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Abstract

Our previous epidemiological study indicated that excessive intake of iodine could potentially lead to hypothyroidism. In the present

study, we aimed to investigate the time and dose effect of iodine intake on serum thyrotropin (thyroid-stimulating hormone, TSH)

levels and to explore the non-autoimmune regulation of serum TSH by pituitary type 2 deiodinase (D2). A total of 360 Wistar rats were

randomly divided into five groups depending on administered iodine dosages (folds of physiological dose): normal iodine (NI), 3-fold

iodine (3HI), 6-fold iodine (6HI), 10-fold iodine (10HI) and 50-fold iodine (50HI). At 4, 8, 12 and 24 weeks after administration of

sodium iodide, blood was collected for serum TSH measurement by chemiluminescent immunoassay. Pituitaries were also excised for

measurement of TSHb subunit expression, D2 expression and activity, monocarboxylate transporter 8 (MCT8) and thyroid hormone recep-

tor b2 isoform (TRb2) levels. The results showed that iodine intake of 10HI and 50HI significantly increased pituitary and serum TSH levels

from 8 to 24 weeks (P,0·05 v. NI). Excess iodine had no effect on D2 mRNA or protein expression; however, 10HI and 50HI administration

significantly inhibited pituitary D2 activities from 8 to 24 weeks (P,0·05 v. NI). Iodine had no effect on MCT8 or TRb2 protein levels.

We conclude that prolonged high iodine intake inhibits pituitary D2 activity and induces elevation of serum TSH levels. These findings

may provide a potential mechanism of iodine excess-induced overt and subclinical hypothyroidism.
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Iodine is an essential element for thyroid hormone synthesis,

and iodine deficiency disorders seriously threaten human

health. The WHO and other international health professional

societies have recommended universal salt iodisation as an

efficient strategy to prevent iodine deficiency disorders.

However, some evidence indicates that excessive iodine

intake has emerged as a result. Our previous epidemiological

studies demonstrated that serum thyrotropin (thyroid-stimulat-

ing hormone, TSH) levels were increased in the normal

population and that this was correlated with increased

iodine intake. Furthermore, the present study results sugges-

ted that non-autoimmune factors might play an important

role in the underlying mechanisms of excess iodine-induced

subclinical and overt hypothyroidism(1,2).

It is well known that negative feedback of thyroid hormone

at the level of the pituitary plays an important role in the

regulation of thyroid function(3,4). Thyroid hormones modulate

pituitary TSH level with the involvement of several important

proteins in the pituitary, providing a negative feedback loop.

Type 2 deiodinase (D2) is an obligate outer ring 50-deiodinase

that is crucial in thyroxine (T4) activation in several organs

including the pituitary, brown adipose tissue (BAT), brain and

placenta. D2 activity has also been seen in rat skin(5), human

thyroid (but not in rat thyroid)(6–8) and human skeletal

muscle(9,10), while D2 mRNA is also expressed in human

heart(9,11). Triiodothyronine (T3) is a much more potent

biologically active form of thyroid hormones and is produced

locally in the anterior pituitary. D2 mediates the conversion

of T4 to T3 in the anterior pituitary. Earlier studies have

shown, in thyrotropic cells of rats, that more than 50 % of T3

is locally produced(12–16). By binding to the thyroid hormone

receptor (TR) isoforms (mostly TRb2 in rats), T3 acts on
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thyroid hormone response elements to inhibit TSH mRNA

expression(17,18). Monocarboxylate transporter 8 (MCT8), a

thyroid hormone transporter, plays an important role in the

pituitary by providing D2-expressing cells with thyroid

hormone T4 as a substrate promotes T3 release from these

cells(19,20). We hypothesise that excessive iodine intake may

induce elevation of plasma TSH levels by inhibition of D2

activity/expression and/or expression of MCT8 and TRb2. In

the present study, we investigated the time and dose effect of

iodine intake on serum TSH level and explored the

non-autoimmune regulation of serum TSH by pituitary D2,

MCT8 and TRb2.

Materials and methods

Animals

We used Wistar rats in this study because they have low autoim-

munity. A total of 360 Wistar rats (male/female 1:1) weighing 120

(SEM 20) g and aged 3–4 weeks were provided by Silaike Exper-

imental Animal Cultivation Center (Shanghai, China). The rats

were kept in temperature-controlled rooms (20 ^ 28C) with a

12-h light–12-h dark cycle in the animal facility at the China

Medical University (Shenyang, People’s Republic of China). A

week before and during the experiment, the rats were housed

in groups according to the experimental protocol. All animal

care and experimental procedures were performed according

to the Guideline for Animal Experimentation with the approval

of the animal ethics committee of China Medical University.

Experimental protocol

Rats were randomly divided into five groups depending on

the dosage of iodine intake (fold of physiological dose):

normal iodine (NI), 3-fold (3HI), 6-fold (6HI), 10-fold (10HI)

and 50-fold (50HI). The dosages of NI, 3HI and 6HI groups

were based on our previous epidemiological study that inves-

tigated iodine intake in three rural communities (equal to

normal, three and six times of iodine physiological dose).

The dosages for the 10HI and 50HI groups were established

by identifying the different tolerance levels of iodine excess

between rat and human subjects. Rats in all groups were fed

normal chow (AIN-93 purified diets) with average iodine

content of 200mg/kg. Average iodine content of tap water in

Shenyang is 5mg/l. Considering the average dosage of

normal chow to be 20 g/d and the average dosage of water

to be 30 ml/d, we calculated the iodine intake dosage per d

of rats in the high-iodine groups. Rats in the NI group were

allowed tap water ad libitum, which contained an average

iodine content of 5mg/l. Rats in the high-iodine groups

drank tap water with different concentrations of sodium

iodide containing an iodine content of 277mg/l (3HI),

692mg/l (6HI), 1245mg/l (10HI) or 6778mg/l (50HI). Rats

were killed at 4, 8, 12 and 24 weeks after iodine administration

using 10 % chloral hydrate (0·4 ml per 100 g body weight) by

intraperitoneal injection (n 18 per time point). Blood was

taken by cardiac puncture and sera were stored at 2208C

until analysis. Pituitaries were also excised.

Thyroid hormone measurement

Serum TSH, T3 and T4 were measured using an automated

Immulitew 2000 analyser with a chemiluminescent immuno-

assay kit (Diagnostic Products Corporation, Los Angeles,

CA, USA), following the manufacturer’s instructions. The

between-run CV and the within-run CV were ,5 %.

RNA preparation and real-time quantitative RT-PCR

Total RNA was extracted with TRIzol reagent (Invitrogen,

Carlsbad, CA, USA) according to the manufacturer’s instruc-

tions and was quantified by absorption at 260 nm. The optical

density 260/280 absorbance ratio was between 1·9 and 2·0 in

each RNA sample. Total RNA (500 ng) was used to prepare

complementary DNA, which was synthesised (378C for

15 min, followed by 858C for 5 s on an ABI 9700 PCR thermal

cycler; Applied Biosystems, Foster City, CA, USA) by RT

using PrimeScripte RT reagent kit (Perfect Real Time, code

DRR037A; TaKaRa, Tokyo, Japan).

Briefly, real-time PCR was performed for quantification of

TSHb/D2 and glyceraldehyde-3-phosphate using the follow-

ing primers: TSHb primers, 50-AGTGTGCCTACTGCCTGAC-

CATC-30 (forward) and 50-TCCACCGTTCTGTAGGTGAAGTC-

TC-30 (reverse); D2 primers, 50-GCTCTATGACTCGGTCATTCT-

GCTC-30 (forward) and 50-GACACGTGCACCACACTGGA-30

(reverse). Glyceraldehyde-3-phosphate was used as a house-

keeping internal control with the following primers: 50-TGGTG-

AAGGTCG GTGTGAAC-30 (forward) and 50-CCATGTAGTTGA-

GGTCAATGAAGG-30 (reverse). TaKaRa (Customer Service,

Japan) designed and synthesised all primers based on Gen-

Bank. For each mRNA assayed, a standard curve was generated

using fivefold serial dilutions of the target PCR product, and

the same primers were used to amplify the complementary

DNA. The complementary DNA equivalent to 20 ng RNA

was used for real-time PCR. Reactions were performed using

SYBRw Premix Ex Taqe (Perfect Real Time, code DRR041A;

TaKaRa) and cycled in a LightCycler 480 (Roche Molecular

Biochemicals, Indianapolis, IN, USA). The cycle conditions

were 30 s at 958C (hot start), 5 s at 958C and 30 s at 608C

for forty cycles followed by the melting curve protocol

to verify the specificity of the amplicon. The LightCycler soft-

ware (Lightcycler 480 software 1.5; Roche Applied Science,

Indianapolis, IN, USA) generated a standard curve and the R 2

was greater than 0·99 for all samples. Data were analysed

using Rotor-Gene Real-Time Analysis Software 6.0. (QIAGEN,

Doncaster, VIC, Australia)

Preparation of pituitary homogenates for assay of type 2
deiodinase activity

After anaesthetising the rats, they were perfused with 150 ml

normal saline. Rats were decapitated and pituitaries were

removed. Pituitaries were snap-frozen in isopentane cooled

to 2408C on dry ice, and then stored at 2708C for subsequent

assays. Before use, the pituitaries were homogenised using

a TissueLyser (QIAGEN, Hilden, Germany) set to 25 Hz for
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3 min in 100ml homogenisation buffer (250 mM-sucrose,

20 mM-HEPES, 1 mM-EDTA and 2 mM-dithiothreitol (pH 7·0)).

Measurement of type 2 deiodinase activity

The D2 assay was established previously based on the release

of radioiodide from the 125I2-labelled substrate(21). Considering

that T4 is a better substrate for D2, we used 100 000 cpm

(50-125I) T4 (Puerweiye, Beijing, China) as the substrate. The

mixture containing 25ml tissue homogenate in 0·1 mM-potass-

ium phosphate buffer (pH 7·0) and 1 mM-EDTA, and 650ml of

substrate for a final concentration of 1 nM-T4 (Sigma Chemical

Company, St Louis, MO, USA), 20 mM-cofactor diothiothreitol

and 1 mM-propylthiouracil (pH 7·0) was incubated at 378C

for 1 h. The reactions were stopped by the addition of 50ml

ice-cold 5 % bovine serum albumin followed by 350ml 10 %

ice-cold TCA, and mixtures were centrifuged at 4000 g

for 20 min. The supernatant was further purified by cation

exchange chromatography using 1·6 ml Dowex 50 W-X2

(100–200 mesh; Sigma Chemical Company). The iodide was

then eluted twice with 1 ml 10 % glacial acetic acid and counted

in a g-counter. The control pituitary homogenate (buffer

was used as a substitution) and the amount of 125I2 yielded

were subtracted from the sample results. Enzymatic activity

was expressed in fmol 125I2 released/h per mg protein.

Protein determination and Western blotting

For Western blotting analysis of D2 and MCT8, membrane

proteins were extracted using Mem-PERw Eukaryotic Mem-

brane Protein Extraction Reagent Kit (no. 89 826; Rockford,

IL, USA) according to the manufacturer’s instructions. For

Western blotting of TRb2, the cytoplasmic protein and the

nuclear protein were extracted using NE-PERw Nuclear and

Cytoplasmic Extraction Reagents (Thermo Scientific; no.

78 833). The protein content of tissue homogenates was deter-

mined using a Bradford assay with bovine serum albumin as a

standard. SDS–PAGE was performed using 30 % acrylamide

(Sigma Chemical Company). After electrophoresis, gels

were equilibrated for 20 min in transfer buffer (25 mM-Tris,

190 mM-glycine and 20 % methanol). Proteins were transferred

onto polyvinylidene difluoride membranes (0·5 h, 30 V), which

were then incubated with a blocking solution (5 % dried

skimmed milk in 100 mM-Tris (pH 7·5) with 140 mM-NaCl

and 0·01 % Tween 20) for a minimum of 1·5 h. The blots

were then incubated overnight at 48C with antibodies against

D2 (DIO2, H-165, catalogue no. sc-98 716, 1:100; Santa Cruz

Biotechnology, Santa Cruz, CA, USA), MCT8 (C-18, catalogue

no. sc-47 124, 1:200; Santa Cruz Biotechnology) and TRb2

(N-16, catalogue no. sc-10 824, 1:100; Santa Cruz Biotechnol-

ogy) with diluted specific antisera. After washing three times

with the blocking solution, the blots were incubated with

diluted horseradish peroxidase-conjugated second antibodies

(1:1000) for 1 h at room temperature. Blots were washed four

times and developed using an enhanced chemiluminescence

kit (Thermo Scientific, catalogue no. NC15079). Reactive bands

were quantified by means of the FluorChem FC2 Chemilumi-

lescent, fluorescent and visible light gel imaging system using

the vendor’s software (Alpha Innotech, San Leandro, CA, USA)

and b-actin was used as an internal control.

Immunohistochemistry

The pituitaries were placed in a cryomold, covered with

ornithine carbamyl transferase (Tissue-Tek, Torrance, CA,

USA) and snap-frozen on dry ice. Serial 10-mm thick coronal

sections were cut on a cryostat (Leica CM3050 S; Leica Microsys-

tems GmbH, Nussloch, Germany) and adhered to SuperFrost

glass slides (Haimen, Jiangsu, China). The tissue sections were

stored at 2708C until immunohistochemistry was performed.

Sections were fixed by immersion in 4 % paraformaldehyde

for 1 h at room temperature, and endogenous peroxidase was

quenched with 3 % H2O2 for 10 min. All sections were washed

with 0·01 mM-PBS and incubated overnight at 48C with the

primary antibody (TSHb, FL-138, catalogue no. sc-28 917,

1:200; Santa Cruz Biotechnology). The binding of antibodies

was detected using a two-step immunohistochemistry detec-

tion reagent (PV-6001, ZSGB-BIO, Beijing, China) following

the manufacturer’s instructions, including 30 min in a 378C

water bath. The streptavidin–peroxidase activity was revealed

with a 3-30diaminobenzidine tetrahydrochloride Substrate

Kit (ZLI-9031; ZSGB-BIO). Sections were counterstained with

Mayer’s haematoxylin, rinsed and mounted in neutral gum

(China National Medicines Corporation Limited, Beijing,

China). To verify the binding specificity, we incubated some

sections with the second antibody alone as a no primary control.
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Fig. 1. Serum thyroid stimulating hormone (TSH) levels in Wistar rats administered normal iodine (NI, ) or excess iodine for 4, 8, 12 and 24 weeks. Values are

means, with their standard errors represented by vertical bars. * Mean values were significantly different from those of control (NI; P , 0·05). 3HI ( ), 3-fold iodine;

6HI ( ), 6-fold iodine; 10HI ( ), 10-fold iodine; 50HI ( ), 50-fold iodine treatments.
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Slides were viewed under a light microscope (BX51/BX52;

Olympus, Tokyo, Japan). The contents of TSHbwere expressed

by integrated optical density value analysed using Image-Pro

Plus 5.0 (Media Cybernetics, Inc., Bethesda, MD, USA).

Statistical analysis

Data were evaluated by one-way ANOVA followed by the

Newman–Keuls post hoc test (or Dunnett’s multiple compari-

son test, where indicated) and are presented as means and

their standard errors. P,0·05 was considered statistically

significant.

Results

Prolonged high iodine intake elevated secretion and
synthesis of thyroid stimulating hormone

As shown in Fig. 1, serum TSH level of rats increased in each

high iodine intake group as expected, and the increases paral-

leled the increases in iodine intake time and dosage. Serum T4

and T3 did not change significantly in the long-term high

iodine intake animals. Serum TSH levels did not change in

rats that were administered iodine for 4 weeks. In the 8th

week serum TSH levels doubled in the 50HI group, compared

to the control group (NI, P,0·05). Serum TSH of the 10HI and

50HI groups, which were administered iodine for 12 weeks,

increased 1·47- and 1·49-fold, respectively, compared with

that of the control group (P,0·05). Serum TSH levels of

the rats in the 10HI and 50HI groups, which were adminis-

tered iodine for 24 weeks, had a 2·13- and 2·31-fold increase,

respectively (P,0·05).

We also measured the TSHb subunit (TSHb) expression in

the pituitaries by immunohistochemistry and real-time quanti-

tative RT-PCR analysis. The integrated optical density value of

the TSHb immunostaining reaction in pituitaries significantly

increased with high iodine intake, in accordance with the

change of serum TSH (Fig. 2). In addition, TSHb mRNA expres-

sion levels exhibited the same statistically significant increasing

pattern after 8, 12 and 24 weeks with high (10HI and/or 50HI)

iodine intake (Fig. 3). These findings indicate that long-term

high iodine intake induced not only TSH secretion into the

circulation but also de novo synthesis by the pituitary.

We noticed that serum TSH levels of the rats in control

groups changed at different time points during the exper-

iment. Serum TSH levels in the control groups receiving

iodine for 4 and 12 weeks were higher than those adminis-

tered iodine for 8 and 24 weeks, but this difference did not

reach statistical significance (when compared with other

time points). This finding suggested that age might be associ-

ated with serum TSH levels.

* * *

* *
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Fig. 2. Pituitary thyroid stimulating hormone (TSH)b in Wistar rats administered normal iodine (NI, ) or excess iodine for 4, 8, 12 and 24 weeks. Scale

bar ¼ 40mm. Integrated optical density (IOD) value of pituitary TSHb in Wistar rats administered NI and excess iodine for 4, 8, 12 and 24 weeks. Values are

means, with their standard errors represented by vertical bars. * Mean values were significantly different from those of control (NI; P,0·05). NC, negative control;
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Prolonged high iodine intake inhibited type 2 deiodinase
activity in the pituitary, but had no effect on type 2
deiodinase protein or mRNA levels

A strong decrease (approximately 25 %) in D2 activity was

observed in rats receiving 50HI for 8 weeks (P,0·05 v. NI

group). Remarkably, significant D2 inhibition was also

detected in the 10HI and 50HI groups, which was greater

than a 50 % decrease at 12 weeks (P,0·001), and nearly a

70 % decrease at 24 weeks (P,0·001 v. NI group) (Fig. 4).

To explore the possibility that high iodine intake may

reduce the expression of D2 protein and/or mRNA levels,

we tested the D2 expression in the pituitaries of rats by Wes-

tern blotting and real-time quantitative RT-PCR analysis,

respectively. Unexpectedly, there was no statistically signifi-

cant difference in D2 mRNA and protein expression (Fig. 5)

levels among excess iodine administration and NI group at

each time point. The 50HI treatment group had a 70 % loss

of D2 activity at 24 weeks, but no significant change in D2

mRNA and protein expression. Interestingly, D2 protein

levels trended downward in the 50HI group, treated for 24

weeks, but this difference did not reach statistical significance.

High iodine intake had no effect on monocarboxylate
transporter 8 and thyroid hormone receptor b2 protein
levels in the pituitary

Considering the involvement of MCT8 and TRb2 in negative

regulation of thyroid hormone on TSH at the pituitary level,

we examined these two proteins using Western blotting.

There was no statistically significant change in MCT8 or

TRb2 protein levels during the 24-week course (Figs. 6 and

7), indicating that high iodine intake had no effect on TRb2

and MCT8 protein expression in the pituitary.

Discussion and conclusions

In the present study, we found that rats receiving 10- and

50-fold increased iodine intake (10HI and 50HI) had

significantly higher pituitary and serum TSH levels from 8 to

24 weeks after administration (P,0·05 v. NI). Excess iodine

had no effect on D2 mRNA or protein expression; however,

10- and 50-fold increases in iodine (10HI and 50HI) signifi-

cantly inhibited pituitary D2 activities from 8 to 24 weeks

(P,0·05 v. NI). Iodine had little effect on MCT8 or TRb2

protein expression.

Our previous epidemiological study in three rural commu-

nities with different iodine intakes (median urinary iodine

of 103, 374 and 615mg/l) demonstrated that with increased

iodine intake, serum TSH levels in normal populations

increased(1). Furthermore, our other epidemiological study

found that in 121 cases of subclinical hypothyroidism, only

30 % of them had positive thyroid autoantibodies(2). These

data indicated that non-autoimmune factors might play an

important role in the mechanism of iodine-induced subclinical

and overt hypothyrodism(1,2). To explore the non-autoimmune

mechanisms of TSH elevations caused by iodine excess, Wistar

rats were chosen as the study objects since they have no ten-

dency for autoimmunity. The increases in serum TSH levels in

rats receiving excess iodine were similar to the alterations in

serum thyroid hormone levels that we found in human

subjects(1). Unlike in human subjects, serum TSH levels in rats

were elevated only at very high dosages of excess iodine

intake, e.g. 10HI and 50HI groups. We speculate this may be a

species-specific effect.

Although elevations in serum TSH levels in animal receiving

excess iodine have been well documented, the underlying

mechanism for these alterations is not clear(22).

The thyroid gland predominantly produces the prohormone

T4 together with a small amount of the bioactive hormone T3.

Most T3 is produced by enzymatic outer ring deiodination

(ORD) of T4 in peripheral tissues. Alternatively, inner ring

deiodination (IRD) of T4 yields the metabolite rT3; however,

the thyroidal secretion of this metabolite is negligible. Differ-

ent pathways, in particular glucuronidation and sulfation,

metabolise the remainder of T4. T3 is further metabolised

largely by IRD and rT3 largely by ORD, which yields the
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Fig. 3. Pituitary thyroid stimulating hormone (TSH)b mRNA in Wistar rats administered normal iodine (NI, ) or excess iodine for 4, 8, 12 and 24 weeks. Values

are means, with their standard errors represented by vertical bars. Mean values were significantly different from those of control (NI): *P,0·05, **P,0·001.
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metabolite 3,30-T2 in both cases. Thus, ORD is regarded as

an activating pathway and IRD as an inactivating pathway.

Following three enzymes catalysing these deiodinations have

been identified: type 1 (D1), type 2 (D2) and type 3 (D3)

iodothyronine deiodinases. D1 has ORD and IRD activities,

which are expressed mainly in the liver, kidneys and thyroid.

D3 has only IRD activity, which mediates the degradation of

thyroid hormone (and it expresses in human subjects, but

not in rat anterior pituitary). D2 has only ORD activity, which

is localised in the pituitary, BAT, brain and placenta(12,13,19).

An earlier study reported that excessive intake of iodine

arrested the cell cycle and inhibited the proliferation of

FRTL-5 cells (Fisher rat thyroid line 5, a thyroid follicular cell

line derived from normal rat thyroid) leading to apoptosis(23).

In previous animal experiments, our group found that exces-

sive iodine intake (twenty times of iodine physiological dose

for 8 months) induced apoptosis of thyroid cells of rats

through reactive oxygen species production, which in turn

affected the cell cycle (W. Chen, unpublished results). These

findings suggest that the apoptotic effects of iodine on thyroid

follicular cells might cause hypothyroidism.

In anterior pituitary of rats, T4 is taken up by D2-expressing

cells (like folliculostellate cells) with the help of transporter

MCT8 and is converted by D2 into T3. T3 then binds to TR

especially TRb2 in rat thyrotroph nucleus to down-regulate

TSHb gene expression(20,24–26) or may be degraded locally

by D1. As mentioned earlier, more than 50 % of T3 is locally

produced in thyrotropic cells in rats(12–16). Moreover, in the

present study, serum T4 and T3 did not change significantly

in the long-term high iodine intake animals. At the same

time, the serum TSH level in rats increased in each high

iodine intake group as expected, and the increases paralleled

the increases in iodine intake (considering both time and

dosage). Taking all these factors into account, we conclude

that even if high iodine intake might affect apoptosis

of follicular cells in the thyroid, it might not be the major
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reason of iodine excess-induced subclinical hypothyroidism.

We suggest that high iodine intake might inhibit D2 ORD

activity, and/or affect D2, MCT8 and TRb2 protein levels in

the pituitary, which will induce elevation of serum TSH levels.

In this study, D2 activity was significantly suppressed by

high iodine intake in a dose- and time-dependent manner

(Fig. 4). Therefore, the local intracellular level of T3 through

conversion from T4 by D2 was reduced in the pituitary. As a

result, the negative feedback regulation of T3 on TSHb

mRNA was attenuated. This was further supported by TSHb

mRNA and protein quantification in pituitary tissues (Figs. 2

and 3).

To our knowledge, a few experimental studies have pro-

vided a link regarding interaction of iodine deficiency and

D2 enzyme. D2 activities are increased in the cerebral

cortex(27–29), cerebellum, BAT(27,30,31) and pituitary(30) of rats

due to varying levels of iodine deficiency. Numerous exper-

iments have confirmed decreases in D1 mRNA expression or

activity in tissues (e.g. thyroid and liver) of iodine excess-trea-

ted animals(32–35). Few experiments have focused on the

influence of excess iodine intake on activity and/or mRNA

expression of D2 in the pituitary, which plays a critical role

in the negative feedback of TSH(36,37). In our study, D2 activity

was remarkably decreased without significant changes in

D2 mRNA or protein levels. This is different from the

effect of high iodine intake on D1 mRNA in many types of

tissues. This discrepancy between D2 expression and activities

suggests an important contribution of post-translational

modulation by high iodine intake. The precise molecular

mechanism by which iodine acts on D2 activity needs to be
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fully elucidated in the future. The effects of excess iodine on

D2 activity and protein levels in other tissues (i.e. BAT and

brain) should be analysed in future experiments to clarify if

this effect is pituitary specific.

However, the interaction between D2 and TSH or TH is

complicated. In general, D2 activity is increased in hypothy-

roidism and decreased in hyperthyroidism(13,26), and D2

mRNA levels in the brain, pituitary and BAT are up-regulated

in hypothyroid rats and down-regulated in hyperthyroid

animals(38–40). In our study, D2 activity was remarkably

decreased and serum TSH levels were significantly elevated

in the same groups. It is likely that iodine has direct effects

on D2 activity and inhibition of D2 activity by iodine intake

results in elevated serum TSH.

In addition, MCT8 and TRb2 were investigated in this study.

MCT8 has recently been identified as an important thyroid

hormone transporter in the pituitary by providing cells

D2(19,20). Evidence indicates that negative regulation by thy-

roid hormone is mediated by nuclear TR acting on thyroid

hormone response elements. TRb2-selective knockout mice

exhibited elevated levels of TH and TSH, suggesting that

TRb2 plays a major role(17,18,41). However, neither protein

changed significantly by high iodine intake.

Effects of age on serum TSH levels have not been elucidated

at this time. Age was observed to be inversely associated with

serum TSH level in some studies(42,43), while other findings

suggested a shift to higher serum TSH level with increase

in age(44,45). Our previous epidemiological study found that

age was not associated with serum TSH levels in general.

However, the mean in the youngest age group (14- to 19-year

olds) was approximately 20–30 % higher than those in other

age decade groups(46). A few reports of increased TSH in

ageing rats have been presented(47,48). Animal experiments in

recent years have indicated that serum TSH levels in young

and old rats are not different(49). However, the present study

was unable to confirm either of the aforementioned findings.

The mechanisms regulating age effects on serum TSH levels

should be studied in the future.

In conclusion, prolonged high iodine intake inhibits pitu-

itary D2 activity without affecting D2 mRNA or protein

expression, which will finally induce elevation of pituitary

TSH synthesis and serum TSH levels in a dose- and time-

dependent manner. It is indicated that high iodine intake inhi-

bits D2 activity through a post-translational mechanism. These

findings may provide a potential cause and mechanism of

iodine excess-induced overt and subclinical hypothyroidism.
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