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Abstract
Although it is well known that an excess of iodide suppresses thyroid function and blood flow in
vivo, the underlying molecular mechanisms are not fully known. The functional effect of iodide
occurs at multiple steps, which include inhibition of sodium/iodide symporter (NIS) expression,
transient block of organification, and inhibition of hormonal release. The vascular effect likely
involves suppression of the vascular endothelial growth factor (VEGF) gene. In this report, we show
that excess iodide coordinately suppresses the expression of the NIS and VEGF genes in FRTL-5
thyroid cells. We also demonstrate that the mechanism of iodide suppression of NIS gene expression
is transcriptional, which is synergized by the addition of thyroglobulin. Based on the findings of
reporter gene assays and electrophoretic gel mobility shift analysis, we also report two novel DNA
binding proteins that responded specifically to iodide and modulated NIS promoter activity. The
results suggest that excess iodide affects thyroid vascular function in addition to iodide uptake. This
study provides additional insights into the mechanism of action of excess iodide on thyroid function.
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Introduction
Iodide (I−), the negatively charged (anionic) form of the iodine atom, is essential for the
synthesis of thyroid hormones [1]. It is transported from the bloodstream into thyroid follicular
cells by the sodium/iodide symporter (NIS) [2] and is eventually incorporated into
thyroglobulin (Tg). Iodide transport is induced by thyrotropin (TSH) [3,4] and suppressed by
numerous factors, including an excess of iodide and follicular Tg [5]. An excess of iodide leads
to various functional outcomes, ranging from hyperthyroidism to hypothyroidism, depending
on the status of the thyroid gland.

In healthy individuals, excess iodide should theoretically lead to an increased production of
thyroid hormones; however, the production of thyroid hormones is blocked by two key
mechanisms. Primarily, an excess of iodide blocks the release of thyroid hormones, leading to
a rapid decline in their circulating levels [6]. In addition, an excess of iodide also inhibits
organification and thus the synthesis of thyroid hormones, a process known as the Wolff-
Chaikoff effect [7]. This transient inhibition is caused by a high intracellular concentration of
iodide, but when this intracellular concentration becomes too low to maintain the inhibitory
effect, thyroid hormone synthesis resumes, a process known as escape from the Wolff-Chaikoff
effect [8].

Excess iodide has also been shown to decrease vascularity of the thyroid gland [9,10,11,12],
so much so that most endocrine surgeons administer Lugol’s solution [a mixture of molecular
iodine (I2) and potassium iodide (KI) in distilled water] to prepare patients with Graves’ disease
for thyroidectomy [10,11]. Vascular endothelial growth factor (VEGF) is produced by thyroid
cells upon stimulation with TSH or antibodies that stimulate the TSH receptor [13,14,15].
However, the overall mechanism by which excess iodide modulates thyroid blood flow remains
unexplained.

In this study, we show that an excess of iodide coordinately suppresses NIS and VEGF gene
expression in a dose- and time-dependent manner in vitro, and that the suppression of NIS gene
expression appears to be caused by the decreased binding of transcriptional factors to the NIS
promoter region.

Materials and Methods
Culture and treatment of FRTL-5 thyroid cells

Rat FRTL-5 thyroid cells (ATCC CRL8305) were provided by Interthyr Corporation (Athens,
OH, USA) and maintained as previously reported [5,16]. To the culture medium was directly
added sodium iodide or sodium chloride at a concentration range of 0.01–10 mM and highly
purified bovine Tg at 10 mg/ml as previously described [5,17].

Iodide uptake
Iodide uptake was measured in FRTL-5 thyroid cells as described previously [17]. Briefly,
cells grown in 24-well plates were washed with Hanks’ Balanced Salt Solution (HBSS)
containing HEPES buffer. Then, 500 µl of HBSS containing 0.1 µCi carrier-free 125I
(theoretical specific activity 17.4 Ci/mg; NEN Life Science Products, Boston, MA, USA) was
added to each well and incubated at 37 °C for 40 min. Cells were washed with Dulbecco’s
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phosphate buffered saline and lysed with ice-cold ethanol by placing them at −20 °C for 20
min before measurement of specific radioactivity.

RNA isolation and Northern blot analysis
Total RNA was purified and Northern blot analysis was performed as previously described
[5,16]. The VEGF probe was prepared by RT-PCR using the following primers: 5’-
ACAGAAGGGGAGCAGAAA-3’ and 5’-GAGGTCTAGTTCCCGAAA-3’. First strand
complementary DNA (cDNA) was synthesized using an Advantage RT-for-PCR kit (Clontech,
Palo Alto, CA, USA). cDNA amplification was performed using the touchdown PCR
procedure [5,16] with Pfu DNA polymerase (Stratagene, La Jolla, CA, USA). Probes for β-
actin and NIS were as previously described [17].

Transfection and analysis of NIS promoter activity
FRTL-5 cells grown in 6-well plates were transfected with 1 µg of plasmid DNA containing
the reporter gene constructs using Lipofectamine Plus (Invitrogen, Carlsbad, CA, USA) as
described [5,16,18]. After transfection, the cells were incubated for 4 h at 37 °C in a 5%
CO2 incubator before the addition of 4 ml of complete medium with serum. Fresh medium was
added after 24 h, with or without iodide, and reporter activity was measured 36 h later. The
activity of the secreted form of human alkaline phosphatase (SEAP) was measured using the
Great EscAPe™ SEAP Reporter System Chemiluminescence Detection kit (Clontech) as
reported [18].

Preparation of nuclear proteins and electrophoretic gel mobility shift analysis (EMSA)
Preparation of nuclear proteins and EMSA were performed as previously described [5,16].
EMSA was carried out using 3 µg of nuclear extract. A radiolabeled double-stranded DNA
probe (50,000 cpm) was added and the samples were incubated for 20 min at 4 °C. Mixtures
were analyzed on 5% or 2.5% native polyacrylamide gels.

Western blot analysis
Samples were prepared and Western blot analysis was performed as previously described
[16,17]. Anti-NIS antibody was kindly provided by Dr. N. Carrasco (Albert Einstein College
of Medicine, Bronx, NY, USA); donkey anti-rabbit IgG was obtained from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA, USA) as was the molecular weight marker kit. An ECL
system (Amersham Pharmacia Biotech, Arlington Heights, IL, USA) was used for detection.
Densitometric analysis of intensity was performed using ImageJ: NIH image processing
software (Bethesda, MD, USA).

Statistical analysis
Differences among groups were assessed using the non-parametric Wilcoxon signed-rank test.

Results
Excess iodide suppresses NIS expression in a dose-dependent manner

We first investigated the changes in NIS gene expression in rat FRTL-5 thyroid cells. Northern
blot analysis showed that iodide suppressed the transcription of the NIS gene in a concentration-
dependent manner, while chloride had no effect (Fig. 1A). The decrease in NIS mRNA level
was associated with a decrease in NIS protein level, as assessed by Western blot analysis (Fig.
1B). NIS protein reportedly shows a smear on Western blotting due to its glycosylation [17,
19]. The level of NIS protein decreased to 65% of the baseline level at 6 h and to 25% at 48 h
following iodide addition (densitometric analysis by ImageJ; Fig. 1B). The NIS mRNA level
started decreasing 3 h after the addition of iodide and reached its lowest level at 24 h (Fig. 4A).
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In these conditions, iodide suppressed the uptake of radioactive iodine by FRTL-5 cells in a
dose-dependent manner, while chloride had no effect at equivalent concentrations
(Supplementary Fig. 1), indicating that this suppression is iodide-specific.

Excess iodide suppresses NIS promoter activity
Next, we studied the NIS promoter activity to identify the regions influenced by iodide. The
basal activity of the NIS promoter was highest when using the −420 reporter gene construct
rather than when using the longer (−663, −1052, and −1,880) or shorter (−137) constructs (Fig.
2). Addition of TSH to the culture medium increased NIS promoter activity for constructs
containing −1,880 to −420 bp from the transcription start site, but not for the −375 and −137
bp constructs. Addition of iodide to the TSH-containing medium annulled the effect of TSH
on the NIS promoter (Fig. 2). This effect was observed for all of the constructs from −1,880
to −375 bp. Notably, iodide still suppressed NIS promoter activity in the −375 bp construct,
whose activity was not increased by TSH (Fig. 2). The activity of the pSEAP-control, which
contained both the promoter and the enhancer, was unchanged (data not shown). Overall, these
data indicate that iodide dominates the TSH-induced increase in NIS promoter activity, acting
independently of the action of TSH/cAMP.

To identify the factors that suppress NIS promoter activity upon iodide stimulation, we
performed EMSA. We used a 30-bp oligonucleotide probe from −466 to −436 bp of the NIS
5’ flanking region, and identified a DNA binding complex that was induced by TSH and was
specifically suppressed by iodide (Fig. 3A, solid arrow). Using another oligonucleotide probe
from −375 to −218 bp of the NIS 5’ promoter sequence, we identified a second DNA binding
protein that was decreased by iodide in the absence of TSH (Fig. 3B, open arrow). Although
the protein components of these two complexes are unknown at present, these results indicate
the existence of factors that respond specifically to iodide and modulate NIS promoter activity.

Iodide and Tg synergistically suppress the expression of the NIS and VEGF genes
VEGF is produced by thyroid cells upon stimulation with TSH or anti-TSHR stimulatory
autoantibodies [13,14,15]. We compared the kinetics of gene expression of NIS and VEGF
following iodide stimulation in FRTL-5 thyroid cells. Excess iodide decreased the RNA level
of both NIS and VEGF (Fig. 4A and 4B). Their expression level started to decrease 6 h after
iodide stimulation, reached a nadir 24 h poststimulation, and remained low thereafter (Fig. 4B).
Removal of iodide from the culture medium restored the gene expression of NIS and VEGF,
which was apparent 6 h after the cells were washed (Fig. 4C), consistent with the transient
nature of iodide suppression [8].

Considering the findings that follicular Tg regulates the gene expression of NIS and VEGF in
FRTL-5 thyroid cells [17], as well as other thyroidal genes [5], we next assessed whether Tg
synergizes the action of iodide in mediating the suppression of the NIS and VEGF genes.
Suppression of NIS and VEGF RNA levels was significantly stronger when both Tg and iodide
were added to the culture medium (Fig. 4D), highlighting the contribution of both molecules
to thyroidal autoregulation.

Discussion
An excess of iodide has a profound influence on the thyroid gland [7,8,9,10,20]. In vitro studies
using rat FRTL-5 thyroid cells have long shown that an excess of iodide suppresses the uptake
of radioactive iodide [21]. Here, we showed that an excess of iodide decreases NIS gene
expression at the transcriptional level. We further demonstrated that suppression of NIS
promoter activity is associated with an iodide-specific decrease in the binding of transcription
factors to DNA. In particular, we identified a TSH-inducible DNA binding protein using an
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oligonucleotide probe (−466 to −436 bp) from the NIS 5’-flanking region, which might
correspond to the SP1 element reported by Xu et al. [22]. Considering our previous report that
iodide decreases the expression of the p50/p65 NFκB heterodimer and class I major
histocompatibility complex [23], it appears reasonable to postulate that an excess of iodide
suppresses NIS gene expression by activating transcription factors that modulate gene
expression.

NIS regulation is complex, occurring at the transcriptional, translational, and post-translational
levels [24], and thus there is often a discrepancy between NIS mRNA and protein levels [17,
25]. We also showed that the suppression of NIS mRNA required relatively higher iodide
concentrations than the suppression of iodide transport, in keeping with a previous study
[26]. The investigators of this previous study showed that NIS mRNA level in FRTL-5 cells
was not decreased by 1 mM iodide, despite the fact that the same concentration decreased both
NIS protein level and iodide uptake. A possible interpretation of these findings is that an
elevated serum concentration of iodide suppresses iodide uptake at the post-translational level,
and that NIS is suppressed only at the transcriptional level once the thyroidal concentration of
iodide reaches a very high level. It should be noted that iodide transport is still observed even
when the concentration of cytoplasmic iodide is 2 mM [27]. This suggests that thyroid cells
may be capable of accumulating a high concentration of iodide, and the intracellular
concentration of iodide may reach the mM level. In keeping with this outlook, it is possible
for such a condition to exist during long-term treatment with iodide for iodine therapy.

Another interesting finding of the present study was the inhibition of VEGF transcription by
iodide. The thyroid gland is a highly vascularized tissue in which a fine capillary network
surrounds each follicle [28]. The function of the thyroid gland is linked to the control of the
vascular network and, as noted earlier, iodide is used to suppress thyroid function as well as
blood flow in patients [9,10,11,12]. A high concentration of iodide decreases the blood flow
in the thyroid gland as well as vascular permeability by its paracrine action [13,14,15]. We
have shown in this study that excess iodide suppresses VEGF gene expression, as has recently
been reported in human follicular cells [29], suggesting a role of VEGF in the reduction of
blood flow. In addition, we also report here that iodide simultaneously suppresses NIS and
VEGF transcription, suggesting an effect on both thyrocytes and endothelial cells. This
coordinate regulation of gene expression might be mediated by changes in common
transcription factors that respond to iodide and modulate both NIS and VEGF transcription.
Further studies focused on the analysis of VEGF promoter activity in response to iodide are
necessary to prove this hypothesis.

We previously reported that physiological concentrations of follicular Tg strongly suppress
NIS expression and iodide uptake [17]. Specifically, Tg suppresses critical transcription factors
in thyroid physiology, thus inhibiting essential genes for thyroid hormonogenesis, such as Tg,
thyroperoxidase, the TSH receptor, and NIS [5,17]. In this study, we showed that Tg and iodide
exert an additive effect on the suppression of NIS and VEGF mRNA expression, suggesting
the existence of different transcription factors responsive to Tg and iodide.

In summary, these results refine our understanding of the mechanisms underlying iodide
homeostasis in the thyroid gland [30], a process highly regulated by iodide at the transcriptional
level, and can be used to improve the treatment of thyroid cancer using radioactive iodine
[31]. The present results also support the hypothesis that both Tg and iodide coordinately
regulate follicular function by regulating gene expression in the thyroid gland [5,17,32].

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Iodide suppression of NIS expression at the mRNA and protein levels in FRTL-5 thyroid cells.
FRTL-5 cells were treated with either sodium chloride (NaCl) or sodium iodide (NaI) for 48
h. The final concentrations added to the cells were 0, 0.1, 1, 2.5, 5, 7.5, and 10 mM. NIS and
β-actin were detected by Northern hybridization. (B) FRTL-5 cells were treated with 10 mM
NaI for 6 or 48 h. NIS protein level was measured by Western blotting. Actin was used as a
control.
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Fig. 2.
Iodide suppression of NIS promoter activity in FRTL-5 thyroid cells. Iodide suppressed the
NIS promoter activity induced by thyrotropin (TSH). Results are expressed as mean ± SD from
three different experiments performed in triplicate. Significant decreases are noted: * p < 0.05;
** p < 0.01; *** p < 0.001.
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Fig. 3.
Iodide suppression of DNA binding of nuclear protein to the NIS promoter in FRTL-5 thyroid
cells. (A) The effect of iodide on DNA binding activity in the NIS 5’-flanking region was
assessed by electrophoretic gel mobility shift analysis (EMSA). In (A), a solid arrow identifies
a complex increased by thyrotropin (TSH), but decreased by sodium iodide (NaI). In (B), an
open arrow identifies a complex decreased by NaI in the absence of TSH.
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Fig. 4.
Iodide and thyroglobulin (Tg) suppression of the expression of NIS and VEGF. Iodide
suppressed the expression of NIS and VEGF at the mRNA level. A representative image of a
Northern blot is shown in (A). The results of densitometric measurements are expressed relative
to control in (B). (C) NIS and VEGF mRNA expression was restored by the removal of iodide
from the medium. (D) Iodide and Tg synergistically suppressed the expression of NIS and
VEGF. The results of densitometric measurements of different experiments are expressed as
mean ± SD relative to control. Significant decreases are noted: ** p < 0.01.
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