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Objective To investigate the effect of selenium supplementation on the selenium status and selenoenzyme, especially the
activity and mRNA expression of type 1 deiodinase (D1) in mice with excessive iodine (EI) intake and to explore the
mechanism of selenium intervention on iodine-induced abnormities. Methods Weanling female BALB/c mice were given
tap water or 3 mg/L of iodine or supplemented with 0.5 mg/L or 1.0 mg/L of selenium in the presence of excessive iodine for 5
months. Selenium status, thyroid hormone level, hepatic and renal D1 activity and mRNA expression were examined. Results
Excessive iodine intake significantly decreased the selenium concentration in urine and liver, and the activity of glutathione
peroxidase (GSH-Px) in liver. Meanwhile, serum total T, (TT4) increased while serum total T; (TT;) decreased. Hepatic D1
enzyme activity and mRNA expression were reduced by 33% and 86%, respectively. Renal D1 enzyme activity and mRNA
were reduced by 30% and 55%, respectively. Selenium supplementation obviously increased selenium concentration, activity of
GSH-Px and D1 as well as mRNA expression of D1. However, increasing the supplementation of Se from 0.5 to 1.0 mg/L did
not further increase selenoenzyme activity and expression. Conclusion Relative selenium deficiency caused by excessive
iodine plays an essential role in the mechanism of iodine-induced abnormalities. An appropriate dose of selenium

supplementation exercises a beneficial intervention.
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INTRODUCTION

Previous studies!) revealed that the relationship
between the iodine intake level of a population and
the occurrence of thyroid diseases is U-shaped. When
insufficient dietary iodine is consumed, goiter usually
develops, with occasional induction of
hypothyroidism. On the other hand, when excessive
iodine is  ingested,  hypothyroidism*'  or
hyperthyroidism!®! associated with goiter may also
develop. Todine-induced goiter has been reported™ in
many nations and areas, resulting from ingestion of
excessive iodine in foods?® such as seaweed, in
drinking water'®” as a natural pollutant, and in
medications such as amiodarone!™ or from excessive
iodine supplement in iodated salt'”’. It has been
reported that nearly 16 million people are threatened
by excessive iodine intake in 10 provinces of China!'”
indicating that iodine-induced goiter has become a
new public health problem.

However, the mechanism of iodine-induced
thyroid dysfunction has not yet been clarified. The
studies of Vitel et al.'! and Denef et al." indicated
that excessive iodide-induced thyroid inhibition, cell
necrosis or apoptosis are consequences of oxidative
stress mechanism. According to Wolff and
Chaikoffl"*! organic binding of iodine within the
thyroid glands can be almost completely blocked by
excessive inorganic iodine, thus causing damage. But
these theories could not fully explain the changes in
morphology and thyroid hormone level induced by
excessive iodine intake. A new hypothesis-
deiodinase activity decrease theory!'"¥ has been
proposed, which indicates that the mechanism of
iodine-induced goiter is due to inactivation of
iodothyronine deiodinase, a selenium-containing
enzyme, as the result of relative or absolute selenium
deficiency. The result of antioxidants (Vit C, Vit E,
and selenium) in the treatment of Graves’ disease (an
iodine-induced autoimmune disease) gives some clue
to the hypothesis, and great attention has paid to the
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relationship between the selenium and iodine-induced
thyroid dysfunction.

Microelement selenium is essential to thyroid
hormone metabolism as it is an important part of both
glutathione peroxidase (GSH-Px), a selenocysteine-
containing enzyme which protects cellular structures
against oxidative damages, and deiodinase, another
selenocysteine-containing enzyme which regulates
inter-conversion of active and inactive forms of
iodothyronines'®'”,  There are three kinds of
deiodinases responsible for the major part of thyroid
hormone metabolism. Type 1 deiodinase (D1) is
predominantly found in the liver, kidney, and thyroid,
and is the only selenodeiodinase that can function as
either an outer (5”) or an inner (5) ring iodothyronine
deiodinase. The conversion of T, to T; catalyzed by
D1 is responsible for generating most of the
circulating T5!"®. The results of animal studies!”
suggested that iodine-induced thyroid hormone
abnormalities, namely increased T, and decreased or
unchanged T;, are related to the decreased activity of
D1. Other studies®®” found that selenium deficiency
decreases D1 in the liver and kidney at transcriptional
or translational level. Hotz et al.!*"! reported that high
iodine intake when selenium is deficient, may inflict
damage to thyroid tissue as a result of low thyroidal
GSH-Px activity during thyroid stimulation. These
results suggest that selenium status is related to
thyroid dysfunction induced by excessive iodine
intake.

However, previous studies have not provided
data on the nutritional status of selenium when people
are exposed to excessive iodine so that whether
selenium supplementation can normalize the thyroid
hormone abnormalities induced by excessive iodine
intake remains unclear. Our study may provide novel
evidence for the important role of relative selenium
deficiency induced by excessive iodine intake in
iodine-induced  disorders.  Supplementation  of
selenium may protect against the damage caused by
excessive iodine intake by influencing type 1 activity
and mRNA expression.

MATERIALS AND METHODS
Animals and Treatment

Forty weanling female BALB/c mice purchased
from Laboratory Animal Center of Hubei Provincial
Center for Disease Control and Prevention were
maintained in plastic cages with wood chip bedding
at a constant temperature (20°C+2°C) and humidity
(60%-80%) in a 12 h/12 h light/dark cycle. The
animals had free access to food and water for 5
months.

The mice were divided into 4 groups. Control

group was given tap water. Excessive iodine (EI)
intake group was given 3.0 mg/L iodine in the form
of potassium iodate. The other two groups, were
supplemented with 0.5 mg/L (EI+0.5 mg/L Se) and
1.0 mg/L (EI+1.0 mg/L Se) selenium in the form of
sodium selenite in drinking water, in addition to 3.0
mg/L iodine. The drinking water was prepared
weekly. The diet was the BALB/c mouse chow in all
groups. The contents of iodine and selenium were
365 pg/kg and 140 pg/kg in the diet and 8 pg/L and
16 pg/L in tap water.

The mice were weighed weekly. At the end of
the experiment, they were placed into the metabolic
cages, and urine samples were collected in the
morning for urinary iodine and selenium analysis.
Then, the mice were killed by cervical dislocation.
Serum was separated and stored at -20°C for use in
the thyroid hormone analysis. Liver and kidney were
removed and stored at -80°C till analysis.

Selenium and lodine Concentration, and Thyroid
Hormone Analysis

Todine concentrations in diet, water, and urine
were measured by Cer-Arsenite color metric method
modified by Fischer et al.*!. Urinary creatinine
concentrations were determined by alkaline picrate
method.  Fluorimetric =~ assay  with 2,  3-
diaminonaphthalene was used to measure selenium
contents in diet, water, urine, and liver. The urinary
iodine or selenium to creatinine ratio (pg/g Cr) was
used to estimate iodine or selenium concentration in
urine. Serum total thyroxine (T;) and serum total
triiodothyronine (T;) were measured by RIA kits
obtained from the Chinese Academy of Atomic
Energy in Beijing.

Enzyme Activity Assays

Glutathione peroxidase (GSH-Px) activity in the
liver was assayed according to the method of L’ Abbe
et al.”*!. The assay was based on the coupled reaction
with glutathione reductase. The unit definition is the
amount of enzyme which causes the oxidation of one
micromole of GSH per minute at 37°C. Protein
concentration was determined according to the
method of Lowry.

To determine D1 activity, tissues were
homogenized in cold D1 homogenization solution (1
mmol/L DTT, 0.32 mmol/L sucrose, and 10 mmol/L
Hepes buffer, pH 7.0) at 1:39 and 1:24 ratios (W/v)
for livers and kidneys, respectively. Homogenates
were centrifuged (1500xg) for 10 min at 4°C.
Floating debris were removed, and aliquots of the
supernatant were pipetted into tubes. Homogenates
were recentrifuged (20 000xg) for 5 min at 4°C,
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floating debris were removed, and the supernatant
was used for D1 assay.

D1 activity was assayed by using '*’I-rT; (0.005
pmol/L 125115, 1000 uCi, obtained from the Chinese
Academy of Atomic Energy in Beijing, 0.49 5
umol/L 5°-L rT3) as substrate and in the presence of 2
mmol/L DTT, 1 mmol/L EDTA, and 100 mmol/L
potassium phosphate buffer, pH 7.0, based on the
methods previously described®. Enzyme activity
was expressed as pmol of I released per mg protein
per minute of reaction. Protein content in
homogenates was measured by the modified Lowry’s
method with reagent obtained from Biorad.

RT-PCR Analysis

Liver and kidney tissues of mice were
homogenized in TriZol solution (Life Technologies,
Rockville, MD). Two pg of total RNA was
reverse-transcribed with random hexamers, and then
PCR was carried out using the following primers
published previously®™2%: DI sense primer,
5'-CTTGTGATATTCCTGCAGGTAGC-3; and
antisense primer, 5'-ACAGCTCGGACTTCCTCAG
3', product 692 bp; glyceraldehydes-3-phosphate
dehydrogenase (GAPDH) sense primer,
5'-TCACTCAAGATTGTCAGCAA-3'; and antisense
primer  5-AGATCCACGACGGACACAT T-3/,
product 308 bp. Thermal cycling was performed
under the following conditions: D1:1 cycle at 95C
for 2 min, 34 cycles at 94°C for 1 min, at 55°C for 45
s, at 72°C for 1 min, and a final extension at 72°C for
10 min; GAPDH: 1 cycle at 95°C for 12 min, 30
cycles at 94°C for 45 s, at 58°C for 45 s, at 72°C for
80 s, and a final extension at 72°C for 7 min. The
PCR products were analyzed by 1.5% agarose gel
electrophoresis with the running gel containing
ethidium bromide. Quantification of the D1 and
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GAPDH mRNA was performed by scanning the
intensities of ethidium bromide and analyzed by
BioDocAnalyze system. DI mRNA levels relative to
GAPDH mRNA were standardized.

Statistical Analysis

Most quantitative data were analyzed by
ANOVA. Because of its skewed distribution, the
medians were used to describe the central tendency of
urinary iodine concentration. The Kruskal-Wallis
method was used to test the differences in ranking the
iodine concentration in urine. The other data are
presented as X £s.

RESULTS

Urinary lodine and Selenium Concentration, GSH-Px
Activity and Selenium Content in Liver

The concentration of iodine in urine is currently
the most widely used biochemical marker of iodine
intake. Figure la shows that the median urinary
iodine concentration in mice of EI group was
significantly higher than that in the control group
(P<0.01). However, there was no significant
difference between the EI group and the two
selenium supplementation groups (P>0.05).

There are many potential indicators of Se status.
Mice treated with excessive iodine significantly
decreased their urinary selenium  excretion
(0.83+0.19 mg/g Cr) compared with normal mice
(0.58+0.13 mg/g Cr) (P<0.05) (Fig. 1b). Meanwhile,
the urinary selenium concentration in mice treated
with excessive iodine plus 0.5 mg/L and 1.0 mg/L
selenium was 0.89+0.17 mg/g Cr and 1.02+0.25 mg/g
Cr, respectively, significantly higher than that in EI
group (P<0.05).
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FIG. 1. Urinary iodine (a) and selenium (b) concentrations in different groups. Urinary iodine to creatinine ratio (ng/g Cr) was
used to estimate iodine concentration in urine. Data were expressed as median, and each bar represents the median in a
group of six samples. Kruskal-Wallis method was used to test the differences in ranking of iodine concentrations in
urine, ~P<0.01 vs control group. Urinary selenium to creatinine ratio (mg/g Cr) was used to estimate selenium
concentration in urine, and each bar represents the mean and SE in a group of six samples. "P<0.05 vs control group,
#P<0.05 vs EI group. EI: excessive iodine intake group. EI+0.5 mg/L Se: 0.5 mg/L selenium supplementation group.
EI+1.0 mg/L Se: 1.0 mg/L selenium supplementation group.
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Selenium content in liver indicated the same
tendency as the urinary selenium concentration (Fig.
2). Determination of GSH peroxidase activities in
blood or tissue could give a useful indication to
functional Se status. Compared with normal group,
the activity of GSH-Px in liver was reduced by 47%
in excessive iodine intake group (P<0.05) while
significantly increased that in the group supplied with
0.5 mg/L selenium (P<0.05, compared with EI
group). No further increase in the GSH-Px activity
was observed when they were supplemented with 1.0
mg/L selenium (Fig. 3).
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FIG 2. Selenium contents in liver of different groups.
Each bar represents the mean and SE in a
group of eight animals. "P<0.05 vs control
group. “P<0.05 vs EI group. 42P<0.01 vs EI
group. EIl: excessive iodine intake group.
EI+0.5 mg/L Se: 0.5 mg/L selenium
supplementation group. EI+1.0 mg/L Se: 1.0
mg/L selenium supplementation group.
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FIG. 3. GSH-Px activities in liver of different groups.
The unit definition was the amount of
enzyme which caused the oxidation of one
micromole of GSH per minute at 37°C. Each
bar represents the mean and SE in a group of
ten animals. "P<0.05 vs control group.
“P<0.05 vs EI group. EI: excessive iodine
intake group. EI+0.5 mg/L Se: 0.5 mg/L
selenium supplementation group. EI+1.0
mg/L Se: 1.0 mg/L selenium supplementation
group.

Serum Thyroid Hormone Level

Serum thyroid hormone level is shown in Fig. 4.
Compared with control group, the serum TT, level
increased (P<0.05) and the serum TTj; level decreased
(P<0.01) significantly in EI groups. In both selenium
supplementation groups, the increased TT, and the
decreased TT; were inhibited significantly.
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FIG. 4. Serum thyroid hormone levels of TT, (a) and TT; (b) in different groups. Each bar represents the mean and SE in a
group of eight animals. "P<0.05 vs control group. “P<0.01 vs control group. #P<0.05 vs EI group, #p<0.01 vs EI
group. El: excessive iodine intake group. EI+0.5 mg/L Se: 0.5 mg/L selenium supplementation group, EI+1.0 mg/L Se:

1.0 mg/L selenium supplementation group.

D1 Activity and mRNA Expression in Liver and
Kidney

Figure 5 demonstrates the D1 activity in the liver

and kidney. Compared with control group, the mean
enzyme activity was inhibited by 33% in the liver and
by 30% in the kidney due to excessive iodine intake.
0.5 mg/L selenium supplementation enhanced the D1
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activity in the liver and kidney significantly (P<0.05).
But in 1.0 mg/L selenium supplement group, no
further increase in D1 activity was observed.
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FIG. 5. D1 activities in liver and kidney of different

groups. Enzyme activity was expressed as
pmol of I released per mg protein per minute
of reaction. Each bar represents the mean
and SE in a group of eight animals. "P<0.05
Vs control group. “P<0.05 vs EI group. EI:
excessive iodine intake group. EI+0.5 mg/L
Se: 0.5 mg/L selenium supplementation

group. EI+1.0 mg/L Se: 1.0 mg/L selenium
supplementation group.
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Hepatic and renal D1 mRNA expression was
investigated by RT-PCR analysis. As shown in Fig. 6,
excessive iodine intake obviously decreased Dl
mRNA expression both in liver and in kidney.
Compared with control group, hepatic and renal D1
mRNA expressions were reduced by 86% and 55%,
respectively.  Meanwhile in  two  selenium
supplementation groups, hepatic and renal D1 mRNA
expressions were remarkably up-regulated. However,
DI mRNA expression in the liver was reduced by
increasing the selenium supplement level, but
differed from that in kidney.

DISCUSSION

In this study, the obviously increased median
urinary iodine concentration indicated that iodine
intake in EI group was excessive. For selenium status,
not only selenium excretion in urine, but also
selenium storage in liver of mice treated with
excessive iodine decreased significantly. As a
valuable marker of selenium nutritional status!®>”!,
decreased GSH-Px activity in liver was also observed.
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FIG. 6. Agarose gel electrophoretogram of D1 RT-PCR product in liver (a) and kidney (b). Lane M: Marker; lane 1, NC group;
lane 2, EI group; lane 3, EI+0.5 mg/L Se group; and lane 4, EI+1.0 mg/L Se group.(c) mRNA expression of D1 in liver
and kidney revealed by RT-PCR. Each bar represents the mean and SE in a group of four (liver) or three (kidney)
animals. "P<0.05 vs control group. “P<0.05 vs EI group. 42p<0.01 vs EI group. EI: excessive iodine intake group.
EI+0.5 mg/L Se: 0.5 mg/L selenium supplementation group. EI+1.0 mg/L Se: 1.0 mg/L selenium supplementation group.

In  physiological condition, thyroid follicles
continuously produce H,O, for thyroid hormone

synthesis throughout lifetime, and excessive H,0O, is
degraded by GSH-Px, thus protecting the thyroid
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from H,O,-induced damage[zs]. When iodine intake is
excessive, the oxidative and antioxidative balance is
upset by generation of redundant H,O, and other free
radicals. If the imbalance persists for a long time, a
large mount of GSH-Px and selenium is consumed,
resulting in relative selenium deficiency. The fact that
there exist different conditions of Se retention in
different tissues, and also strong compensatory ability
of antioxidative enzyme activity, may explain the
contradictory results of different investigations®” on
the activities of GSH-Px in animals with excessive
iodine intake. Due to the limited availability of the
tissues, we did not analyze the related indexes in
thyroid. But in the liver, after excessive iodine intake
for 5 months, Se content and GSH-Px activity were
reduced by 27% and 47%, respectively. Based on the
results obtained, it can be concluded that excessive
iodine intake results in relative selenium deficiency
in experimental animals. Moreover, oxidative stress
induced by selenium deficiency may be involved in
the damage caused by excessive iodine.

We also found that in mice supplemented with
selenium, hepatic selenium content and GSH-Px
activity increased obviously. However, increasing
selenium supplementation dose from 0.5 mg/L to 1.0
mg/L was not accompanied with a rise but a slight
decrease in hepatic GSH-Px activity, suggesting that
selenium  supplementation contributes to the
amelioration of selenium status in excessive iodine
intake mice, but high dose of selenium may have the
opposite effect.

Previous animal studies revealed that excessive
iodine intake could result in an increased serum T,
and a decreased or unchanged serum T;. Similar
changes were also observed in the present study.
Meanwhile, D1 activity, which is responsible for
generating most of the circulating T3, reduced 33% in
the liver and 30% in the kidney. The inhibition of
5'-deiodinase activity may be the main cause of
iodine-induced  thyroid hormone abnormality.
However, few studies have been carried out to
explore the mechanism of 5'-deiodinase activity
inhibition by excessive iodine. A number of
substances, agents, or conditions influence the rate of
D1 synthesis, and selenium status is one of the most
important factors. Most investigators believe that
selenium influences deiodinase synthesis in the form
of selenocysteine at translation level. But DePalo et
al.”” found that selenium deficiency decreases D1
activity in the liver and kidney, and decreased renal
D1 activity is at companied with decreased Dl
mRNA, which does not occur in the liver. In our
study, not only in the liver, but also in the kidney, D1
mRNA expression in mice intaking excessive iodine
markedly reduced, suggesting that relative selenium
deficiency induced by excessive iodine intake

possibly regulates the D1 activity at transcription
level and that besides selenium, other factors, such as
direct effect of high level iodine or T4 may be
involved in the regulation of D1 mRNA expression.
In the present study, hepatic D1 enzyme activity and
mRNA were reduced by 33% and 86%, respectively,
and renal D1 enzyme activity and mRNA were
reduced by 30% and 55%, respectively. Percentage
changes in the activity of D1 were not always the
same as the changes in its mRNA levels, suggesting
that other processes, including mRNA stability,
translation and protein turnover, may be involved in
the regulation of the ultimate level of enzyme
activity.

With supplementation of 0.5 mg/L selenium,
both D1 activity and mRNA expression in liver and
kidney increased. In contrast with EI group, serum
thyroid hormone levels tended to be normal, namely,
TT, level decreased and TT; level increased.
However, in 1.0 mg/L selenium supplementation
group, D1 activity and mRNA level in the liver,
unlike that in the kidney, showed no further increase.
Different selenium retention in different tissues is one
possible explanation for this result. For liver, 1.0
mg/L selenium supplementation may elicit side
effect.

In conclusion, relative selenium deficiency
induced by excessive iodine intake plays an
important role in iodine-induced thyroid hormone
abnormality and thyroid dysfunction. Adequate
selenium nutrition supports efficient thyroid hormone
synthesis and metabolism, and supplementation of
selenium might be a potential dietary therapy to
protect against the damage or disease caused by
excessive iodine exposure. Regulation of D1 activity
at mRNA level is one of the mechanisms. However,
other mechanisms, such as changes in other
selenoenzymes, regulation of D1 expression at
protein level, and optimal selenium dose, need further
investigation.

REFERENCES

1. Laurberg P, Bulow P I, Knudsen N, et al. (2001).
Environmental iodine intake affects the type of nonmalignant
thyroid disease. Thyroid 11, 457-469.

2. Markou K, Georgopoulos N, Kyriazopoulou V, et al. (2001).
Todine-induced hypothyroidism. Thyroid 11, 501-510.

3. Roti E, Uberti E D (2001). Iodine excessive and
hyperthyroidism. Thyroid 11, 493-500.

4. Zhao J, Wang P, Shang L, et al. (2000). Endemic goiter
associated with high iodine intake. Am J Public Health 90,
1633-1635.

5. Norimichi K, Horini M, Kenji Y, et al. (1994). Association
between dietary iodine intake and prevalence of subclinical
hypothyroidism in the coastal regions of Japan. J Clin
Endocrinol Metab 78, 393-397.

6. Pearce E N, Gerber A R, Gootnick D B, et al. (2002). Effects of



308 YANG ET AL.

chronic iodine excessive in a cohort of long-term American
workers in west Africa. J Clin Endocrinol Metab 87,
5499-5502.

7. Zhao J, Chen Z, Maberly G F (1998). lodine-rich drinking
water of natural origin in China. Lancet 352, 2024.

8. Martino E, Bartalena L, Bogazzi F, et al. (2001). The effects of
amiodarone on the thyroid. Endocr Rev 22, 240-254.

9. Delange F, de Benoist B, Alnwick D (1999). Risks of
iodine-induced hyperthyroidism after correction of iodine
deficiency by iodized salt. Thyroid 9, 545-556.

10.Chen Z, Liu D, Yang Y (1998). High iodine region and endemic
iodine-induced goiter. Chin J Endemiol 17, 385-386.

11.Vitale M, Matola T D, d’Ascoli F (2000). Iodide excessive
induces apoptosis in thyroid cells through a p53-independent
mechanism involving oxidative stress. Endocrinology 141,
598-605.

12.Danef J F, Many M C, van de Hove M F (1996). lodine-induced
thyroid inhibition and cell necrosis: two consequences of the
same free-radical mediated mechanism. Mol Cell Endocrinol
121, 101-103.

13.Wolff J, Chaikoff I L (1948). Plasma inorganic iodide as a
homeostatic regulator of thyroid function. J Biol Chem 174,
555-564.

14Wu T, Wang J, Liu G (2000). A new hypothesis about
iodine-induced goiter and hyperthyroidism: deiodinase activity
decrease theory. West China Med J 115, 405-408.

15.Vesna B V, Franjo S, Ivana C (2004). Supplementation with
antioxidants in the treatment of Graves’disease; the effect on
glutathione peroxidase activity and concentration of selenium.
Clin Chim Acta 341, 55-63.

16.Corvilain B, Contempre B, Longombe A O (1993). Selenium
and the thyroid: how the relationship was established. Am J
Clin Nutr 57, 244S-248S.

17.Berry M J, Banu L, Larsen P R (1991). Type I iodothyronine
deiodinase is a selenocysteine- containing enzyme. Nature 349,
438-440.

18.Kohrle J (1999). Local activation and inactivation of thyroid
hormones: the deiodinase family. Mol Cell Endocrinol 151,
103-119.

19.Bednarczuk T, Pietrzykowski A, Slon M, et al. (1993).

Pharmacologic effect of excessive iodine on type I thyroxine
5'-deiodinase activity in rat thyroid. Endokrynol Pol 44,
405-412.

20.Merrill J C, Paul M C, Christian D W (1995). Tissue specificity
of selenoprotein gene expression in rats. J Nutr Biochem 6,
367-372.

21.Hotz C S, Fitzpatrick D W, Trick K D, et al. (1997). Dietary
iodine and selenium interact to affect thyroid hormone
metabolism of rats. J Nutr 127, 1214-1218.

22.Fischer P W F, L’Abbe M R, Giroux A (1986). Colorimetric
determination of total iodine in foods by iodide-catalyzed
reduction of Ce*". Anal Chem 69, 687-689.

23.L’Abbe M R, Trick K D, Beare-Rogers J L (1991). Dietary (n-3)
fatty acids deficiency may affect rat heart, liver, and aorta
protective enzyme activities and lipid peroxidation. J Nutr 121,
1331-1340.

24.Hotz C S, Belonje B, Fitzpatrick D W, et al. (1996). A method
for the determination of type I iodothyronine deiodinase
activity in liver and kidney using 1251 labelled reverse
triiodothyronine as a substrate. Clin Biochem 29, 451-456.

25.Song S, Sorimachi K, Adachi K, et al. (2000). Biochemical and
molecular biological evidence for the presence of type II
iodothyronine deiodinase in mouse mammary gland. Mol Cell
Endocrinol 160, 173-181.

26.Liu D, Pavlovic D, Chen M, et al. (2000). Cytokines induce
apoptosis in beta-cells isolated from mice lacking the inducible
isoform of nitric oxide synthase (iNOS™). Diabetes 49,
1116-1123.

27.Arthur J R (1999). Functional indicators of iodine and selenium
status. Proc Nutr Soc 58, 507-512.

28.Kohrle J (1999). The trace element selenium and the thyroid
gland. Biochimie 81, 527-533.

29.Xiang J M, Chen Z P, and Di H J (1999). Effects of iodine
excessive on antioxidizing ability of mice. Chin J Endemiol 18,
245-249.

30.DePalo D, Kinlaw W B, Zhao C, et al. (1994). Effect of
selenium deficiency on type I 5’-deiodinase. J Biol Chem 269,
16223-16228.

(Received March 2, 2005 Accepted July 4, 2006)



