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Dietary iodide controls its own absorption through
post-transcriptional regulation of the intestinal Na+/I−

symporter
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Key points

• Expression of the Na+/I− symporter (NIS) at the apical surface of the epithelium of the small
intestine is key to I− absorption, the first step in I− metabolism.

• Intracellular I− at high concentrations in enterocytes decreases its own NIS-mediated uptake
by a newly discovered mechanism, downregulating NIS expression at the plasma membrane,
increasing NIS protein degradation and decreasing NIS mRNA levels by reducing NIS mRNA
stability, involving the NIS 3′-untranslated region.

• In conclusion, we have uncovered that I− regulates intestinal NIS expression, and thus its own
intestinal absorption, by a complex array of post-transcriptional mechanisms.

Abstract Dietary I− absorption in the gastrointestinal tract is the first step in I− metabolism.
Given that I− is an essential constituent of the thyroid hormones, its concentrating mechanism
is of significant physiological importance. We recently described the expression of the Na+/I−

symporter (NIS) on the apical surface of the intestinal epithelium as a central component of the
I− absorption system and reported reduced intestinal NIS expression in response to an I−-rich
diet in vivo. Here, we evaluated the mechanism involved in the regulation of NIS expression by
I− itself in enterocytes. Excess I− reduced NIS-mediated I− uptake in IEC-6 cells in a dose- and
time-dependent fashion, which was correlated with a reduction of NIS expression at the plasma
membrane. Perchlorate, a competitive inhibitor of NIS, prevented these effects, indicating that an
increase in intracellular I− regulates NIS. Iodide induced rapid intracellular recruitment of plasma
membrane NIS molecules and NIS protein degradation. Lower NIS mRNA levels were detected
in response to I− treatment, although no transcriptional effect was observed. Interestingly,
I− decreased NIS mRNA stability, affecting NIS translation. Heterologous green fluorescent
protein-based reporter constructs revealed a significant repressive effect of the I−-targeting
NIS mRNA 3′ untranslated region. In conclusion, excess I− downregulates NIS expression in
enterocytes by virtue of a complex mechanism. Our data suggest that I− regulates intestinal NIS
mRNA expression at the post-transcriptional level as part of an autoregulatory effect of I− on its
own metabolism.

(Received 30 July 2012; accepted after revision 18 September 2012; first published online 24 September 2012)
Corresponding author A. M. Masini-Repiso: Centro de Investigaciones en Bioquı́mica Clı́nica e Inmunologı́a – Consejo
Nacional de Investigaciones Cientı́ficas y Técnicas (CIBICI-CONICET), Departamento de Bioquı́mica Clı́nica, Facultad
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Introduction

The Na+/I− symporter (NIS) is an integral plasma
membrane glycoprotein that mediates the active trans-
port of I− into the thyroid follicular cells. This process
constitutes the crucial first step in the biosynthesis of
the only iodine-containing hormones in vertebrates,
triiodothyronine (T3) and thyroxine (T4; Carrasco, 1993).
Iodide is extremely scarce in the environment and is
exclusively supplied to the body through the diet. Given
that iodine is an essential component of the thyroid
hormones, normal thyroid physiology relies on the proper
function of NIS and on an adequate I− intake to
prevent I− deficiency disorders (Dohán et al. 2003).
Insufficient dietary I−, depending on its severity, causes
hypothyroidism and subsequently goiter, stunted growth,
retarded psychomotor development and even irreversible
mental retardation (Zimmermann, 2009).

NIS also mediates active I− transport in some
extrathyroidal tissues, including salivary glands, stomach,
small intestine and lactating breast (Tazebay et al. 2000;
Wapnir et al. 2003; Altorjay et al. 2007; Nicola et al. 2009a).
The presence of NIS in the organism appears to be an
adaptive mechanism to compensate for the environmental
scarcity of I−. NIS avidly concentrates I− by coupling the
inward transport of Na+ down its electrochemical gradient
to the translocation of I− against its electrochemical
gradient. Iodide transport mediated by NIS is electrogenic;
two Na+ ions are transported with each I− (Eskandari
et al. 1997). Remarkably, NIS translocates different sub-
strates with different stoichiometries, as NIS-mediated
transport of perrhenate or of the environmental pollutant
perchlorate is electroneutral (1Na+ with one anion; Dohán
et al. 2007; Paroder-Belenitsky et al. 2011).

Iodide absorption in the gastrointestinal tract is the first
step in I− metabolism. Given the physiological importance
of iodine, the question of where and how dietary I− is
absorbed in the gastrointestinal tract has long been of
major interest. Studies involving ligation procedures of the
gastrointestinal tract suggested that I− might be absorbed
in the small intestine (Josefsson et al. 2002). Consistent
with this notion, we have recently described functional
expression of NIS on the apical surface of the small
intestinal epithelium and postulated NIS to be responsible
for a major component of I− absorption (Nicola et al.
2009a).

Iodide is a key regulator of NIS expression and function
(Carrasco, 1993; Dohán et al. 2003; Bizhanova & Kopp,
2009). High concentrations of I− downregulate thyroid
function by inhibiting thyroid hormone biosynthesis, a

phenomenon known as the Wolff–Chaikoff effect (Wolff
& Chaikoff, 1948). This effect, in turn, is self-limiting,
because it is followed hours later by an ‘escape’ from
the Wolff–Chaikoff effect, i.e. the downregulation of I−

uptake. This leads to lower intracellular I− concentration
and thus protects the thyrocytes from the ill effects of
I− overload (Braverman & Ingbar, 1963); however, the
mechanism of the escape is not fully understood (Wolff
et al. 1949; Eng et al. 1999). It has been associated with
a decrease in NIS expression, and consequently I− trans-
port as well (Eng et al. 2001). In thyroid cells, the control
of NIS mRNA abundance by excess I− has mainly been
linked to a transcriptional effect (Uyttersprot et al. 1997;
Eng et al. 1999; Spitzweg et al. 1999). Nonetheless, recent
evidence suggests that NIS regulation by I− takes place
at a post-transcriptional level (Serrano-Nascimento et al.
2010, 2012; Leoni et al. 2011).

We have reported that an I−-enriched diet decreases
NIS protein expression in small intestinal enterocytes
(Nicola et al. 2009a); however, the mechanism involved in
intestinal NIS regulation by I− remains to be elucidated.
Here, we investigated this phenomenon in the small
intestinal cell line IEC-6. In agreement with our pre-
vious observations, the intracellular accumulation of high
concentrations of I− decreased NIS-mediated I− uptake
in enterocytes by reducing NIS expression at the plasma
membrane. Moreover, high concentrations of I− decreased
NIS mRNA levels by lowering NIS mRNA stability.
Interestingly, we observed that the NIS 3′ untranslated
region is involved in I−-induced NIS mRNA decay. In
conclusion, our data show that I− regulates intestinal NIS
expression at the post-transcriptional level, providing a
novel mechanism by which I− exerts an autoregulatory
effect on its NIS-mediated intestinal absorption.

Methods

Reagents and antibodies

Bovine insulin, cycloheximide, chloroquine, amiloride
and actinomycin D were purchased from Sigma-Aldrich
(St Louis, MO, USA). MG132 was obtained from
Calbiochem (San Diego, CA, USA). Affinity-purified
anti-rat NIS polyclonal antibody was as described
by Levy et al. (1997). Polyclonal antibody anti-green
fluorescent protein (GFP) was from Clontech (Palo
Alto, CA, USA). Monoclonal anti-human E-cadherin
and anti-human α-tubulin antibodies were from BD
Transduction (San Jose, CA, USA) and Sigma-Aldrich,
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respectively. Polyclonal anti-mouse α1-Na+–K+-ATPase
antibody was from Upstate Biotechnology (Lake Placid,
NY, USA). Anti-rabbit Alexa-488 and anti-mouse
Alexa-594 secondary antibodies were obtained from
Molecular Probes (Eugene, OR, USA). Secondary horse-
radish peroxidase (HRP)-conjugated antibodies were
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Cell culture and transient transfection assays

Intestinal epithelial cell line 6 (IEC-6) and 18 (IEC-18),
derived from normal rat small intestinal epithelium,
were purchased from American Type Culture Collection
(Manassas, VA, USA). Cells were cultured in Dulbecco’s
modified Eagle’s medium (Sigma-Aldrich) adjusted to
contain 4.5 g l−1 L-glucose, 3.7 g l−1 sodium bicarbonate
and 4 mM L-glutamine, and supplemented with 0.1 U ml−1

bovine insulin and 5% (v/v) heat-inactivated fetal bovine
serum (Gibco, Langley, OK, USA).

Transient transfection procedures were performed
by using Lipofectamine 2000 reagent (Invitrogen,
Carlsbad, CA, USA) following the manufacturer’s
recommendations. Luciferase reporter assay system
(Promega, Madison, WI, USA) was employed to evaluate
luciferase activity. Transfection efficiency was normalized
against the β-galactosidase activity from the cotransfected
pCMV-β-Gal vector (Nicola et al. 2011).

Isolation of rat intestinal villus enterocytes

Male Sprague–Dawley rats (six animals per group) were
given either distilled water (control group) or 0.05%
potassium I−-supplemented water for 12–48 h (Eng et al.
1999; Nicola et al. 2009a). Both groups were sub-
jected to overnight water deprivation before the start of
treatment. Male C57BL/6 mice (five animals per group)
were subjected to an iodine-deficient diet (TD.95007;
Harlan-Teklad, Madison, WI, USA) for 1–4 weeks (Levy
et al. 1997). Animals were killed by CO2 asphyxiation at the
indicated time points. Animal protocols and procedures
were carried out in compliance with the Guide for the
Care and Use of Laboratory Animals published by the
US National Institutes of Health (NIH publication no.
85-23, revised 1996) and local institutional animal care
committee guidelines.

Villus tip intestinal epithelial cells were isolated as
described (Nicola et al. 2009a). Briefly, small intestine
was washed with a physiological solution. To isolate villus
epithelial cells, the intestine was filled with a solution
containing 1.5 mM KCl, 96 mM NaCl, 27 mM sodium
citrate, 8 mM KH2PO4, and 5.6 mM Na2HPO4 (pH 7.3) for
10 min to dissociate cells. Then, the intestine was treated
with PBS containing 1.5 mM EDTA and 0.5 mM DTT for
4 min, and released cells were collected.

Iodide uptake

An I− transport assay in IEC-6 cells was carried
out as previously described (Nicola et al. 2009a,b).
For steady-state uptake experiments, IEC-6 cells were
incubated with culture medium or buffered Hanks’
balanced salt solution (HBSS) containing 100 μM I−

supplemented with 5 μCi μmol−1 carrier-free Na125I for
the indicated period of time in cell culture conditions.
For initial-rate I− transport assays, cells were incubated
for 2 min with 0.625–160 μM I− (50 μCi μmol−1

carrier-free Na125I), maintaining a constant 140 mM Na+

concentration, and uptake activity was evaluated as above.
Experimental data were analysed using the equation:
v = (V max

∗[I−])/(K m + [I−]) and fitted by non-linear least
squares using Gnuplot software (www.gnuplot.info). The
125I− accumulated in the cells was extracted with ice-cold
ethanol and quantified in aγ-counter. For standardization,
the amount of DNA was determined by the diphenylamine
method after trichloroacetic acid precipitation (Fozzatti
et al. 2007).

To rule out a reduction of 125I− uptake caused by
the remaining free I− from the treatment, cells were
incubated with a tracer amount of 125I−, and washout
experiments were performed in order to determine the
minimal number of washing steps (12 washes, 1 min
each) to ensure that no significant (<5%) amount of I−

remained in the cells before performing uptake assays.

Iodide efflux

Cells were incubated in culture medium containing
100 μM I− supplemented with 5 μCi μmol−1 carrier-free
Na125I for 45 min (control group) or 24 h at 37◦C, and I−

efflux was measured as described by Weiss et al. (1984).
Briefly, the medium was removed and, after washing, it
was replaced every 2 min with a volume of fresh HBSS
at room temperature. After the last removal of medium,
remaining intracellular I− was extracted with ice-cold
ethanol. The total radioactivity originally present in the
cell (100%) was calculated by adding the counts of the
ethanol extraction to the summation of the counts in
the collected samples of medium. Results are expressed
as a percentage of the remaining intracellular I− as a
function of time. Experimental data were analyzed using
the one-component exponential decay equation [iI−

t =
iI−

0
∗e(−k∗t)], where iI−

t is the amount of intracellular I− at
time t ; iI−

0 is the value at t = 0, and K is the first-order
decay constant.

Plasma membrane and whole protein analysis

Cell surface biotinylation and total protein extraction
were performed as previously described (Levy et al. 1997;
Dohán et al. 2006). Proteins were resolved by SDS-PAGE
and electrotransferred to nitrocellulose membranes
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(Whatman, Clifton, NJ, USA). Membranes were blocked
and incubated with 0.4 μg ml−1 affinity-purified anti-rat
NIS or 0.5 μg ml−1 anti-GFP antibodies. Equal loading
and purification controls were performed with mono-
clonal antibodies against α-tubulin (0.2 μg ml−1) or
E-cadherin (0.2 μg ml−1). HRP-conjugated secondary
antibodies were used at 0.1 μg ml−1. Proteins were
visualized by the enhanced chemiluminescence Western
blot detection system (Pierce, Rockford, IL, USA),
as described by the manufacturer. Band intensities
were measured densitometrically using ImageJ Software
(National Institutes of Health, Bethesda, MD, USA).

Immunofluorescence analysis

IEC-6 cells were seeded onto poly-L-lysine-coated glass
coverslips (BD BioCoat, San Jose, CA, USA). After
treatment, cells were washed with PBS containing
0.1 mM CaCl2 and 1 mM MgCl2 and fixed with 2%
paraformaldehyde for 15 min. Cells were permeabilized
with 0.1% bovine serum albumin, 0.1% Triton X-100
in PBS containing 0.1 mM CaCl2 and 1 mM MgCl2 for
20 min, and incubated for 2 h with anti-rat NIS anti-
body (1 μg ml−1) and anti-α1-Na+–K+-ATPase antibody
(1.5 μg ml−1) in permeabilization solution. Cells were
washed three times for 10 min with PBS, incubated for
1 h in the dark with anti-rabbit Alexa-488 and anti-mouse
Alexa-594 secondary antibodies (4 μg ml−1), and washed
three times for 10 min with PBS. Coverslips were mounted
onto slides with SlowFade-antifade reagent (Molecular
Probes). Cells were visualized in a Bio-Rad Radiance
2000 laser scanning confocal microscope (Bio-Rad
Laboratories, Hercules, CA, USA). Quantification of
co-localization was performed on randomly selected
images (n = 10) using ImageJ software with the
co-localization analysis plug-in Manders’ coefficient.

RNA extraction and RT-qPCR

Total RNA purification and cDNA synthesis were
performed as previously described (Fozzatti et al. 2007).
The qPCR analysis was performed using an ABI Prism
7500 detection system (Applied Biosystems, Foster City,
CA, USA) and SYBR green chemistry as previously
described (Nicola et al. 2010). Gene-specific primer sets are
described in Table 1. For relative quantification of changes
in gene expression, the 2−��CT method was used (Livak
& Schmittgen, 2001). The housekeeping genes β-actin or
18S ribosomal RNA were used as internal loading controls.
For each pair of primers, a dissociation plot resulted in
a single peak, indicating that a single PCR product was
generated. Specific target amplification was confirmed
by automatic sequencing (Macrogen Inc., Seoul, South
Korea). All primers were from Sigma-Genosys (Houston,
TX, USA).

Table 1. Primer sets used for RT-qPCR

Amplicon
Gene Primers (5′ to 3′) (bp)

NIS (r) Forward GCTGTGGCATTGTCATGTTC 270
Reverse TGAGGTCTTCCACAGTCACA

NIS (m) Forward AGCTGCCAACACTTCCAGAGG 145
Reverse GCTGATGAGAGCACCACAAAG

ALP (r) Forward CTGCTGAGCAGGAATCCACA 364
Reverse TAGTTGACATCACCACTCTC

ALP (m) Forward TGGCTGTCAAAGCATCAGGGA 146
Reverse TCTACTGAGGGGTTTCGGTTGG

β-Actin (r) Forward GGCACCACACTTTCTACAATG 138
Reverse TGGCTGGGGTGTTGAAGGT

β-Actin (m) Forward CAGCCTTCCTTCTTGGGTATGG 145
Reverse CAGCAATGCCTGGGTACATGG

18S Forward GGCCTGCGGCTTAATTTGAC 243
Reverse GTGGCTGAACGCCACTTGTC

Neo Forward ACAATCGGCTGCTCTGATG 260
Reverse GATACTTTCTCGGCAGGAGC

GFP Forward ACCACATGAAGCAGCACGAC 93
Reverse TGTAGTTGCCGTCGTCCTTG

The species of origin for primer sequences are indicated in
parentheses following each primer pair (m, mouse; and r, rat).

Cloning and cDNA constructs

The complete rat NIS mRNA 3′ untranslated region
(3′-UTR) (nucleotides +1858 to +2761, considering +1
to be the adenine of the ATG translation start codon)
was amplified by PCR from genomic DNA using primers
containing XhoI and EcoRI restriction sites (underlined),
namely 5′- CCTCGAGATGAGGGTGGGGTCCAAGAAG
-3′ (forward) and 5′- ACAGGCGAATTCACCTGAACACC
TTCAGC-3′ (reverse). The sequence was cloned into
the cytomegalovirus promoter-driven green fluorescent
protein (GFP) expression vector pEGFP-C2 (Clontech) at
the 3′ end of the GFP cDNA before the polyadenylation
signal. To avoid translation of the cloned 3′-UTR sequence,
a TGA stop codon (indicated in italic) was included in the
forward primer in frame with the GFP open reading frame.
The cloned DNA sequence was verified by sequencing
analysis (Macrogen).

Genomic DNA fragment –2854 to +13 bp of the rat
NIS promoter (pNIS-2.8) was as previously described
(Garcı́a & Santisteban, 2002). The pCMV-β-galactosidase
normalization reporter was obtained from Promega
(Madison, WI, USA).

Analysis of NIS protein half-life (t1/2)

IEC-6 cells that were either untreated or incubated with
100 μM I− for 24 h were treated with 3 μM cycloheximide
(CHX) to block protein synthesis. Whole protein extracts
were prepared at the time of CHX addition (t = 0) and
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3, 6, 12, 18, 24 and 48 h later. The NIS protein levels
were evaluated by Western blot. Ponceau S staining was
used to control for equal protein loading. Densitometric
measurements at each time point were plotted relative
to the amount present at the time of CHX addition
(considered as 100%) as the logarithm of the percentage
of remaining NIS vs. time. The best-fitting equation
to linear decay was determined in each case, and NIS
half-life was calculated from the intersection at the point
corresponding to 50% residual protein.

Analysis of NIS mRNA half-life

After I− treatment for 3 h, actinomycin D (ActD)
(5 μg ml−1) was added to cultures to inhibit RNA synthesis
completely (Guo et al. 2003; Zou et al. 2005). Total cellular
RNA was isolated at the time of ActD addition (t = 0)
and 2, 4, 8, 12 and 18 h later. The mRNA levels of
NIS and alkaline phosphatase (ALP) were measured by
RT-qPCR and normalized to expression of 18S rRNA. The
mRNA levels at different times were expressed relative to
the amount present immediately before ActD addition,
arbitrarily considered as 100%. To calculate the mRNA
decay rate in each of the conditions, the logarithm of the
remaining mRNA expression was plotted vs. time. Linear
regression was used to obtain the best-fitting equation to
calculate the mRNA half-life.

Statistical analysis

Results are reported as the means ± SD or SEM,
as indicated. Statistical analysis was performed using
GraphPad Prism (GraphPad Software, San Diego, CA,
USA) from at least three independent experiments,
unless stated. Multiple group analysis was conducted by
one-way ANOVA. As a post hoc test, the Newman–Keuls
multiple comparison test was used. Comparisons
between two groups were made using two-tailed
Student’s unpaired t test. Non-normally distributed data
derived from RT-qPCR assays performed in rodent
intestinal tissues are given as medians ± range. Results
were analysed by the non-parametric Kruskal–Wallis
and Dunn’s multiple comparison post hoc tests.
Differences were considered statistically significant at
P < 0.05.

Results

Iodide decreases NIS-mediated I− transport in
intestinal cells

Iodide is one of the main regulators of its own
NIS-mediated transport in the thyroid (Wolff & Chaikoff,
1948; Braverman & Ingbar, 1963; Grollman et al. 1986),
and also in at least one NIS-expressing extrathyroidal

tissue, the small intestine, as evidenced by our recent
report that an I−-rich diet lowers NIS expression in
small intestine enterocytes in vivo (Nicola et al. 2009a).
We studied the regulatory effect of I− on steady-state
NIS-mediated I− uptake in the small intestine IEC-6 cell
line in vitro. Cells were incubated with 100 μM I− for
different times, ranging from 30 min (control) to 48 h.
Although we observed significantly lower I− transport 3 h
after I− treatment, inhibition of transport became more
pronounced with longer incubation times (Fig. 1A). We
then investigated the effect of increasing concentrations of
I−, from 1 to 1000 μM (after 24 h), on NIS activity in IEC-6
cells, and observed a dose-dependent inhibitory effect,
starting at 10 μM and becoming more pronounced as the
I− concentration increased (Fig. 1B). Similar results were
obtained in the small intestine IEC-18 cell line (Fig. 1C).

Steady-state I− uptake is the net result of NIS-mediated
I− influx and I− efflux mediated by channels or trans-
porters that have yet to be identified (Kaminsky et al.
1993; Dohán et al. 2003). To study the effect of I−

on I− efflux, IEC-6 cells were incubated with 100 μM

I− for 45 min (control) or 24 h, and any remaining
extracellular I− was washed from the medium, thus leading
intracellular I− to efflux as a result of the outwardly
directed I− gradient. No significant differences in the
decay constants (k) of I− efflux were observed between the
control and the I−-treated cells (κc, 0.121 ± 0.009 min−1

vs. κI
−, 0.132 ± 0.011 min−1; Fig. 1D), indicating that

the ability of I− to inhibit its own uptake results
from decreased NIS-mediated I− influx only, as pre-
viously suggested (Sherwin & Tong, 1974; Grollman
et al. 1986), not from higher I− efflux. Therefore, we
carried out a kinetic analysis of NIS-mediated I− trans-
port by measuring initial rates (2 min) of I− uptake at
different concentrations of I− (0–160 μM) in IEC-6 cells
previously incubated (or not) with 100 μM I− for 24 h
(Fig. 1E). Cells were extensively washed after I− treatment
to ensure that no I− remained inside, as described in
the Methods. Saturation was reached at approximately
80 μM I− in both conditions; however, the apparent V max

value was significantly lower in the I−-treated than in
the control cells [V max(c): 277.1 ± 7.6 pmol (2 min)−1 (μg
DNA)−1; and V max(I−): 177.7 ± 6.5 pmol (2 min)−1 (μg
DNA)−1]. In contrast, the calculated apparent affinity
values for I− remained unchanged (K m(c): 37.6 ± 3.2 μMI;
and K m(I−): 32.9 ± 3.9 μM). No difference was observed in
the apparent affinity for Na+ either (K m(c): 65.2 ± 4.1 mM;
and K m(I−): 63.5 ± 6.1 mM).

Iodide inhibition of I− transport requires that I− be
accumulated into the cell

The NIS-mediated I− transport is inhibited by perchlorate
(ClO4

−), a well-known competitive inhibitor and
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substrate of NIS (Dai et al. 1996; Dohán et al. 2007;
Paroder-Belenitsky et al. 2011). In order to prevent
NIS-mediated I− uptake, IEC-6 cells were incubated in
the presence of both ClO4

− and I− for 6 h, and cells were
then extensively washed to remove intracellular I− before

performing steady-state I− uptake experiments. In these
conditions, we observed no inhibition of NIS activity,
indicating that I− needs to reach the cytoplasm for the
inhibitory effect of I− on its own NIS-mediated transport
to occur (Fig. 1F).

Figure 1. Iodide decreases Na+/I− symporter (NIS)-mediated I− uptake
A, steady-state I− uptake in IEC-6 cells incubated with 100 μM I− for 3–48 h. Uptake was expressed as pico-
moles of I− per microgram of DNA. Each value represents the mean ± SD of five independent experiments done in
triplicate. ∗P < 0.05, ∗∗P < 0.005 vs. control (time 0 h; ANOVA and Newman–Keuls test). B, steady-state I− uptake
in IEC-6 cells treated with 1–1000 μM I− for 24 h. The results are expressed as a percentage of non-I−-treated
uptake levels for each I− concentration. Each value represents the mean ± SD of three independent experiments
done in triplicate. ∗P < 0.05, ∗∗P < 0.01 vs. control (time 0 h; ANOVA and Newman–Keuls test). C, steady-state
I− uptake levels in IEC-18 cells incubated with 100 μM I− for 24 h. Each value represents the mean ± SD of
two independent experiments performed in triplicate. ∗P < 0.005 vs. control (ANOVA and Newman–Keuls test).
D, I− efflux in IEC-6 cells treated with 100 μM I− for 24 h. Results are plotted as a percentage of the remaining
intracellular I−. Decay constants (K) for control and I−-treated cells are indicated. E, initial rates (2 min time
points) of I− uptake at different I− concentrations (ranging from 0 to 160 μM) in the presence of a constant Na+
concentration (140 mM). Data were analysed using the following equation: v = (Vmax

∗[I−])/(Km + [I−]) and fitted by
non-linear least squares using Gnuplot software. Kinetic parameters were determined in triplicate and expressed as
means ± SD. ∗P < 0.05 vs. control Vmax (Student’s unpaired t test). F, IEC-6 cells were incubated in buffered Hanks’
balanced salt solution containing 100 μM I− in the presence or absence of 1 mM ClO4

− for 6 h, where osmolarity
was maintained by either Na+ or choline+. After treatment, cells were extensively washed to remove remaining
free I−, and steady-state I− transport was assessed. Each value represents the mean ± SD of three independent
experiments done in triplicate. ∗P < 0.01 vs. 100 μM I− (140 mM choline+; ANOVA and Newman–Keuls
test).
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Figure 2. Iodide treatment decreases NIS plasma membrane
expression
A, IEC-6 cells were treated with 100 μM I− for different periods of
time (0–48 h). Top panel, Western blot analysis of cell surface
biotinylated proteins, showing NIS expression at the plasma
membrane. Middle panel, immunoblot analysis of whole cell protein
extract assayed for NIS expression. Bottom panel, Western blot assay
of NIS levels in the intracellular fraction. Blots are representative of
five independent experiments. Densitometric analysis was performed
to determine relative NIS expression normalized to the loading
control E-cadherin or α-tubulin, and indicated as fold change (FC)
over NIS protein level in untreated cells, considered as 1.0. B, top
panel, representative immunofluorescence staining of IEC-6 cells
treated with 100 μM I− for the indicated periods of time. Merged

The Na+ gradient is the driving force responsible for
NIS-mediated I− transport (Dai et al. 1996; Eskandari
et al. 1997). IEC-6 cells were cultured in Na+- or
choline+-containing isotonic HBSS in the presence of I−

for 6 h. After extensive washing, steady-state I− transport
was examined. A significant I−-induced reduction of NIS
activity was observed in the presence but not in the absence
of Na+ (Fig. 1F).

Iodide reduces the expression of NIS at the plasma
membrane

In order to analyse the mechanism of inhibition of NIS
activity by I− further, IEC-6 cells were treated with
100 μM I− for different periods of time (3–48 h), and the
total and plasma membrane NIS protein expression were
assessed. Surface biotinylation assays revealed a significant
time-dependent reduction of NIS expression at the plasma
membrane 6 h after I− treatment (Fig. 2A, top panel);
however, a decrease in total NIS protein was observed
only 24 h after I− treatment (Fig. 2A, middle panel).

Interestingly, when assessed by immunofluorescence,
NIS showed a time-dependent decrease in co-localization
with the Na+–K+-ATPase and increased intracellular
staining in response to excess I− (Fig. 2B). Given that
only NIS at the plasma membrane accounts for I−

uptake, these results provide a potential explanation
for the rapid inhibition of NIS-mediated I− uptake
by I−, i.e. that I− is likely to promote trafficking of
plasma membrane NIS to intracellular compartments. We
determined intracellular NIS protein levels by assaying
the supernatant remaining after streptavidin-purified
biotin-labelled surface proteins. Immunoblot analysis
showed that NIS intracellular expression was augmented
from 6 to 12 h after I− treatment. The amount of
NIS decreased after 24 h, consistent with the observed
reduction in total lysates (Fig. 2A, bottom panel). Next, we
examined I−-induced NIS internalization in the presence
or absence of different inhibitors of endocytic pathways,
i.e. chlorpromazine (CPZ), nystatin (Nys) or amiloride
(AML). We measured I− transport activity in cells treated
with I− for 6 h (Fig. 2C). Treatment with AML increased

images of NIS expression (green) and Na+–K+-ATPase (red), a
well-characterized plasma membrane marker, are shown. Scale bars
= 50 μm. Bottom panel, Manders’ coefficient of co-localization of
NIS and the Na+–K+-ATPase was determined for 10 randomly
selected images per condition. ∗P < 0.05 vs. untreated cells (time
0 h; ANOVA and Newman–Keuls test). C, steady-state I− uptake in
IEC-6 cells incubated with 1 mM I− for 6 h in the presence or
absence of the endocytosis inhibitors chlorpromazine (CPZ), nystatin
(Nys) or amiloride (AML). Uptake levels are expressed as picomoles of
I− per microgram of DNA. Each value represents the mean ± SD of
three independent experiments done in triplicate. ∗P < 0.05 vs. same
condition in the absence of inhibitor; #P < 0.05 vs. control (ANOVA
and Newman–Keuls test).
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I− transport in control cells, suggesting a constitutive
internalization of NIS located at the plasma membrane
through an AML-sensitive, macropinocytic mechanism.
In addition, the inhibitory effect of I− on I− uptake was
abolished by AML.

Iodide decreases intestinal NIS protein half-life

We assayed the effect of I− on NIS expression after cyclo-
heximide (CHX) treatment in IEC-6 cells and found
a reduction in NIS protein half-life in I−-treated cells
compared with control cells (t1/2(I)−: 13.89 ± 4.66 h; and
control t1/2(c): 21.65 ± 9.45 h; Fig. 3A), suggesting that an
increase in NIS degradation is partly responsible for the
lower I−-induced NIS protein expression in intestinal cells.

In order to assess the proteolytic pathways involved
in I−-induced NIS protein degradation, we incubated
IEC-6 cells with lysosomal or proteasome inhibitors. The
lysosomal inhibitor chloroquine did not have an effect on
NIS levels, independently of the presence of I−. In contrast,
the proteasome inhibitor MG132 markedly increased
NIS protein expression levels, prevented the I−-induced
reduction of NIS expression (Fig. 3B) and increased I−

uptake (Fig. 3C).

Iodide reduces NIS mRNA levels in small intestine cells

The NIS mRNA levels were determined in IEC-6 cells
after 100 μM I− treatment for different times (3–24 h).
Quantitative PCR analysis demonstrated an I−-induced
time-dependent reduction of NIS mRNA levels (Fig. 4A,
left panel), without a significant change in the mRNA
levels of the intestinal apical differentiation marker ALP
(Fig. 4A, right panel).

We ascertained NIS mRNA expression in vivo in
response to an I−-rich diet. Rats received drinking water
supplemented with 0.05% I− for up to 48 h, whereas
control rats received water without I− supplement. Small
intestine epithelial cells from the villus tip were iso-
lated as described previously (Nicola et al. 2009a) and
further processed for total RNA extraction. Quantification
of NIS mRNA levels showed a substantial reduction
in enterocytes subjected to the I−-supplemented diet
after 24 h (Fig. 4B, left panel), whereas I− had no effect
on ALP mRNA expression (Fig. 4B, right panel), thus
confirming the specificity of I− action as observed in
IEC-6 cells. In a complementary experiment, we observed
a significant increase in intestinal NIS mRNA levels in
enterocytes of animals fed with an I−-deficient diet for
2 or 4 weeks (Fig. 4C, left panel), but no effect on ALP
mRNA expression (Fig. 4C, right panel).

Figure 3. Iodide treatment increases NIS protein turnover through the lysosomal pathway
A, IEC-6 cells were cultured in the presence of 100 μM I− for 24 h; thereafter, 3 μM cycloheximide (CHX) was added
to the culture media, and total cell lysates were obtained at the indicated times. Top panel, representative Western
blot analysis showing NIS expression after blocking protein synthesis. Bottom panel, values from the densitometric
analysis were used to calculate the NIS protein half-life (t1/2). Results are expressed as the logarithm of the
percentage of remaining NIS expression vs. time; NIS expression before CHX addition (t = 0) was taken as 100%.
Ponceau S staining was used to correct loading differences (not shown). Each value represents the mean ± SEM
of three independent experiments. ∗P < 0.05 vs. control t1/2 (Student’s unpaired t test). B, representative Western
blot of cell extracts. IEC-6 cells were treated with 5 μM MG132 (proteasome inhibitor) or 50 μM chloroquine (CQ;
lysosomal inhibitor) in the presence of 100 μM I− for 24 h. Inhibitors were added to cell cultures 30 min before I−.
C, steady-state I− uptake in IEC-6 cells treated with 5 μM MG132 for the indicated periods of time. Iodide uptake
is expressed as picomoles of I− per microgram of DNA. Each value represents the mean ± SD of two independent
experiments done in triplicate. ∗P < 0.05 vs. untreated cells (time 0 h; ANOVA and Newman–Keuls test).
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Intestinal NIS transcription is not modified by I−

We investigated a possible negative transcriptional effect
exerted by I− on its own transporter. IEC-6 cells were
transiently transfected with a luciferase reporter construct
containing a 2854 bp DNA fragment of the rat NIS
promoter (pNIS 2.8; Garcı́a & Santisteban, 2002). Trans-
iently transfected cells were treated with I− for 24 h.
Although the NIS regulatory region showed a strong trans-
criptional activity in intestinal cells, I− did not modulate
NIS expression at the transcriptional level (Fig. 5A).

Iodide strongly increases the NIS mRNA decay rate

Steady-state mRNA levels represent a balance between the
rate of gene transcription and mRNA degradation. The

Figure 4. Iodide decreases NIS mRNA levels in enterocytes
A, IEC-6 cell cultures were incubated with 100 μM I− for different
periods of time. Quantitative PCR analysis was performed to quantify
NIS and alkaline phosphatase (ALP) mRNA levels relative to those of
β-actin. The expression level of untreated cells was set to 1. Values
are indicated as fold change relative to the mRNA levels of untreated
cells. ∗P < 0.01 vs. control (t = 0; ANOVA and Newman–Keuls test).
B, male Sprague–Dawley rats (n = 6 per group) were treated with
0.05% I− in drinking water for the indicated periods of time. After
treatment, villus tip small intestinal absorptive cells were isolated and
qPCR analysis was performed to quantify mRNA levels relative to
those of the loading control, β-actin. Data are indicated as the fold
change relative to the mRNA levels of control animals (set as 1.0)
and presented as box plots. ∗P < 0.05 vs. control (t = 0)
(Kruskal–Wallis and Dunn’s tests). C, male C57BL/6 mice (n = 5 per
group) were subjected to an I−-deficient diet for 1–4 weeks.
Quantitative mRNA analysis was performed as in B. ∗ P < 0.05 vs.
control (t = 0; Kruskal–Wallis and Dunn’s tests).

reduction of NIS mRNA levels induced by I− was not
due to a decrease in transcription. Thus, we tested NIS
mRNA stability by assessing its half-life in IEC-6 cells.
Cells were treated (or not) with 100 μM I− for 3 h and then

Figure 5. Iodide regulates NIS mRNA levels at a
post-transcriptional level
A, IEC-6 cells were transiently transfected with the empty vector
pGL3 or the promoter construct pNIS-2.8 linked to the luciferase.
Results are expressed as the fold change in luciferase activity,
considering pGL3 levels as 1.0. β-Galactosidase activity was used to
normalize transfection efficiency. Values are the means ± SD from
triplicate samples of three independent experiments. ∗P < 0.001 vs.
untreated pGL3-transfected cells (ANOVA and Newman–Keuls test).
B, I−-treated IEC-6 cells were incubated with 5 μg ml−1

actinomycin D (ActD) for the indicated time periods. Total RNA was
extracted and subjected to reverse transcription. Relative mRNA
expression of NIS (top panel) and ALP (bottom panel) was analysed
by RT-qPCR. 18S rRNA expression was used as a normalization
control. Results are expressed as the logarithm of the percentage of
remaining NIS mRNA expression vs. time; NIS expression before
addition of ActD (t = 0) was defined as 1.0. Plotted values are the
means ± SEM from three independent experiments. ∗P < 0.05 vs.
control t1/2 (Student’s unpaired t test).
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incubated with the transcription inhibitor ActD for the
indicated times. Total RNA was isolated, and NIS and ALP
mRNA decay was followed by qPCR analysis. Consistently
with our hypothesis, while I− significantly shortened NIS
mRNA half-life by almost 75% (t1/2(c): 6.88 ± 0.34 h; and
t1/2(I−): 1.83 ± 0.18 h; Fig. 5B, top panel), I− did not have
an effect on the ALP mRNA (t1/2(c): 6.55 ± 0.20 h; and
t1/2(I−): 7.07 ± 0.81 h; Fig. 5B, bottom panel).

Iodide-regulated NIS expression involves the NIS 3′

untranslated region

Untranslated regions of mRNAs play crucial roles in the
post-transcriptional regulation of gene expression (Rana,
2007). In particular, 3′-UTRs harbour determinants
that control mRNA stability and translation efficiency

Figure 6. Iodide-induced NIS repression targets NIS mRNA 3′
untranslated region (3′-UTR)
IEC-6 cells were transiently transfected with the heterologous
GFP-based reporter pEGFP 3′-UTR, where NIS mRNA 3′-UTR
sequence regulates GFP expression, or pEGFP empty vector as
control. After transfection, cells were treated with 100 μM I− for
24 h. A, quantification of GFP mRNA levels relative to those of the
pEGFP-encoded gene, neomycin resistance gene. The expression
level of untreated cells was arbitrarily set to 1. Values representing
the mean ± SD of three independent experiments are indicated as
fold change relative to the mRNA levels of untreated cells. ∗P < 0.01
vs. untreated cells (Student’s unpaired t test). B, representative
Western blot analysis of whole cell extracts assayed for GFP
expression. The housekeeping gene α-tubulin was used as loading
control. β-Galactosidase activity was measured in order to evaluate
equal transfection efficiency. Densitometric analysis was performed
to determine the relative protein expression of GFP normalized to
α-tubulin levels, and corrected by transfection efficiency. The relative
protein expression of GFP in untreated IEC-6 cells was set arbitrarily
to 1.0. The results represent the means of three independent
experiments. ∗P < 0.05 vs. untreated cells (Student’s unpaired t test).

(Sonenberg & Hinnebusch, 2009; Jackson et al. 2010).
We studied the effect of I− on a heterologous GFP
reporter bearing the complete (nucleotides +1858 to
+2761) NIS mRNA 3′-UTR sequence (pEGFP 3′-UTR)
or on pEGFP as a control. IEC-6 cells were trans-
iently transfected with the aforementioned reporters
and treated with 100 μM I− for 24 h. Iodide had no
effect on GFP expression in pEGFP-transfected cells
but it markedly reduced GFP mRNA expression in
pEGFP 3′-UTR-transfected cells (Fig. 6A). These findings
were confirmed by Western blot analysis, showing that
GFP protein expression also decreased in the pEGFP
3′-UTR-transfected cells compared with control cells in
response to I− (Fig. 6B). Uniform transfection efficiency
was ascertained by cotransfection with a β-galactosidase
expression plasmid. These experiments demonstrate the
functional importance of the NIS mRNA 3′-UTR sequence
as a novel regulator of NIS mRNA stability.

Discussion

The absorption of I− in the small intestine is the first
step in I− metabolism (Josefsson et al. 2002). We have
reported that NIS, the mediator of active I− transport
par excellence not only in the thyroid but also in other
tissues, is functionally expressed on the apical surface
of the small intestinal epithelium and, on the basis of
this finding, we have suggested that NIS may play a key
role in I− absorption in the small intestine (Nicola et al.
2009a). In agreement with our observation, proteomic
analysis of mouse small intestine jejunum has revealed
that NIS is a component of the jejunal brush border
(Donowitz et al. 2007). The Na+–multivitamin trans-
porter, a protein closely related to NIS that also transports
I−, albeit with a lower affinity, has been proposed to
provide a complementary pathway for I− absorption in
the small intestine (de Carvalho & Quick, 2011).

The inhibition of NIS activity in the thyroid by high
concentrations of I−, known as the ‘escape’ from the
Wolff–Chaikoff effect, seems to be an adaptive response
to reduce the intracellular I− content in thyrocytes and,
in turn, to resume biosynthesis of thyroid hormones
(interrupted by the Wolff–Chaikoff effect itself; Wolff &
Chaikoff, 1948; Braverman & Ingbar, 1963; Grollman et al.
1986). We have previously reported that an I−-rich diet
markedly decreases NIS protein expression and function
in small intestine enterocytes in vivo (Nicola et al. 2009a).
Here, we further examined the effect of I− on its own
NIS-mediated uptake in the intestinal epithelial cell lines
IEC-6 and IEC-18. We observed that I− treatment in these
cells decreased NIS function in a dose-dependent fashion,
like it does in thyroid cells (Grollman et al. 1986; Dohán
et al. 2006). Our results indicate that the inhibition of
NIS activity by I− results from lower I− influx rather
than a modulation of I− efflux. Analysis of the kinetic
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parameters of I− transport demonstrated that I− at high
concentrations did not affect the apparent affinity of NIS
for either I− or Na+, but it did significantly lower the
NIS V max (Fig. 1E), suggesting that the addition of high
concentrations of I− results in a decreased number of
functional NIS molecules at the plasma membrane.

In the thyroid, the presence of lower NIS-mediated I−

uptake and the concomitant decrease in the intracellular
I− concentration in the course of the ‘escape’ from the
Wolff–Chaikoff effect suggest that the critical determinant
for the escape is the intracellular rather than the blood
concentration of I− (Raben, 1949; Serrano-Nascimento
et al. 2010). We demonstrated that this is also the case in
intestinal cells by showing that the inhibitory effect of I−

on NIS activity was prevented by both the addition of the
NIS inhibitor perchlorate and the absence of extracellular
Na+.

Iodide at high concentrations has been reported to cause
a decrease in NIS expression at the plasma membrane
in thyroid cells (Dohán et al. 2006). Considering that I−

uptake activity can be mediated only by NIS molecules
located at the plasma membrane (Kaminsky et al. 1994;
Riedel et al. 2001), a correlation can be discerned
between the reduction in I− accumulation induced by
I− and the corresponding lowering of NIS expression
at the cell surface. Interestingly, we observed prompt
recruitment of NIS from the plasma membrane to intra-
cellular compartments upon I− treatment, supporting
the existence of a rapid post-translational mechanism
to reduce the number of functional NIS molecules at
the plasma membrane. A similar phenomenon has been
reported in thyroid cells in response to thyroid-stimulating
hormone withdrawal (Riedel et al. 2001). Our data in
intestinal cells are consistent with a pathway involving
amiloride-sensitive endocytosis in the internalization of
NIS induced by excess I−.

Reduced NIS protein expression in response to I−

treatment has been demonstrated in different thyroid
models (Eng et al. 1999, 2001; Li et al. 2007;
Leoni et al. 2011; Serrano-Nascimento et al. 2012).
Likewise, we observed a significant reduction in NIS
protein in I−-treated IEC-6 cell lysates. Additionally,
we demonstrated that I− reduced the NIS half-life, a
mechanism that could be partly responsible for the
significant decrease in NIS protein expression observed
in IEC-6 cells in response to I− treatment (Fig. 3A). We
estimated the half-life of NIS in untreated IEC-6 cells to be
slightly shorter than 24 h, i.e. similar to that in the thyroid
cell line FRTL-5 cells (Eng et al. 2001).

Little is known about the pathways that regulate
NIS protein degradation in physiological conditions.
Lysosome-mediated NIS protein degradation was
reported in all-trans retinoic acid-stimulated MCF-7
human breast cancer cells (Beyer et al. 2011). Our
results show that NIS protein turnover is regulated

via the ubiquitin–proteasome system in enterocytes
(Fig. 3B). Remarkably, blocking of proteasome-mediated
degradation not only prevented the I−-induced reduction
of NIS expression but also led to higher NIS protein levels
and I− transport.

Several reports have demonstrated that excess I−

promotes a reduction of NIS mRNA levels in thyroid
cells in vivo and in vitro (Uyttersprot et al. 1997; Eng
et al. 1999; Spitzweg et al. 1999; Leoni et al. 2008;
Serrano-Nascimento et al. 2010, 2012; Leoni et al. 2011).
Likewise, we observed a time-dependent reduction of NIS
mRNA expression in response to I− treatment in IEC-6
cells. We have demonstrated that rats fed with a high-I−

diet displayed lower and those fed a low-I− diet higher
NIS mRNA expression in small intestine enterocytes in
vivo (Fig. 4). These results indicate that a reduction
of NIS mRNA is compatible with a decreased trans-
lational process, which in turn leads to reduced protein
biosynthesis.

Transcriptional repression has been postulated to be
responsible for the decrease in NIS mRNA levels induced
by I− in thyroid cells (Eng et al. 1999; Leoni et al. 2008).
However, and in agreement with recent observations in
thyroid cells (Leoni et al. 2011), our results in IEC-6 cells
demonstrate that I− does not regulate NIS transcriptional
activity, although potential transcriptional regulation
exerted outside the tested region cannot be entirely
ruled out. As reported previously, thyroid-stimulating
hormone-induced NIS expression is markedly reduced but
not completely abolished in the presence of I− in thyroid
cells, suggesting continued NIS biosynthesis even in the
presence of high levels of I− (Eng et al. 2001).

Our data are consistent with the notion of a novel
post-transcriptional regulation of NIS expression by its
own substrate in enterocytes, because the half-life of the
NIS mRNA in IEC-6 cells decreased from 6.9 to 1.8 h in
the presence of I− (Fig. 5). Recent findings have suggested
that a potential decrease in thyroid NIS mRNA stability
or translation efficiency occurs as a result of a reduction
of its poly-A tail length in response to I− administration
(Serrano-Nascimento et al. 2010, 2012).

Iodide is like other trace elements that regulate genes
encoding for proteins involved in their own transport or
metabolism at the post-transcriptional level. For example,
iron, selenium, zinc, calcium and phosphate regulate the
mRNA abundance of transferrin receptor, glutathione
peroxidase, zinc transporter ZnT5 and parathyroid
hormone, respectively. The mechanisms that underlie this
regulation involve protein interactions with mRNA UTRs,
particularly 3′-UTRs (Owen & Kuhn, 1987; Bermano
et al. 1996; Moallem et al. 1998; Erlitzki et al. 2002;
Jackson et al. 2007; Nechama et al. 2009). Here, we used a
GFP-NIS mRNA 3′-UTR (pEGFP 3′-UTR) chimeric gene
to determine the possible role of I− in destabilizing the
reporter gene. The insertion of NIS 3′-UTR resulted in
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a marked decrease in GFP mRNA and protein levels in
I−-treated cells compared with control vector-transfected
cells (pEGFP; Fig. 6), suggesting that the 3′-UTR sequence
affected GFP mRNA stability rather than its transcription,
given that both GFP-based reporters are controlled by
the same promoter. Although the mechanism by which
I− induces NIS mRNA decay remains unknown, our
findings support the presence of functional cis-acting
elements on the NIS mRNA 3′-UTR sequence related to
the I− regulatory effect. In agreement with the growing
importance of UTR sequences in the regulation of gene
expression, we recently identified a homozygous –54C>T
mutation in the NIS 5′-UTR region as being responsible
for dishormonogenic congenital hypothyroidism due to
reduced NIS mRNA translation efficiency (Nicola et al.
2011).

In conclusion, our data indicate that, by participating
in a mechanism for tight control of NIS gene expression
that is yet to be fully elucidated, I− plays an essential role
in the physiology of enterocytes by controlling its own
absorption and thus regulating the supply of I− to the
body. In light of these findings, it is clear that NIS is a key
molecule in the homeostatic management of inorganic I−

in the organism.
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Translational perspective

Iodide is an essential constituent of the thyroid hormones triiodothyronine (T3) and thyroxine
(T4). Expression of the Na+/I− symporter (NIS) at the apical surface of the epithelium of the small
intestine is a key component for I− absorption, the first step in I− metabolism. Here, we investigated
the mechanism involved in the regulation of NIS expression by I− itself in enterocytes. We have
discovered that I− regulates intestinal NIS expression, and thus its own intestinal absorption, by a
complex array of post-transcriptional mechanisms. Excess I− downregulates NIS expression at the
plasma membrane, increases NIS protein degradation and decreases NIS mRNA levels by reducing
NIS mRNA stability and involving the 3′ untranslated region of NIS. This study underscores the
physiological and regulatory significance of the apical localization of intestinal NIS, which contrasts
with the basolateral localization observed in virtually all other tissues that express NIS, including
the thyroid gland. It will be of interest to investigate whether the regulation of NIS-mediated I−

absorption by I− itself in the small intestine is affected in patients with a variety of malabsorption
syndromes, and to what extent NIS mutations that cause congenital I− transport defects in the
thyroid impair the absorption of dietary I−.
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