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Background: Propylthiouracil (PTU) and methimazole (MMI) are drugs that are widely used to treat Graves’
disease. Although both exert an antithyroid effect primarily by blocking thyroid peroxidase activity, their
molecular structure and other actions are different. We hypothesized that PTU and MMI may have differential
effects on thyroid-specific gene expression and function.
Methods: The effects of PTU and MMI on thyroid-specific gene expression and function were examined in
rat thyroid FRTL-5 cells using DNA microarray, reverse transcriptase (RT)–polymerase chain reaction (PCR),
real-time PCR, Western blot, immunohistochemistry, and radioiodine uptake studies.
Results: DNA microarray analysis showed a marked increase in sodium/iodide symporter (NIS) gene expres-
sion after PTU treatment, whereas MMI had no effect. RT-PCR and real-time PCR analysis revealed that PTU-
induced NIS mRNA levels were comparable to those elicited by thyroid-stimulating hormone (TSH). PTU
increased 5¢-1880-bp and 5¢-1052-bp activity of the rat NIS promoter. While PTU treatment also increased NIS
protein levels, the size of the induced protein was smaller than that induced by TSH, and the protein localized
predominantly in the cytoplasm rather than the plasma membrane. Accumulation of 125I in FRTL-5 cells was
increased by PTU stimulation, but this effect was weaker than that produced by TSH.
Conclusions: We found that PTU induces NIS expression and iodide uptake in rat thyroid FRTL-5 cells in the
absence of TSH. Although PTU and MMI share similar antithyroid activity, their effects on other thyroid
functions appear to be quite different, which could affect their therapeutic effectiveness.

Introduction

Graves’ disease is one of the most frequent causes of
hyperthyroidism in adults aged 20–50 years (1). In ad-

dition to surgery and radioactive iodine therapy, antithyroid
drugs, such as propylthiouracil (PTU) and methimazole
(MMI), are standard treatments for Graves’ hyperthyroidism,
either as a first line therapy or as a pretreatment before ra-
dioactive iodine therapy (2,3). PTU and MMI primarily sup-
press thyroid hormone synthesis by blocking thyroid
peroxidase (TPO) activity (4,5). Despite having similar effects,

the two drugs differ in their molecular structures and other
functions. For example, MMI suppresses major histocompat-
ibility complex expression in thyroid cells, which may be as-
sociated with an effect on autoimmune thyroid disease (6,7),
whereas PTU inhibits the thyroxine-to-triiodothyronine con-
version in peripheral tissues (8). However, the molecular
mechanisms underlying these differences remain unclear.

PTU and MMI are both rapidly absorbed from the gastro-
intestinal tract, but their ability to bind serum proteins differs
with MMI existing essentially unbound in serum, whereas
80%–90% of PTU is bound to albumin (9). Antithyroid drugs
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have a variety of minor side effects, as well as potentially life-
threatening or even lethal complications. MMI side effects are
dose related, whereas the connection to dose is less clear for
PTU (9,10). Such side effects occur in *5% of patients and
include cutaneous reactions (usually urticaria or macular ra-
shes), arthralgia, and gastrointestinal upset (9). There are
many reports about the frequency of agranulocytosis, the
major and most serious side effect of antithyroid drug ther-
apy. This is thought to be mediated by an autoimmune
process, as evidenced by the presence of antigranulocyte
antibodies (11,12). Antineutrophil cytoplasmic antibody-
positive vasculitis is also commonly found in connection with
PTU due to its potential reaction with myeloperoxidase to
form reactive intermediates that promote autoimmune in-
flammation (3,9,13). In addition, since PTU reportedly has a
higher frequency of adverse effects, such as hepatotoxicity,
MMI is considered to be the first-line drug used by most
clinicians with the exception of women who are in early
pregnancy (14–16).

Beside inhibition of TPO, the mechanism of antithyroid
drug action remains unclear. The interaction of antithyroid
drugs with iodide may divert oxidized iodides away from
thyroglobulin (Tg) (17). Iodide is an essential component
of thyroid hormone biosynthesis, and is a key regulator of
thyroid function (17). Iodide is trapped and concentrated
from the bloodstream by active, energy-dependent transport
across the thyrocyte basolateral plasma membrane that is
mediated by the sodium/iodide symporter (NIS/SLC5A5), a
highly glycosylated protein of 87–110 kDa (18). Iodide is
transported across the apical membrane of thyrocytes into the
follicular colloid, which is in part mediated by pendrin (PDS/
SLC26A4) (19–21). Although the major regulator of iodide
uptake is thyroid-stimulating hormone (TSH), other factors,
such as iodide itself, retinoic acid, transforming growth
factor-b, interleukin-1a, tumor necrosis factor-a (TNF-a), and
follicular Tg, also regulate NIS expression (22–25). In addition,
drugs such as adenosine, an autocrine/paracrine factor and a
co-neurotransmitter, or histone deacetylase inhibitors (HDACI)
are known to increase NIS (gene) expression (26,27), whereas
overexpression of the HDAC1 enzyme inhibited basal activity
of the NIS promoter (28). In the present study, we investigated
the effects of PTU and MMI on thyroid gene expression by
focusing on NIS expression. Although PTU and MMI share a
similar antithyroid activity, their effect on NIS expression was
quite different.

Methods

Cell culture and treatment

Rat thyroid FRTL-5 cells were cultured using the Coon’s
modified Ham’s F-12 medium supplemented with 5% bovine
serum (Invitrogen) and a six-hormone mixture consisting of
bovine TSH (1 mU/mL), insulin (10 lg/mL), hydrocortisone
(0.36 ng/mL), transferrin (5 lg/mL), glycyl-L-histidyl-L-
lysine acetate (2 ng/mL), and somatostatin (10 ng/mL). The
cells were maintained in 5% CO2 at 37�C and passaged every
7 days (29,30). The cells were initially grown in a fully sup-
plemented medium for 2 days and then transferred to a me-
dium with 0.2% serum without TSH and insulin for 7 days
before the experiments. MMI and PTU were dissolved in the
culture medium at a final concentration of 5 mM, a concen-
tration that was determined in previous experiments.

DNA microarray analysis

Rat thyroid FRTL-5 cells were initially grown in a medium
containing TSH for 2 days and transferred to the same
medium with 0.2% serum, but without TSH and insulin for
7 days. The cells were treated with 5 mM MMI, 5 mM PTU, or
1 mU/mL TSH for 24 hours. Total RNA was isolated using the
RNeasy Mini Kit (Qiagen) as previously described (29,30).
Labeled double-stranded (ds) DNA was prepared by reverse
transcription of 10 lg total RNA using SuperScript II (In-
vitrogen). The cDNA was incubated with 4 lg RNase A
(Promega Corp.) at 37�C for 10 minutes, phenol–chloroform
extracted, and precipitated with ethanol. Cy3-labeling reac-
tions were performed with the NimbleGen One-Color La-
beling Kit (Roche NimbleGen, Inc.). Briefly, 1 lg ds-cDNA
was incubated for 10 minutes at 98�C with one OD unit of
Cy3-9mer primer. The addition of 8 mmol dNTPs and 100 U
Klenow fragment was followed by incubation at 37�C for
2 hours. The reaction was stopped by adding 0.1-volume
0.5 M EDTA, and the labeled cDNA was precipitated with
isopropanol. Cy3-labeled samples were resuspended in the
NimbleGen Hybridization Buffer (Roche NimbleGen), dena-
tured at 95�C for 5 minutes, and hybridized to arrays in a
NimbleGen Hybridization System (Roche NimbleGen) for
18 hours at 42�C. The arrays were washed using the Nim-
bleGen Wash Buffer Kit (Roche NimbleGen), dried by cen-
trifugation, and scanned at a 5-lm resolution using the
GenePix 4000B scanner (Molecular Devices).

Reverse transcriptase–polymerase chain reaction
and real-time polymerase chain reaction

Total RNA was isolated using the RNeasy Mini Kit
(Qiagen) and reverse transcribed to cDNA using High-
Capacity cDNA Reverse Transcription Kits (Applied Biosys-
tems) (29,30). The polymerase chain reaction (PCR) primers
are listed in Supplementary Table S1 (Supplementary Data are
available online at www.liebertpub.com/thy). PCR was per-
formed as described, and the products were analyzed on 2%
agarose gels (29,30).

Quantitative real-time PCR analysis of NIS mRNA was
performed using the ABI Prism 7000 Sequence Detection
System (Applied Biosystems) as described (29,30). The Taq-
Man Gene Expression Assay for rat NIS (Slc5a5) and b-actin
were purchased from Applied Biosystems. A total of 200 ng
cDNA was mixed with TaqMan Universal PCR Master Mix
(Applied Biosystems) and the components of the TaqMan
Gene Expression Assay in 20 lL/well. The reactions were
activated by incubation for 10 minutes at 95�C, followed by 40
cycles consisting of 15 seconds at 95�C and 1 minute at 60�C.
NIS mRNA levels were normalized with respect to b-actin
using the DDCt method.

Reporter gene assay

Genomic sequences of 5¢-1880 bp and 5¢-1052 bp of the NIS
promoter cloned into the PGL-3Basic plasmid, which carries a
luciferase reporter gene (Promega Corp.), were prepared as
previously described (25). FuGene6 (Roche Diagnostics) was
used to transfect the promoter–reporter gene constructs into
rat thyroid FRTL-5 cells (29,30). Briefly, cells were grown in
six-well plates, washed with a serum-free culture medium,
and incubated with 1 mL of a plasmid/FuGene6 mixture,
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which was made by incubating 1 lg plasmid DNA with 10 lL
Fugene6 and 200 lL serum-free culture medium for 30 min-
utes at room temperature before dilution with 800 lL serum-
free culture medium. Cells were incubated for 4 hours at 37�C,
after which 1 mL culture medium containing 10% serum was
added. Fresh medium containing 5 mM MMI, 5 mM PTU, or
1 mU/mL TSH was added after 24 hours. Luciferase reporter
gene activity was measured 36 hours later as described
(29,30).

Western blot analysis and immunofluorescence
staining

Cells were lyzed for 1 hour in a buffer containing 50 mM
HEPES, 150 mM NaCl, 5 mM EDTA, 0.1% NP40, 20% glyc-
erol, and a protease inhibitor cocktail (Complete Mini, Roche).
Cellular proteins were mixed with 4 · LDS sample buffer and
10 · reducing agent (Invitrogen) and incubated for 10 minutes
at 70�C before electrophoresis. Proteins were separated on
NuPage 4%–12% Bis-Tris gels and transferred using an iBlot
Gel Transfer Device (Invitrogen). The rabbit monoclonal
anti-NIS antibody was a generous gift from Dr. N. Carrasco
(Albert Einstein College of Medicine). A goat monoclonal
antiactin antibody (Santa Cruz Biotechnology) was used
for control experiments. Membranes were washed with
phosphate-buffered saline with 0.1% Tween 20 (PBST) and
blocked with 5% skim milk in PBST for 1 hour, followed by
incubation with anti-NIS antibody (dilution 1:1000) for 1 hour
at room temperature. Membranes were subsequently washed
3 times for 10 minutes in PBST and incubated with biotiny-
lated donkey anti-rabbit antibody (GE Healthcare; dilution
1:1000) for 1 hour at room temperature. After three washes
with PBST, membranes were incubated with streptavidin-
horseradish peroxidase (HRP; dilution 1:20,000) for 1 hour at
room temperature. After three final washes in PBST, HRP was
visualized using an ECL Plus Reagent (GE Healthcare) and
exposed to an X-ray film.

FRTL-5 cells were immunofluorescence stained as de-
scribed (31–33).

Measurement of I - accumulation

FRTL-5 cells grown in 24-well plates were washed twice
with the modified Hanks’ balanced salt solution (HBSS)
(137 mM NaCl, 5.4 mM KCl, 1.3 mM CaCl2, 0.4 mM MgSO4,
0.5 mM MgCl2, 0.4 mM Na2HPO4, 0.44 mM KH2PO4, and
5.55 mM glucose with 10 mM HEPES buffer, pH 7.3) and
incubated for 2 minutes at 37�C in 0.2 mL modified HBSS
containing 9.25 · 103 Bq carrier-free Na125I and 10 lM NaI,
with a final specific activity of 7.4 · 108 Bq/mmol; a portion of
the experiments was performed in the presence of 30 lM
NaClO4 (34). The cells were washed twice with ice-cold HBSS
when the incubations were terminated. Thirty minutes after,
400 lL 95% ethanol was added to each well, the contents were
transferred into vials for counting with a c-counter. I - uptake
was expressed as counts per minute. The DNA content in each
well was determined and used for normalization (24,35).

Statistical analysis

All experiments were repeated at least three times with
different batches of cells, and the mean – SD of these experi-
ments was calculated. The significance of the differences

between experimental values was determined by two-way
ANOVA where p < 0.05 was significant.

Reagents

All reagents, including PTU and MMI, were purchased
from Sigma unless otherwise specified.

Results

Gene expression profile of rat thyroid FRTL-5 cells
after stimulation with PTU or MMI

DNA microarray analysis was performed to identify genes
possibly affected by antithyroid drugs in rat thyroid FRTL-5
cells after treatment with PTU or MMI for 24 hours. Both PTU
and MMI decreased the expression of a significant number of
genes in FRTL-5 cells and increased the expression of only a
small number of genes during the same period (Fig. 1A, B).
When the effects of PTU and MMI on thyroid-specific genes
were examined, it was evident that only Nis/Slc5a5 expres-
sion was significantly induced by PTU, and not by MMI
(Fig. 1C). In fact, Nis/Slc5a5 was the gene most strongly
induced by PTU (Fig. 1A). The expression of several thyroid-
specific genes and transcription factors, that is, Tg, Tpo, Tshr,
Slc26a4, Nkx2-1, Foxe1 and Pax8, was not affected by PTU or
MMI. The genes most affected by the treatment are listed in
Supplementary Tables S2 and S3. It should be noted that there
were several genes whose expression was significantly in-
creased by both PTU and MMI (Supplementary Table S4),
although the roles of these genes in thyroid function are
unknown.

PTU increases NIS mRNA levels and promoter activity

The increase of NIS expression under PTU stimulation was
confirmed by a reverse transcriptase (RT)–PCR analysis. As
described previously, the NIS mRNA levels were very low in
FRTL-5 cells maintained without TSH for 7 days (Fig. 2A, left
panel, Slc5a5) (26,32). After 48 hours treatment, PTU signifi-
cantly increased NIS mRNA expression in the absence of TSH,
whereas MMI had no effect (Fig. 2A, left panel). However, in
the presence of TSH, induction of NIS expression by PTU was
not evident (Fig. 2A, right panel), suggesting that expression
was maximally induced by TSH, and that PTU did not further
increase mRNA levels. Quantitative real-time PCR analysis
revealed that 5 mM PTU increased NIS mRNA expression
18-fold over original levels, which was comparable to the
effect of 1 mU/mL TSH (Fig. 2B).

To determine whether the observed increase in the NIS
mRNA level is transcriptional, NIS promoter activity was
investigated using a luciferase reporter gene assay. FRTL-5
cells were transiently transfected with an NIS promoter–
luciferase chimeric plasmid containing either the 5¢-1880-bp
or 5¢-1052-bp promoter fragment. Luciferase activity was
measured 36 hours after PTU stimulation. PTU increased the
luciferase activity of both promoter chimeras (Fig. 2C), sug-
gesting that the higher level of NIS mRNA after PTU treat-
ment is due, at least in part, to transcriptional mechanisms.

PTU increases immature forms of NIS protein

Having confirmed that PTU increases NIS mRNA levels,
we also investigated the effect of PTU on NIS protein levels.
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FIG. 1. DNA microarray analysis of genes expressed in rat thyroid FRTL-5 cells after stimulation with propylthiouracil
(PTU) or methimazole (MMI). (A) FRTL-5 cells were maintained in a medium without thyroid-stimulating hormone (TSH)
for 7 days and then treated with 5 mM PTU for 24 hours. Gene expression levels with or without PTU treatment were
graphed on a scatter plot. (B) FRTL-5 cells were maintained in a medium without TSH for 7 days and then treated with 5 mM
MMI for 24 hours. Gene expression levels with or without MMI treatment were graphed on a scatter plot. (C) Comparison of
changes in thyroid-specific gene expression levels induced by PTU and MMI detected in DNA microarray analysis.

FIG. 2. PTU increases sodium/iodide symporter (NIS) mRNA levels and promoter activity. (A) Effects of PTU and MMI on
several thyroid-specific genes were evaluated by reverse transcriptase (RT)–polymerase chain reaction (PCR). FRTL-5 cells
were maintained in a medium without TSH for 7 days and then treated with 5 mM PTU, 5 mM MMI, or 1 mU/mL TSH for 48
hours. Total RNA was extracted and analyzed by RT-PCR. (B) The effects of PTU and MMI on NIS mRNA levels as
determined by real-time PCR. FRTL-5 cells were maintained in a medium without TSH for 7 days and then treated with
5 mM PTU, 5 mM MMI, or 1 mU/mL TSH for 48 hours. Total RNA was extracted and analyzed by real-time PCR. (C) The
effect of PTU on NIS promoter activity was determined using a luciferase reporter assay. FRTL-5 cells were transfected with
NIS promoter–luciferase chimeric plasmids, cultured for 36 hours with or without 5 mM PTU, after which luciferase activity
was measured. Values are expressed relative to those of cells cultured in a medium without PTU. Data are the results from
three different experiments, each performed in triplicate, and expressed as the mean – SD. *p < 0.001.
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FRTL-5 cells maintained in a medium without TSH for 7 days
were stimulated with MMI or PTU for 48 hours, and proteins
were extracted for western blot analysis. PTU increased NIS
protein to levels that were comparable to the effect of TSH,
whereas MMI had no effect (Fig. 3A), which confirms the

PTU-induced changes in NIS mRNA levels. Quantitative
densitometry analysis of the western blot revealed that PTU
increased the amount of NIS protein by 12.3 times over that of
the control, which was comparable to that induced by TSH
(12.8 times). Although NIS protein was detected as a broad
band that reflects the differences in protein glycosylation
(25,36–38), the PTU-induced NIS protein was somewhat
smaller than the protein induced by TSH (Fig. 3A), which
suggests that most PTU-induced proteins were present in
primarily immature forms. The amount of NIS protein grad-
ually decreased after PTU withdrawal, but was still main-
tained at higher levels than control values, even after 72 hours
(Fig. 3B).

Immunofluorescence staining was then performed to as-
sess NIS protein localization in FRTL-5 cells. Consistent with
the increase in mRNA and protein levels, NIS staining was
significantly increased by PTU (Fig. 4B) and TSH (Fig. 4D), but
not MMI (Fig. 4C). Interestingly, however, PTU-induced NIS
protein showed a punctate staining pattern in the cytoplasm
(Fig. 4B) rather than the linear staining along the plasma
membrane seen for TSH treatment (Fig. 4D). The smaller size
of PTU-induced NIS protein and its cytoplasmic localization
suggest that PTU-produced protein is immature compared to
the TSH-induced protein, and is not properly transported to
the plasma membrane (36).

PTU-increased 125I uptake is weaker than TSH

The physiological function of PTU-induced NIS protein
was confirmed by evaluating the effect of PTU on I - accu-
mulation in FRTL-5 cells. The cells were maintained in a
medium without TSH for 7 days and treated with 5 mM PTU
or 1 mU/mL TSH for 0, 6, 24, 48, and 72 hours. After PTU
stimulation, cellular I - accumulation increased in 24 to 72
hours (Fig. 5A), although the level of increase was less than
that produced by TSH, which may reflect the difference in the
subcellular localization of the NIS protein. The I - accumula-
tion of control cells maintained without TSH or PTU did not
vary with time from 0 to 72 hours (data not shown). To con-
firm that the measured iodide uptake is NIS mediated, we also
determined I - accumulation in FRTL-5 cells in the presence of
perchlorate, a competitive NIS inhibitor. The ability of PTU to

FIG. 3. PTU increases NIS protein levels. (A) The effect of
PTU and MMI on NIS protein levels was demonstrated by
the western blot analysis. FRTL-5 cells were maintained in a
medium without TSH for 7 days and then treated with 5 mM
PTU, 5 mM MMI, or 1 mU/mL TSH for 48 hours. Proteins
were extracted from the cells and subjected to western blot
analysis. (B) The increase in NIS protein levels after PTU
treatment was maintained after PTU withdrawal. FRTL-5
cells were maintained in a medium without TSH for 7 days,
treated with 5 mM PTU for 48 hours, and again cultured in a
medium without TSH for 0, 24, 48, or 72 hours. Proteins were
extracted from the cells and analyzed by western blot.

FIG. 4. Immunofluorescence analysis of
NIS expression in FRTL-5 cells. FRTL-5
cells were maintained in a medium without
TSH for 7 days. The medium was then
replaced with the same medium (A) or a
medium containing 5 mM PTU (B), 5 mM
MMI (C), or 1 mU/mL TSH (D), for 48 hours.
Cells were incubated first with anti-NIS Ab
for 1 hour, and then with fluorescent-labeled
goat anti-rabbit Ab. Bar: 50 lm.
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increase I - accumulation was significantly decreased by
perchlorate at 48 hours, indicating that the observed PTU-
dependent I - increases were indeed mediated by the NIS
protein (Fig. 5B).

Discussion

The present report shows that PTU, an antithyroid drug,
induces NIS expression and iodide uptake in rat thyroid
FRTL-5 cells in the absence of TSH. Although both PTU and
MMI are widely used drugs to treat Graves’ disease and have
antithyroid effects that are primarily mediated via inhibition
of TPO-catalyzed iodination, their molecular structure as well
as other functions are quite different (4–6,8,9).

To determine differences in the effects of PTU and MMI on
gene expression, we performed a DNA microarray analysis of
rat thyroid FRTL-5 cells and found that NIS was the gene
whose levels were most increased by PTU. Although both NIS
and PDS are responsible for iodide transport across the ba-
solateral and apical membranes, respectively, and are regu-
lated coordinately by Tg, TSH, and iodide (20,25,39,40), the
effect of PTU was specific to NIS, not PDS. Consistent with the
increase in NIS mRNA, PTU coordinately increased NIS
promoter activity, NIS protein levels, and radioiodine uptake
in FRTL-5 cells.

Although NIS protein levels were similarly induced by
PTU and TSH, the size of the resulting proteins and their
subcellular distribution patterns were different. The fully
glycosylated NIS protein migrates with a molecular weight of
87–110 kDa. As such, the observed differences in molecular
weight between PTU- and TSH-induced NIS proteins may
reflect post-translational modifications such as glycosylation
and phosphorylation (36,41,42). These differences suggest
that the PTU-induced NIS protein is relatively immature
compared to the TSH-induced protein, which could also be
consistent with the lower I - accumulation of the PTU-
induced NIS protein, as shown in the present report. Harii
et al. also described a discrepancy between adenosine-induced
iodide uptake activity and NIS protein levels (27). Further-
more, in thyroid tumors, weak intracellular radioiodine la-
beling has been shown to correspond to immature NIS protein
that results from transcriptional and post-transcriptional

alterations (43). Other reports suggested that the NIS protein
is highly regulated by post-transcriptional events that control,
in particular, its subcellular localization (36,44,45). Partially
glycosylated forms of NIS correspond most likely to imma-
ture proteins that are not properly processed and localized to
the plasma membrane (46).

TSH not only regulates NIS transcription and translation
but also modulates NIS activity by a post-transcriptional
mechanism. NIS is a phosphoprotein whose targeting to or
retention in the plasma membrane requires modulation
by TSH (36). Thus, NIS is activated and inserted in the
basolateral membranes of thyrocytes in the presence of TSH.
Immunofluorescence staining in this study revealed that the
PTU-induced NIS protein is localized predominantly in in-
tracellular compartments, instead of being properly targeted
to the plasma membrane. This localization suggests that the
action of PTU on NIS expression differs from that of TSH,
although the nature of the short form of the NIS protein in-
duced by PTU awaits determination in a future study.

While the molecular mechanism by which PTU activates the
NIS promoter remains unclear, an RT-PCR analysis of essen-
tial transcription factors for thyroid function such as Nkx2-1,
Foxe1, and Pax8 showed no changes after PTU stimulation.
This evidence suggests that the PTU-induced increase of NIS
mRNA involves other transcription factors and/or other un-
known mechanisms, such as epigenetic factors. PTU induced
both 5¢-1052 and 5¢-1880 NIS promoter activity, which actually
was *20%–30% lower than TSH-induced NIS promoter ac-
tivity. Because there was no significant difference between
PTU- and TSH-induced NIS mRNA levels, there is a possibility
that the PTU-responsive cis-element within the NIS promoter
might lie upstream of the 5¢-1052-bp promoter region.

HDACI was reported to induce NIS gene expression
without affecting thyroid-specific transcription factors such as
Nkx2-1, Foxe1, and Pax8 (28). As such, PTU may induce NIS
expression after changes in the redox state of thyroid-specific
transcription factors (47,48). NIS expression is also induced by
adenosine (27) or resveratrol, a polyphenol found in grapes,
which both increased iodide accumulation in FRTL-5 cells
(49). The underlying molecular mechanisms by which these
substances, including PTU, induce NIS expression, for ex-
ample, activation by an unidentified signaling pathway via

FIG. 5. PTU increases uptake of 125I in
FRTL-5 cells. FRTL-5 cells were maintained
in a medium without TSH for 7 days and
treated with 5 mM PTU or 1 mU/mL TSH
with perchlorate (B) or not (A) for the
indicated periods. I - uptake was measured
and expressed as counts per minute, which
were normalized to DNA content.
Representative results from three
independent experiments are shown as the
mean – SD of triplicate assays. *p < 0.001,
**p < 0.0001.
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an unknown promoter cis-element or epigenetic alterations,
remain to be determined.

The effective dose of PTU in FRTL-5 cells was 5 mM,
which is much higher than the peak effective blood level of
7.7 lg/mL (0.045 mM) achieved when a daily dose of 200–
600 mg was administered to patients (50). Whether the re-
quirement for such high doses in FRTL-5 cells is due to a low
sensitivity to PTU, or species differences are not clear. How-
ever, the use of cultured cells in vitro allows observation of
short-term effects, and not long-term effects seen with the
lower doses used for patient treatment.

In this study, NIS protein expression induced by PTU was
maintained at least 72 hours after withdrawal. Before radio-
active iodine therapy in the clinic, PTU or MMI treatment is
suspended for at least several days. Although the clinical
effect of these drugs on the efficacy of radioactive iodine
therapy in Graves’ disease is not clear, analysis of changes in
gene expression may provide clues to understand the differ-
ential effects of these drugs. The NIS expression level is al-
ready high in Graves’ patients (51); therefore, we assume that
PTU treatment will not further increase NIS expression and as
such not worsen Graves’ disease. Pretreatment with MMI has
no effect on either the time required for cure or the one-year
success rate of radioactive iodine therapy (2), whereas PTU
pretreatment reduces the effectiveness of radioactive iodine
therapy in Graves’ disease patients (14,52). This study may
shed some light on the differential use of antithyroid drugs.
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