Cumulative excretions for V, Mn, Co, As, Sr, and Se into
bile of SeD, normal, and SeC rats are shown in Figs. 2, 3,

Table 3 GSH-Px activity and concentration of rat liver

Rat group n GSH-Px (U/mg protein) GSH (mmol/mg protein)

SeD 4 21±7* 0.007±0.003*

SeC 4 337±18** 0.025±0.02**

Normal 4 246±35 0.016±0.004

Values are expresses as means±S.D.

n number of rats

*p<0.001, significant difference between SeD and normal rats; **p<0.05, significant difference between SeC and normal rats
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and 4, respectively. The radioactivity of 59Fe and 65Zn in
every bile fraction of the three rat groups were not sufficient
to calculate the Fe and Zn excretion under the present
condition. Biliary excretion of Fe and Zn which was
markedly dependent on the dosage has been reported [1].
Using MT technique in the present study, the radioactivity
of each nuclide corresponding to an element is 1/10 of that
used in the earlier study. Hence, the dosage of an element is
estimated to be low.

The cumulative excretion curves of the essential trace
elements obtained in the bile of SeD, normal, and SeC rats
showed characteristic features. The cumulative excretion of
each radioactive tracer in the bile of SeD rats (Fig. 2) is
lower than that of normal and SeC rats, although the ratio
of the fastest cumulative excretion to the lowest at 20 and
120 min after administration varied across two orders of
magnitude. That is, for SeD rats, the fastest and slowest
rates were found to be 0.002% dose for Mn, 0.0002% dose
for As at 20 min after administration, 15.16% dose for Sr,
and 0.17% dose for V at 120 min after administration.

In the case of normal rats, the fastest and slowest
excretions were found to be 0.14% dose for As, 0.02% dose
for V at 20 min after administration, and 8.5% dose for Mn
and 1.2% dose for V at 120 min. As shown in Fig. 3, the
ratios of the fastest to lowest cumulative excretions were
within an order of magnitude.

In the case of SeC rats Fig. 4, the fastest and slowest
excretions were 3.51% dose for As, 0.08% dose for V at
20 min after administration, 28.5% dose for As, and 1.50%
dose for V at 120 min. The excretion of all elements tested
was accelerated for SeC rats, as compared with that of
normal and SeD rats.

The biliary excretion of all elements decreased for SeD
rats, and there were large fluctuations in the excretion. In
other words, the difference between the fast and the slow
rates was large for SeD rats, whereas it was small for
normal and SeC rats.

The cumulative excretions of the essential trace elements
at 120 min are depicted for all groups in Fig. 5, which plots
only the data at 120 min. Clearly, the cumulative excretions
of all elements are fastest for SeC rats, intermediate for the
normal, and slowest for SeD rats, respectively.

Discussion

Bile consists of biosynthesized materials in liver, bile acid
salts, cholesterols, phospholipids, bile dyes, electrolytes,
proteins, and mostly water. Bile owes its functions mainly
to bile salts, which serve to emulsify and solubilize lipids
with their surface-active actions and which play a role in
the digestion and absorption of lipids. In addition, bile acts
as a regulator of intestinal putrefaction, excretion of bile
dyes, hormone, drugs, and heavy metals.

In the present study, the excretion of V, Mn, Co, As, Sr,
and Se into bile was examined with MT and INAA
techniques. Sr accumulated in bone marrow after adminis-
tration and was not distributed in other tissues and/or
organs of both normal and SeD rats, and nearly 70% of Sr
was excreted into feces within 1 day [20, 21]. Therefore, we
suggest that most of the Sr was transferred through the
blood flow after administration, and that the fractions other
than those accumulated in bone were rapidly excreted into
bile. As Sr is not directly related to Se deficiency, the
reduction in its excretion rate is likely to be a result of the
functional decline of the liver due to oxidative stress.

The extent of Mn excretion into bile was second only to As
for SeC rats, and the difference among the three rat groups was
large (Fig. 5). It has been reported that in normal rats, more
than 95% of Mn is rapidly excreted into bile via the liver, and
ultimately into feces [22–25]. It has also been reported that
metals excreted selectively into bile are those which have a
large ability for complexation with glutathione (i.e., with the
thiol group), and that Mn is classified into such a category of

Table 4 Contents of elements in liver of 8-week-old rats

n Se Fe Co Zn

SeD 3 – 329±15* 0.03±0.03* 102±10*

SeC 3 13.5±0.4** 163±15** 0.05±0.01** 60±27**

Normal 3 4.9±0.7 557±7 0.58±0.06 133±18

Values are means±S.D. expressed as mg/kg

n number of rats

*p<0.001, significant difference between SeD and SeC rats; **p<0.001, significant difference between SeC and normal rats

Table 5 Contents of elements in bile

n Se Fe Co Zn

SeD 7 19.5±0.9 0.038±0.002 0.53±0.05

SeC 8 1.06±0.12 20.5±6.3 0.04±0.01 0.41±0.05

Normal 7 18.5±2.7 0.034±0.005 0.42±0.06

Values are expressed as mg/kg and means±S.D.

n number of rats
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metals [5]. GSH concentrations increased in the liver and bile
of SeC rats (Table 3) to favor the excretion of Mn into bile,
whereas they decreased for normal and SeD rats.

Mutual detoxification effects have been reported between
Se and As in animals and humans in many systems [26–29].
Uptake of one of the elements affects the distribution and
metabolism of other elements [30–32]. Selenium deficiency
decreases the rate of As methylation and/or the rate of As in
bile excretion [33]. The As5+/As3+ redox reaction and As
methylation are linked to the detoxification of As. Normally,

inorganic As5+ and As3+ occur as AsO3�
4 (arsenate) and

AsO3�
3 (arsenite) in aqueous solutions. It has also been

demonstrated in biochemical studies that the reductive
metabolism of As and Se is highly related to the availability

of GSH [34, 35]. In fact, the GSH concentration in liver
homogenates of SeD rats decreased (Table 2). The decrease
in GSH concentration reduced the reduction rate of As5+ and
led to the impairment of As methylation. Consequently,
biliary excretion of As was slow for SeD rats and was
enhanced for SeC rats.

It has been reported that V regulates the metabolism of
sugar and lipids, and it plays a role in hematogenesis [36].
Similar to iron, which is the main component of eryth-
rocytes, V is stored mainly in the liver. The insulin-like
properties of V for the treatment of diabetes have been

Fig. 3 Cumulative excretion (% dose) of Sr (filled circle), Mn (square),
Se (circle), Co (filled triangle), As (filled square), and V (triangle) into
bile of normal rats after i.v. administration of multitracer. Values are
means±S.D. for the three rats of the normal rat group

Fig. 2 Cumulative excretion (% dose) of Sr (filled circle), Mn (square),
Se (circle), Co (filled triangle), As (filled square), and V (triangle) into
the bile of Se-deficient rats after i.v. administration of multitracer. Values
are means±S.D. for the three rats of the Se-deficient (SeD) group

Fig. 1 Bile flow rate of Se-deficient (SeD), normal, and Se-control
(SeC) rats. Values are means±S.D. for three rats in each group
respectively

SeC rat group

Fig. 4 Cumulative excretion (% dose) of Sr (filled circle), Mn
(square), Se (circle), Co (filled triangle), As (filled square), and V
(triangle) into bile of control rats after i.v. administration of
multitracer. Values are means±S.D. for the three rats of the control
rat (SeC) group respectively
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studied by Sakurai and co-workers [37]. Earlier work had
shown that the main route of V excretion is via urine, with
lesser amounts lost via the feces [38]. Under decreased
GSH concentrations, the reduction of V5+ to V3+ is
decreased by a mechanism similar to that in the reduction
of As5+ [39, 40]. Vanadium occurs in aqueous solutions as a
tetravalent vanadyl ion (VO2+) under reducing conditions
and as a pentavalent vanadate anion (VO3

− or VO4
3−) under

oxidizing conditions. In the body, the most common state in
extracellular fluid is vanadate, while the predominant state
in intracellular fluid is vanadyl ions. The present findings of
decreased biliary excretion of V in liver of SeD rats support
the notion that the reduction rate of V(V) to V(IV) is
decreased via an intercellular GSH-mediated reduction
mechanism, due to the reduced condition of GSH.

The MT data indicated that the rate of Co uptake into
liver increased in order to supplement the insufficient
contents of Co in the SeD diet [7]. It has also been reported
that transcriptional induction of heme oxygenase by Co-
protoporphyrin is induced [41]. Cobalt has been suggested
to play a role in the oxidative stress mediated by Se
deficiency [42]. In the present study, however, the Co
contents in the liver of SeD and SeC rats were very low
(0.052–0.086 mg/kg) as compared with that of normal rats
(Table 3). Therefore, under the present conditions, the
contribution of Co to heme oxygenase is likely to be small
for the oxidative stress of SeD rats.

It is known that Fe3+ binds to transferrine in blood and that
the resulting complexes are transferred via blood circulation
to the liver, spleen, and/or bone marrow, where Fe is stored
as ferritin, or hemocyderine. In our previous report [43], the
composition of lipids did not change in the bile of SeD and
SeC rats. However, the concentration of bilirubin (the major
metabolite of heme) decreased significantly in SeD rats,
compared with SeC rats, in the reduction of heme oxigenase.

Consequently, oxidative degradation of heme is reduced, and
hence Fe levels increase in the liver under Se-deficient
condition. Heme-iron is metabolized in the liver, and the
iron-ions are excreted into bile and reabsorbed at the
duodenum. Heme metabolism is an important metabolic
process for iron because many proteins contain heme as a
prosthetic group. When these hemeproteins turn over, heme
is not recovered, but degraded, and new heme is synthesized
for replacements. This explains why newly administered
59Fe (i.e., radioactive iron) was not observed in bile within
the time range after i.v. administration examined in this study.

Zn is an active center in many enzymes in organisms and is
involved in the regulation of metabolism and growth, as well
as in the activation of hormones. The synthesis of GSH is
impaired in the liver of SeD rats. Heavymetals such as Cu, Zn,
and Cd induce metallothionein where GSH is sufficiently
present. GSH concentration in the liver of SeD rat was
impaired, less than that of normal and SeC rats (Table 2).
Thus, the induction of metallothionein is reduced in the liver
of SeD rats. Metallothionein is an essential protein which
contributes to detoxification and homeostasis of heavy metal
ions. In this study, drinking water containing a mixture of
seleno-L-methonin, Na2SeO3, and Na2SeO4 was used as a
supplement for SeC rats. Among them, reducible SeO4

2− can
release Zn ions from Zn-metallothionein through the
oxidation of thiol groups [44]. A portion of the released Zn
will be excreted into bile. Consequently, it may be
recognized in chronic conditions that the Zn level in the
liver of SeC rats is lower than that in SeD rats, despite the
fact that SeD and SeC rats are fed the same diet (Table 3).
This is supported by our previous results on Se supplemented
with Na2SeO4 for control [11]. In this study,

65Zn observed in
the bile of three rat groups within 2 h of administration was
not statistically robust. These comparisons suggest that
newly administered 65Zn is stored and/or used for synthe-
sizing Zn finger proteins as well as Zn-metallothionein in the
liver. In addition to the biochemical reasons described above,
the radioactivity levels of 59Fe and 65Zn injected into a rat
were an order of magnitude smaller than those used in an
earlier study [6], and the biliary excretion of the two
elements was dose dependent. Therefore, 59Fe and 65Zn
were not detected in the present study.

Conclusions

In this study, the contents of Fe, Co, Zn and Se in the liver
and bile of SeD, normal, SeC rats were analyzed with
INAA. In addition, V, Mn, Co, As, Sr, and Se in the bile of
the three rat groups were analyzed using the MT technique.
Under Se-deficient conditions, the excretion of all six
elements decreased compared with that for normal rats. The
radioactivity of 59Fe and 65Zn in the MT solution was

Fig. 5 Cumulative excretion (% dose) of V, Mn, Co, As, Sr, and Se
into bile of SeD, normal, and SeC rats 120 min after i.v. administration
of multitracer. Values are means±S.D. for the three rats in each
respective group
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insufficient to analyze their behaviors. The decline in the
biliary excretion rate of Mn and As was explained by the
depleted complexation ability of the metal ions with GSH
in SeD rats, due to the reduced biosynthesis of GSH. In
contrast, under Se-adequate conditions in the liver of SeC
rats, biliary excretion of Mn and As was enhanced. The
finding supports the notion that complexation of Mn with
GSH contributed to the acceleration of excretion. The
reduction of As5+ to As3+ favored to promote of methyl-
ation with GSH under Se-adequate conditions in SeC rats,
which accelerated the biliary excretion of As. Similarly,
biliary excretion of V in rats of three different Se statuses
was explained by the GSH-mediated reduction mechanism.
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