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ABSTRACT
Follicular thyroglobulin (TG) reflects the storage of both iodine and thyroid hormone. This is because it is a macromolecular precursor of

thyroid hormone and organic iodinated compound in follicular lumen. Thus, it may have an important feedback role in thyroid function. In

this study, monolayer cells were cultured and follicles were reconstituted with primary pig thyroid cells in vitro. Reconstituted follicles were

treated with iodine and methimazole (MMI), a drug that blocks iodine organification and reduces the degree of TG iodination in follicular

lumen. The high degree of iodinated TG in follicular lumen was observed to inhibit thyroid-restricted gene expression. To confirm this finding,

monolayer thyroid cells were treated with a different degree of TG iodination at the same concentration. These iodinated TG were extracted

from reconstituted follicles of different groups. In this manner, this study provides firsthand evidence suggesting that follicular TG inhibits the

expressions of thyroid-restricted genes NIS, TPO, TG, and TSHr. J. Cell. Biochem. 112: 971–977, 2011. � 2011 Wiley-Liss, Inc.
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T hyroglobulin (TG) was synthesized in thyrocytes, secreted

outside the cells, and stored in thyroid follicles lumen, a

spheroidal closed space composed of anywhere from several to

dozens of thyroid cells. Iodinated TG is the macromolecular

precursor of thyroid hormone and organic iodinated compound

stored in follicle lumen. Thus, it reflected the storage of both thyroid

hormone and iodine. Thus, it may play an important feedback role

in thyroid function.

A number of studies have revealed that exogenous TGmay inhibit

thyroid-restricted gene expression, thereby suppressing thyroid

function in monolayer thyroid cell in vitro (Suzuki et al., 1999a,b,c;

Suzuki and Kohn, 2006; Noguchi et al., 2010). However, no further

information has explained the degree of TG iodination used in

studies. Moreover, data originating from monolayer cells failed to

reflect the effects of follicular TG objectively. Because monolayer

cells were incapable of forming follicular lumen structure, it

synthesized and secreted iodinated TG directly into the culture

medium instead of storing it in follicular lumen (Ambesi-

Impiombato et al., 1980; Takasu et al., 1992). These iodinated TG

were diluted in culture medium. They rarely affect thyroid function.

Thyroid follicle was a basic morphology functional unit of

thyroid gland. A large number of high concentration iodinated

TG that accumulated in follicular lumen have a significant impact

on thyroid function. Analysis on the level of thyroid follicle provides

a better understanding of physiological modulation of thyroid

function as well as an opportunity to observe the regulation of

iodinated TG stored in follicle lumen.

A recent study revealed that methimazole (MMI), an inhibitor

of thyroid peroxidase (TPO) activity, could inhibit iodine organi-

fication and abolish the Wolff–Chaikoff effect; the latter is a

phenomenon wherein high doses of iodine block iodine organifica-

tion and uptake (Ferreira et al., 2005). This strongly indicated

that the Wolff–Chaikoff effect may be mediated by follicular

iodinated compounds, majority of which are iodinated TG. However,
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details on iodinated TG stored in follicular lumen on regulation of

thyroid function remain poorly defined.

In this study, reconstituted thyroid follicles and monolayer cells

of primary pig thyrocytes are used in vitro as research models.

Furthermore, the effect of degree of follicular iodinated TG on

thyroid-restricted gene expressions were investigated. The study

attempts to explain the feedback regulation mechanism of iodinated

TG stored in follicular lumen on the regulation of thyroid function.

MATERIALS AND METHODS

CULTURED THYROCYTE MONOLAYERS AND RECONSTITUTED

FOLLICLES

After receiving approval from the institutional research ethics

board, a healthy adult pig thyroid was obtained from a local

slaughterhouse. Thyroid was extractedwithin 2 h after the pig expired.

It was washed several times with sterilized phosphate buffer solution

(PBS) and cut into pieces at a volume of 1mm3 under aseptic

conditions. Thyroid fragments were digested with 0.125% trypsin

(Sigma) for 30min at room temperature and dispersed into cell

suspension. After being filtered in 200mesh filter, the suspension was

centrifuged at 1,000 rpm for 5min. Cells were cultured in DMEM

medium (Hyclone) containing 1mIU/ml TSH (Merck), 0.05mmol/L

NaI, 10% bovine serum (Hyclone), 200 IU/ml penicillin, and 200 IU/ml

streptomycin. These were maintained at 378C with 5% CO2.

For reconstituted follicles, 2ml cell suspension was seeded at a

density of 2� 106 cells/ml on a culture dish. Reconstituted follicle

formed after 3 days. For the monolayer, 2ml cell suspension were

seeded at an initiated density of 0.2� 106/ml and cultured in the

same medium, but without TSH on the first day. Cells did not form

reconstituted follicles and merely displayed monolayer cells.

RECONSTITUTED FOLLICLE TREATED WITH IODINE AND MMI

When reconstituted follicles were formed on the third day, they were

treated with drugs by being directly added to serum-containing

culture medium. Group HI was treated with final concentration of

10mmol/L sodium iodine (Sigma) containing 10 uci 125I (China

National Nuclear Corporation); HIþMMI was treated with final

concentration of 10mmol/L sodium iodine (Sigma) containing

10 uci 125I and final concentration of 2mmol/L MMI (Sigma).

Reconstituted follicles were not treated with any drug, thus serving

as control group. All groups were cultured continuously for 72 h.

EXTRACTION OF IODINATED TG IN LUMEN FROM RECONSTITUTED

FOLLICLES

After removing the culture medium, both HI and HIþMMI groups

were washed twice with ice-cold PBS. This was performed to extract

iodinated TG in follicular lumen from reconstituted follicles. For

incubation, 0.5ml PBS with 0.02% ethylene diamine tetraacetic acid

(EDTA) was added for 5min. PBS with 0.02% EDTA can chelate Ca2þ

and loosen connection between cells, which eases the structure

dispersion of reconstituted follicles. After this solution was

discarded, cells again were washed twice with ice-cold PBS to

ensure the absence of exogenous substances in reconstituted

follicles. After reconstituted follicles were dispersed with 0.1ml

deionized water, follicular TG entered the suspension from follicular

lumen. The suspension was centrifuged at 1,200 rpm for 5min at 48C
to remove cells and exclude the effect of intracellular TG.

TG synthesized by reconstituted follicles was enclosed in airtight

follicular lumen instead of being directly secreted into the culture

medium. Therefore, after the culture medium was decanted,

reconstituted follicles were washed with PBS and resuspended with

deionized water, the enclosed structure of follicles was destroyed

and TG was released in deionized water. After the above series of

manipulations were applied, pure TG solution without any

contaminants was finally obtained, such as cell culture medium,

cell secretion, and administrated drugs. We then detected

concentration and iodination degree of these TG solution and used

them to treat monolayer cells.

MEASUREMENT OF THE CONCENTRATION AND IODINATION

DEGREE OF TG EXTRACTED FROM RECONSTITUTED FOLLICLES

To measure the degree of iodinated TG and detect TG concentration

in the extraction, enzyme-linked immunosorbent assay (ELISA) was

performed following the manufacturer’s instructions (TG test kit,

R&D company). TG concentration in the extraction was determined,

and the quantity attracted to the ELISA tube by coated TG antibody

was identified. RIA g counter was used to determine g counting in

iodinated TG labeled with 125I in the ELISA tube. TG iodination

degree was defined as g counting (cpm)/TG (mg).

MONOLAYER CELLS TREATED WITH IODINATED TG EXTRACTED

FROM RECONSTITUTED FOLLICLES

Iodinated TG was prepared by extraction from different groups of

reconstituted follicles (for details on extraction and measurement

method, see Measurement of the Concentration and Iodination

Degree of TG Extracted From Reconstituted Follicles Section and

Monolayer Cells Treated With Iodinated TG Extracted From

Reconstituted Follicles Section). The degree of iodination of TG

from HI groups was considerably higher compared with that from

HIþMMI groups. These high and low degree of iodination of TG

solution were then used to treat monolayer cells respectively, for

3 days at a final concentration of 500mg/ml.

LASER CONFOCAL MICROSCOPY AND PHASE-CONTRAST

MICROSCOPY OBSERVATION

Thyrocytes were attached to cover slips coated with 1% rat tail

collagen. On the third day after seeding, cells were observed under

phase-contrast microscopy to observe follicular structure. For laser

confocal microscopy, cells were fixed with 4% paraformaldehyde

for 15min and permeabilized using 0.25% Triton X-100 for 15min.

Subsequently, they were incubated with primary monoclonal

antibody of GAPDH generated in rabbits (Beijing Biosynthesis

Biotechnology Co., Ltd.) in a humidified chamber for 2 h at 378C.
Immune complexes were detected with fluorescein isothiocyanate

(FRITC)-labeled anti-rabbit monoclonal antibody.

WESTERN BLOTTING ANALYSIS

Cell lysates were centrifuged at 12,000g for 30min. Protein

concentration was determined by BCA assay (Sigma). Cell lysates

were separated electrophoretically in 12% polyacrylamide gels and

transferred onto PVDF membranes (Beijing Biosynthesis Biotech-
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nology Co., Ltd.). Membranes were blocked for 1.5 h at room

temperature in 5% nonfat milk and incubated overnight at 48C with

thyrotropin receptor (TSHr) antibodies (Beijing Biosynthesis

Biotechnology Co., Ltd.). After being washed thrice in Tris-buffered

saline Tween-20 (TBST) for 30min, the membranes were incubated

with horseradish peroxidase-conjugated secondary antibodies for

45min. Afterward, they again were washed thrice in TBST.

Immunoreactive bands were revealed using an enhanced

chemiluminescence detection system. Meanwhile, 2% BSA was

used in the negative group instead of the primary antibodies.

GAPDH (Beijing Biosynthesis Biotechnology Co., Ltd.) and internal

control were detected. The X-ray film was scanned, and band

density was calculated using ImageJ software (Sheffield, 2007).

PREPARATION OF TOTAL RNA AND FLUORESCENT QUANTITATIVE

REAL-TIME RT-PCR

Total RNA was isolated from cells using RNAiso Plus Kit (TaKaRa).

RNA precipitate was dissolved in 10–15ml of RNAse-free water and

analyzed for quantity and quality using a spectrophotometer. Total

RNA integrity was determined through 1% formaldehyde agarose

gel electrophoresis. A two-step reverse transcription-PCR procedure

was performed using the PrimeScriptTM RT Reagent Kit (TaKaRa)

following the manufacturer’s instructions. cDNA was then used in

real-time PCR. For PCR amplification, 2ml cDNA was used in a 20ml

reaction mixture. PCR primers were used as follows (Table I).

Hot-start real-time PCR was initiated at 958C for 30 s. Mixtures

were subjected to 40 cycles of a two-step PCR, comprising 5 s

TABLE I. Sequence of the Primer and Amplified products

gene
Sequence of the
primer (50 ! 30)

Amplified
products (bp)

TSHr Forward: CTTTTACGCCCTCTCAGCAC 188
Reverse: GAGCCTGGCGTTTACAGAAG

NIS Forward: AGTGATGCTGACGGTTTCTGGGTT 105
Reverse: AGGTTGATCCGGAGTGGTTCTT

TPO Forward: TTCGCCTGCATCATCGGAAAG 131
Reverse: CAGATGACGCGGGACATAGAGTG

TG Forward: TCGCTTCCTCCTTCACTGAGACCA 120
Reverse: CAAACCGCTCCACTTCGCACTTC

GAPDH Forward: GAAGGTCGGAGTGAACGGAT 200
Reverse: CATGGGTAGAATCATACTGGAACA

Fig. 1. Morphological observation of reconstituted thyroid follicles are shown. Reconstituted thyroid follicles are presented in hemisphere and spherical shape (A,B,D). The

follicular lumen of spherical shaped reconstituted follicles are displayed (E); monolayer cells are shown (C). A, B, C, and D are obtained by phase contrast microscope with

amplification times of 10� 10 or 10� 20, and E is obtained by laser confocal microscope with amplification times of 10� 20 (bar, 50mm). Arrow indicates thyroid follicles.
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denaturation at 958C and 30 s annealing/elongation phase at 608C.
GAPDH was amplified as internal control. Data were analyzed using

the relative expression software.

STATISTICAL ANALYSIS

Statistical differences were determined using Student’s t-tests. A P-

value of <0.05 was considered significant.

RESULTS

MORPHOLOGY OBSERVER OF RECONSTITUTED FOLLICLES AND

MONOLAYER CELLS

Two patterns of reconstituted follicles were observed under phase-

contrast microscope. One was hemispherical in shape, composed of

scores of cells (Fig. 1A and B), while the other was spherical (Fig. 1D),

whose follicular lumen was clearly displayed when observed

under laser confocal scanning microscopy (Fig. 1E). Meanwhile, the

monolayer growth cells did not exhibit any of these morphological

characteristics (Fig. 1C).

DIFFERENT DEGREES OF TG IODINATION IN VARIOUS TREATED

RECONSTITUTED FOLLICLES

Although iodine concentration in HIþMMI group was the same as

that in group HI, its MMI inhibited TPO activity, resulting in the

suppression of organification reaction. Therefore, degree of TG

iodination in HIþMMI group was significantly lower compared

with that in group HI (Fig. 2A).

EXPRESSION OF THYROID-RESTRICTED GENES IN RECONSTITUTED

FOLLICLES

Biosynthesis of thyroid hormone depends on the presence of sodium

iodine symporter (NIS), TPO, and TG. In this research, fluorescence

quantitative real-time PCR revealed that mRNA levels of NIS, TPO, and

TGwere all significantly lower in group HI compared with that in group

HIþMMI. This suggests that expression of these genes was inhibited by

high degree of TG iodination in follicular lumen (Fig. 2B–D).

EFFECTS OF IODINATED TG ON THYROID-RESTRICTED GENES IN

MONOLAYER CELLS

Expressions of NIS, TPO, TG, and TSHr decreased when monolayer

cells were treated with follicular iodinated TG from HI group, in

Fig. 2. Degree of TG iodination and expression of thyroid-restricted genes in all reconstituted follicles groups. Degree of TG iodination in HI group is significantly increased

compared with that in HIþMMI group, as illustrated in (A). mRNA changes in NIS, TPO, and TG in all groups are determined by real-time quantitative PCR, and all these mRNA

are significantly decreased in group HI compared with that in the other groups, as illustrated in B–D. (All mRNA are normalized to GAPDH, degree of TG iodination is expressed in

gCPM/mg, and data are mean� SD of three different experiments in triplicate. �P< 0�05 compared with HIþMMI and control groups.)
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which the degree of TG iodination was higher compared with that in

HIþMMI group. In this manner, it was further confirmed that the

high degree of TG iodination in follicular lumen was responsible for

inhibiting the expression of NIS, TPO, TG, and TSHr (Fig. 4).

EFFECT OF IODINATED TG ON TSHR BOTH AT MRNA AND PROTEIN

LEVELS IN RECONSTITUTED FOLLICLES

Fluorescence quantitative real-time PCR and Western blot assays

revealed that TSHr expression was significantly decreased in HI

groups that underwent a high degree of iodinated TG in its follicular

lumens. Therefore, high iodinated TG in follicles was relative to the

down-regulation of TSHr (Fig. 3A,B). Time-dependent TSHr protein

in HIþMMI group exhibited a gradual increase to the maximum at

3 days (Fig. 3C).

DISCUSSION

Thyroid follicle, the most basic unit of structure and function of

thyroid gland is a spheroidal structure formed by polarized cells

surrounding a closed lumen where iodinated TG accumulates.

Primary pig thyrocytes can reconstitute into follicle-like structures

in vitro, possessing most parameters characteristic of thyroid

function. In research, they have been widely employed in regulating

thyroid function (Mauchamp et al., 1998; Langer et al., 2003;

Morand et al., 2003; Bernier-Valentin et al., 2006; Li et al., 2010).

Taking advantage of these properties, a new mechanism of thyroid

function regulated by follicular iodinated TG is provided, which was

the main component of organic iodine. PBS with 0.02% EDTA was

used in lieu of trypsin to disperse the follicle structure and prevent

TG degradation when extracted from the lumen of reconstituted

follicles. TG concentration was measured using ELISA, and iodine

incorporation in TG was determined through detection of the I125 g

quantity on the wall of ELISA tube. Here, TG was attracted by coated

TG antibody, allowing calculation of TG iodination degree. In this

manner, TG could be extracted effectively, and its concentration and

degree of TG iodination in follicular lumen could be determined for

subsequent research.

After treating reconstituted thyroid follicles with a high dose of

iodine (HI) for 3 days, expressions of NIS, TG, and TPO mRNA were

observed to decrease significantly compared with the group treated

with high doses of iodine and MMI (HIþMMI), an inhibitor of TPO

activity; the latter could inhibit iodine organification. Thus, this

study suggests that iodinated TG in follicular lumen inhibited the

expression of these genes. This finding supports the idea that

iodinated TG but not TG was responsible for regulating thyroid

function, as previously suggested (Grollman et al., 1986).

To confirm this result, monolayer thyroid cells were treated with

iodinated TG at the same concentration, but at a different iodinated

degree. These iodinated TG were extracted from both HI and

HIþMMI groups. Because themonolayer thyroid cells failed to form

follicular lumen, the synthesized iodinated TG were secreted into the

culture medium directly instead of being stored in follicular lumen.

Interference of this part of iodinated TG could be eliminated for

extremely low concentration due to dilution by culture medium.

Expressions of NIS, TPO, TG, and TSHr were observed to be lower in

Fig. 3. Expression of both TSHr mRNA (A) and protein (B) levels in all groups and time-dependent TSHr protein expression in HIþMMI group (C) are shown. Both mRNA and

protein of TSHr are significantly decreased in HI group compared with that in HIþMMI group (data are the mean� SD of three different experiments in triplicate. �P< 0�05
compared with group (HIþMMI) treated with 10mmol/L NaI and 2mmol/L MMI).
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the group treated with high degree of TG iodination compared with

that treated with low degree of TG iodination. This finding provides

evidence that iodinated TG in follicular lumen inhibited thyroid-

restricted gene expression. Results were supported by data from

previous studies on monolayer thyroid cell in vitro. These studies

demonstrated that highly iodinated 27S TG was more effctive than

low iodinated 19S and 12S TG on inhibition thyroid transcription

factor-1 (TTF-1), which promoted the expressions of thyroid-

restricted gene (Suzuki et al., 1999a,b,c; Suzuki and Kohn, 2006;

Noguchi et al., 2010).

To determine how iodinated TG regulated thyroid function

changes in TSHr at mRNA and protein levels were investigated when

they were subjected to different degrees of TG iodination. TSHr

expressions were observed to decrease noticeably when follicular

lumen TG was highly iodinated. However, they significantly

increased when follicular TG was low iodinated by blocking iodine

organification with MMI. Therefore, it is concluded that iodinated

TG, the main component of organic iodine in follicular lumen, was

the main reason behind the suppression of TSHr expression.

TSHr located at the basement membrane of thyroid cells was a

key protein for controlling thyroid function. Pituitary TSH

positively regulated thyroid function by TSH/TSHr via cAMP, both

PKA-dependent and -independent pathways (Levy et al., 1997; Saito

et al., 1997; Kogai et al., 2000). In the group with high degree of

TG iodination, TSHr expression decreased and resulted in low

sensitivity of follicle to TSH. Thus, expressions of NIS, TPO, and TG

were decreased under TSH stimulation.

Taken collectively, data in this study provided first-time evidence

that iodinated TG but not TG in follicular lumen regulated thyroid

function by inhibiting TSHr expression, which was responsible

for the down-regulation of sensitivity of follicles to TSH. Finally, it

decreased the expressions of NIS, TPO, and TG.

Likewise, findings partly clarified the mechanism of follicle

heterogeneity, a phenomenon wherein all thyroid follicles in vivo

are under identical conditions with the same plasma iodine and TSH

concentration, despite differences in their volume and function

(Ulianich et al., 1999; Suzuki et al., 1999a,b,c; Faggiano et al., 2004).

The different degrees of TG iodination may lead to different follicle

Fig. 4. Effects of iodinated TG on the expressions of thyroid-restricted genes in monolayer cells are shown. The mRNA of NIS, TPO, TG, and TSHr are all decreased when

monolayer cells are treated with higher degree of iodinated TG. Results are respectively shown in A–D. (All mRNA were normalized to GAPDH. Data are the mean� SD of three

different experiments in triplicate. �P< 0.05 compared with low iodinated TG group.)
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sensitivity to TSH. This feedback regulation of iodinated TG on

thyroid follicular function may be attributed to the heterogeneity of

thyroid follicles in vivo.

Follicular iodinated TG is a glycoprotein with high molecular

mass. It is incapable of passing through thyroid cells freely. Detailed

mechanism of iodinated TG regulating the expression of thyroid-

restrict genes remains unknown. It was reported that TG is capable of

binding to the sialic acid receptor, which localizes at the follicular

membrane (Lemansky and Herzog, 1992; Giraud et al., 1997;

Ulianich et al., 1999). Whether the sialic acid receptor mediated the

regulation of iodinated TG requires further research.

Recently, incidence of thyroid dysfunction and autoimmune

thyroid disease caused by excessive iodine has increased drama-

tically (Laurberg et al., 2001; Teng et al., 2006). Findings on the

regulation of iodinated TG may shed light on the pathogenesis of

these thyroid diseases.
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