
Summary. Despite efforts to optimize iodine supply in
iodine deficient countries, iodine deficiency (ID)
remains a global problem worldwide. Activation of the
local microvasculature by ID in the thyroid gland aims at
improving the local supply of iodide. For this purpose,
the thyrocytes secrete vascular endothelial growth factor
(VEGF) that acts on adjacent capillaries, via a reactive
oxygen species (ROS)/Hypoxia Inducible factor (HIF)-
dependent pathway. Beside the thyroid, other organs
including salivary glands and the stomach do express the
sodium/iodide symporter (NIS) and are able to take
iodide up, potentially rendering them sensitive to ID. To
verify this hypothesis, ID-induced effects on the local
microvasculature were studied in salivary glands and in
the stomach. ID was induced by feeding young mice
with an iodide-deficient diet and NIS inhibitor
perchlorate in the drinking water. In salivary glands, ID
induced a transient increase in HIF-1α protein
expression accompanied by a transient, VEGF-
dependent increase in blood flow. In the gastric mucosa,
ID transiently increased VEGF expression in the mucin-
secreting epithelium and in ghrelin-secreting endocrine
cells. These observations suggest that microvascular
changes in response to ID occur in NIS-expressing
tissues other than the thyroid. NIS expressing cells could

be viewed as iodide sensors that respond to ID by
inducing vascular changes, probably to optimize iodide
bioavailability at regional or systemic levels. 
Key words: Iodine deficiency, Salivary glands,
Stomach, Microvasculature, VEGF

Introduction

Despite ongoing dietary efforts to improve iodine
supply, almost 2 billion people still suffer from mild to
moderate ID worldwide (Andersson and Zimmermann,
2012; Pearce et al., 2013; WHO, 2015). In order to face
iodine scarcity, many mechanisms of adaptation are
readily activated inside and outside the thyroid gland.
While thyrotropin (TSH) intervenes after severe ID to
avoid hormonal deficit by stimulating both thyroid cell
function and proliferation (Zimmermann, 2009), the
thyroid gland continuously copes with moderate ID
through several TSH-independent mechanisms,
including the preferential synthesis of T3 over T4, the
recycling of intracellular iodide, and the peripheral
conversion of T4 into T3 (Pedraza et al., 2006; Kopp,
2008). In addition, thyrocytes constantly react to
fluctuations in iodide availability by regulating their
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surrounding microvasculature (Gerard et al., 2008). This
TSH-independent increase in blood flow is mediated, at
least in part, by reactive oxygen species (ROS)-
dependent stabilization of the α subunit of hypoxia
inducible factor (HIF). This transcription factor up-
regulates vascular endothelial growth factor (VEGF)
expression, leading to an increase in VEGF protein
secretion by the thyrocytes which results in a rise in the
local blood flow, probably in order to adapt iodide
delivery (Gerard et al., 2008, 2009). Although this
microvascular activation is tightly controlled in healthy
tissues, thyrocytes in a cancerous environment would
lose the ability to fine-tune blood flow upon ID, thereby
promoting tumor progression (Gerard et al., 2012).

Beside the thyroid gland, other organs express the
iodide/sodium symporter (NIS), including salivary
glands and the stomach, and might therefore be sensitive
to ID. Both organs are characterized by active iodide
uptake (MIRD, 1975; Bruno et al., 2004) probably to
benefit from its antioxidant properties (Venturi and
Venturi, 2007). Iodide is taken up at the basolateral
membrane of the ductal cells in salivary glands and of
mucin-secreting cells in the stomach. It is then secreted
along its concentration gradient into the saliva and
gastric fluids respectively (Brown-Grant, 1961;
Josefsson et al., 2006). The physiological role for this
iodide secretion is still uncertain, but evidence suggests
that iodide may act as an antimicrobial agent in the
saliva and gastric juice (Thomas et al., 1980; Geiszt et
al., 2003; Portulano et al., 2014). It was hypothesized
that salivary glands and the stomach could also be
involved in systemic iodide recycling (Miller et al.,
1975; Josefsson et al., 2002). As orally ingested iodide is
normally absorbed by enterocytes to be partially cleared
by the kidneys (Nicola et al., 2009), iodide taken up by
salivary glands and the stomach could therefore escape
from kidney clearance to be spared as a reserve
potentially usable by the thyroid during ID periods. 

Since salivary glands and the stomach are able to
actively transport iodide, it is possible that they are also
affected by ID. Consistently, in addition to the potential
link between ID and dental carries (Venturi and Venturi,
2009), NIS expression was reported to be decreased in
salivary glands during inflammation and tumor
formation (La Perle et al., 2013). Accordingly, oxidized
DNA and proteins are often found in oral cancers,
possibly because of ID-associated oxidative stress
(Bahar et al., 2007; Maier et al., 2007). Several studies
also reported that ID is associated with stomach
disorders. For instance, a higher rate of stomach cancers
has been reported in iodine deficient areas in Poland, in
China, and in Anatolia (Turkey) (Gulaboglu et al., 2005;
Abnet et al., 2006; Golkowski et al., 2007). Moreover,
patients with stomach cancer in Poland were more often
diagnosed with goiter compared to the rest of the
population when the country was still iodine-deficient.
After iodine supplementation, both disorder rates
decreased (Golkowski et al., 2007). At the molecular
level, iodine concentration and NIS expression were

reported to be lower in cancer tissues compared to the
normal surrounding tissue (Gulaboglu et al., 2005;
Altorjay et al., 2007).

While it seems that ID plays a role in different
pathologies of diverse NIS-expressing organs,
underlying mechanisms are still largely unknown. In this
study, we investigated the potential effects of ID on the
regulation of the local microvasculature in two NIS-
expressing organs, salivary glands and stomach, and
compared their biological response to ID to that of the
thyroid. 
Materials and methods

Animals and treatments

To induce ID, 8 week-old NMRI mice (strain 008,
Harlan, Boxmeer, The Netherlands) were fed with a low-
iodine diet (LID) (0.1 µg iodide/day; Animalabo,
Brussels, Belgium) supplemented or not with 1% sodium
perchlorate (a NIS inhibitor) in tap water for 1 to 10
days, or with a normal diet (0.4 mg iodide/kg, AO3,
Scientific Animal Food and Engineering, Augy, France).
ID was induced using the exact same protocol as in
Gérard et al. (2008), where LID was combined with
perchlorate (Bianco et al. 2014) in order to compare the
effects of ID in the thyroid, the salivary glands and the
stomach. Control animals received normal diet and tap
water.

To inhibit VEGF-A, animals were injected
intraperitoneally with a saline solution of bevacizumab
(10 mg/kg; Roche, Welwyn Garden City, UK). Control
animals were injected with an equimolar solution of
irrelevant human IgGs (Sigma, St.-Louis, MO, USA). In
both groups, animals were either fed a normal diet
(controls) or LID supplemented with 1% sodium
perchlorate in drinking water for 2 days.

Mice were housed and handled according to the
Belgian regulation of Laboratory Animal Welfare. All in
vivo experiments were performed with approval of UCL
Comité d’Ethique pour l’Expérimentation Animale
according to national and European animal care
regulations. 
Laser Doppler blood flow measurement and preparation
of tissue samples

Mice were anesthetized with Ketamine (Anesketin,
Eurovet, Belgium) and Xylasine (Rompun, Bayer
HealthCare; Belgium) and placed on a heating pad
(37°C). The skin was then incised and pulled aside to
expose the submandibular glands, which are the most
accessible salivary glands for blood flow measurements.
Blood flow was measured using a Laser Doppler imager
(Moor Instruments, Axminster, UK). Submandibular
glands were identified and delineated based on
anatomical images and blood flow was quantified based
on corresponding colored histogram pixels. After
measurements, mice were euthanized with an overdose
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of pentothal (Abbott, Louvain, Belgium). Stomach and
submandibular salivary glands were collected. Emptied
stomach and a portion of salivary glands were fixed in
paraformaldehyde (4% in phosphate-buffered saline
[PBS]) for 36 hours and embedded in paraffin. Thick
sections (5 µm) were used for immunohistochemistry
and immunofluorescence. The remaining submandibular
salivary glands were directly frozen in liquid nitrogen
and used for protein analysis. 
Western blots

Samples of salivary gland were homogenized into
Laemmli buffer (10 ml Glycerol, 2 g SDS, 0.756 g Tris-
hydroxymethylaminomethan, 0.19 g EDTA (5 mM) in a
100 ml distilled water solution) containing protease
inhibitors (protease inhibitor cocktail tablets, Roche,
Mannheim, Germany) and sonicated for 15 seconds. The
protein content was measured using a BCA Protein assay
kit (Pierce, Rockford, IL) according to manufacturer’s
protocol. Western blotting was performed as previously
described (Gerard et al., 2012). Primary antibodies were
incubated overnight at 4°C and secondary antibodies
were incubated for one hour at room temperature (Table
1). Signal was detected using the Supersignal West
Pico/Femto chemiluminescence kit from Thermo
Scientific (Waltham, MA, USA). Western blots were
scanned and the protein content of each sample was
quantified by densitometry using NIH Scion
ImageAnalysis Software (National Institutes of Health,
Bethesda, MA). Protein levels were normalized to those
of β-actin and GAPDH.
Immunohistochemistry

Immunohistochemistry was performed as previously
described (Gerard et al., 2012). For VEGF-A detection,
antigen retrieval was carried out: tissue sections were

treated in a microwave oven in citrate buffer (0.01 M,
pH 6) for one cycle of 3 min at 750 W, followed by 4
cycles of 3.5 min at 350 W. Then, sections were blocked
in 1:50 non-immune goat serum (Vector Laboratories,
Burlingame, CA, USA) in PBS/BSA 5% (albumin
fraction V from bovine serum, VWR) for 30 min at room
temperature. Antibodies, incubation times and dilutions
are listed in Table 2. Primary antibodies were omitted in
negative controls. Peroxidase activity was revealed with
3,3'-diaminobenzidine (DakoCytomation, Heverlee,
Belgium). Sections were counterstained with Mayer’s
hematoxylin. Images were captured on an Axio scope
A.1 microscope (Zeiss, Zaventem, Belgium) equipped
with a DS-5Mc Color Digital Camera Head (Nikon,
Amsterdam, The Netherlands).
Immunofluorescence

Sections from paraffin-embedded tissues were
dewaxed in toluene and rehydrated in a series of graded
alcohols to distilled water. Sections were washed three
times in PBS-Triton X-100 (Sigma-Aldrich, St.-Louis,
MO, USA) between each of the following steps. Slices
were first quenched with NaBH4 (10 mg/ml H2O;
sodium borohydride, Sigma-Aldrich). Antigen retrieval
was performed as described above. After cooling down
for 15 min, slices were blocked for 1 h in PBS/BSA 5%,
and incubated at 4°C overnight with primary antibodies
(VEGF-A, SC-152, Santa Cruz Biotechnology, 1/100;
Ghrelin, SC-10368, Santa Cruz Biotechnology, 1/500) in
PBS/BSA 2%. Primary antibodies were omitted in
negative controls. Signals were revealed by 1-h
incubation at room temperature in the dark with species-
specific secondary antibodies conjugated to fluorophores
(First: Alexa Fluor 488-conjugated donkey anti-goat, A-
11055, Invitrogen, 1/300; second: Alexa Fluor 568-
conjugated goat anti-rabbit, A11036, Invitrogen, 1/300)
in PBS/BSA 1%. Nuclei were stained for 5 minutes with
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Table 1. Western blot, primary and secondary antibody dilutions for HIF-1α, mNIS, β-actin, VEGFR1 and VEGFR2 proteins detection.

Protein Primary Antibody Primary antibody Dilution Secondary antibody

HIF-1α human/mouse/rat hif-1α, MAB-1536, R&D Systems 1:500 Biotinylated anti-Mouse, 1:200 (BA-9200, Labconsult)
NIS NIS, SMC-391D, Stress Marq Biosciences Inc. 1:1000 Biotinylated anti-Mouse 1:200 (BA-9200, Labconsult)
β-Actin β-actin, A5060, Sigma 1:5000 Goat anti-Rabbit Poly-HRP 1:5000(32260, Pierce)
VEGFR1 VEGF R1/Flt‑1, AF471, R&D systems 1/1000 Biotinylated anti-Goat, 1:200 (BA-9500, Labconsult)
VEGFR2 VEGFR2/Flk-1, sc-6251, Santa Cruz Biotechnology 1/800 Biotinylated anti-Mouse 1:200 (BA-9200, Labconsult)

Table 2. Immunohistochemistry, primary and secondary antibody dilutions for VEGF-A and mNIS proteins detection.

Protein Primary antibody Primary antibody dilution 
and incubation time Secondary antibody Secondary antibody dilution

and incubation time

VEGF-A VEGF-A, SC-53462, Santa Cruz Biotechnology -Salivary glands 1:75, o/n
-Stomach 1:50, o/n

Goat anti-mouse poly-HRP,
32230, Pierce 1/50, 1 hour

NIS NIS, a gift from Nancy Carrasco, Yale University
School of Medicine, USA (Levy et al. 1997)

-Salivary glands 1:1500, 1 hour
-Stomach 1:4000, 1 hour

Goat anti-rabbit poly-HRP,
32260, Pierce 1/50, 1 hour



4’-6’diamidino-2-phenylindole (DAPI, 1/10,000) and
slides were mounted in Fluorescent Mounting Medium
(Dako Cytomation). Images were captured on an
AxioCam MRc5 fluorescence microscope using the
Axio Vision 4.8 software (Zeiss). 
Data analysis and statistics

All data are expressed as mean ± SEM. Experiments
were conducted on groups of at least 3 mice and
repeated independently 2 to 3 times (N=6-9), except for
control experiment at days 20 and 30 (N=3). Statistical
analysis was performed using one-way ANOVA with a
Tukey-Kramer or a Dunnett multiple comparison or post
hoc test or by using an unpaired Student t test when
appropriate (GraphPad Instat, San Diego, CA, USA).
P<0.05 was considered as statistically significant.
Results

Salivary glands

ID increases blood flow in salivary glands
Differences in basal blood flow in submandibular

salivary glands were observed between male and female
mice (Fig. 1). The results were therefore segregated by
gender. A significant increase in blood flow was
observed from day 1 to day 4 after ID induction in males
and at day 2 in females (Fig. 1A). Blood flow then
decreased to reach control levels at days 10 and 4,
respectively. Although both male and female mice
showed a transient rise in blood flow, the increase was
proportionally stronger in males. A second experiment,
with longer monitoring time showed no further changes

in submandibular salivary glands up to 30 days after ID
induction (Fig. 1B). 

To discriminate between the LID-associated effects
versus NIS inhibition by perchlorate and to eliminate the
possibility that observed effects were due to an off-target
effect of perchlorate, control experiments were carried
out using either LID alone or perchlorate alone (data not
shown). In males, LID treatment without perchlorate
induced a significant transient increase in submandibular
salivary gland blood flow at day 2, but no significant
increase was seen in females at day 2, despite a trend.
Conversely, perchlorate alone did not modulate blood
flow significantly. Thus, salivary glands respond to ID
by increasing local blood flow with additive effects
between LID and perchlorate, at least in females. 

ID increases HIF-1α and VEGF protein expression
in salivary glands

In male mice, HIF-1α protein level was significantly
increased at days 1 and 2 following ID induction, 
and decreased back to basal levels at days 4 and 10 
(Fig. 2A). In females, HIF-1α protein expression
increased at day 1 of ID to remain high up to day 10
(Fig. 2B). 

Low expression of VEGF was detected using
immunohistochemistry in duct cells of the sub-
mandibular salivary glands of both male (Fig. 3A) and
female (Fig. 3B) control mice. From day 1 to day 4 of
ID, VEGF immunostaining increased (Fig. 3C,D), to
decrease thereafter and reach the control level at day 10
(Fig. 3E,F) in both male and female mice. Weak VEGF
staining was also observed in the stroma between acini
from day 2 to day 4 (Fig. 3C,D). 

In order to prove the role of VEGF in ID-induced
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Fig. 1. NMRI mice salivary glands bloof blow after 0, 1, 2, 4 and 10 days of ID 3 (1b). A. Values are expressed as means ± SEM, N9. B. Values are
expressed as means ± SEM, N=3. *p value <0.05, ** p value <0.01.



increase in salivary gland blood flow, the experiment
was repeated with and without VEGF blocking antibody
bevacizumab (Bock et al. 2007). In both male (Fig. 4A)
and female (Fig. 4B) mice treated with irrelevant IgG,
ID induced a significant rise in blood flow after 2 days
of treatment, whereas blood flow was unchanged upon
bevacizumab treatment. The blood flow was not affected
by bevacizumab in control mice. Moreover, Western blot
analyses of VEGF receptor 1 and 2 showed that their
expression remained unchanged in mice treated with
bevacizumab compared to control mice (data not shown)
indicating that the expression of VEGF receptors 1 and 2
was not influenced by bevacizumab treatment. Thus,
VEGF is at least partly responsible for the observed
increase in blood flow in submandibular salivary glands
during ID.

ID promotes NIS protein expression in salivary
glands

Because salivary glands express the sodium/iodide
symporter NIS (MIRD, 1975; Bruno et al., 2004), we
looked at NIS expression in condition of ID to check
whether decreased iodide bioavailability triggers NIS
expression to optimize cellular iodine uptake. The
immunohistochemical analysis showed that NIS
expression in submandibular salivary glands is restricted
to basolateral membranes of ductal cells (Fig. 5A,B).
NIS expression increased in male and female mice over

2 days of ID (Fig. 5C,D), to decrease down to basal
expression between days 4 and 10 (Fig. 5E,F). Changes
were slightly more pronounced in males compared to
females. These data were confirmed by Western
blottings (data not shown). 

Because NIS is the direct target of perchlorate, but
perchlorate as a single treatment did not modify blood
flow significantly in salivary glands, we compared NIS
expression in animals treated with LID alone or
perchlorate alone (data not shown). In males, LID and
perchlorate used separately increased NIS expression at
days 4 and 2, respectively. Similar data were obtained in
female mice. NIS expression increase due to LID was
delayed by 2 days compared to perchlorate treatment
alone or LID/perchlorate co-treatment, confirming that
perchlorate is used at a bioactive dose in our in vivo
assays. 
Stomach

ID stimulates VEGF expression in the stomach
Immunohistochemical detection showed no VEGF

expression in mucin-secreting cells of control mice, but
few capillaries underneath the epithelial layer were
positively stained (Fig. 6A). Additionally, a few small
cells located at the bottom of the tubular glands and
surrounding the tubular glands showed positive
cytoplasmic staining (Fig. 6B). After 1 day of ID, more
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Fig. 2. HIF-1α protein expression in salivary glands of male (A) and female (B) NMRI mice after 0, 1, 2, 4 and 10 days of ID. Values are expressed as
means ± SEM, N=9. *p value <0.05, **p value <0.01.
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Fig. 3. Analysis of VEG expression by immunohiostochemistry in salivary glands (serous acini and ducts): A, B. Control. C, D. ID 2 day. E, F. ID 10 days.



capillaries under the mucin-secreting epithelium and
more cells in tubular glands were stained (Fig. 6D,E).
After 2 days of ID, increased VEGF staining was also
observed inside the cytoplasm of most mucin-secreting
cells, which are NIS-expressing cells (Fig. 6G). The
increase in VEGF expression lasted until day 4 of ID,
after which it decreased up to day 10 (Fig. 6J,K).
Compared to control mice, VEGF signal at day 10 of ID
was slightly stronger in the vessels underneath mucin-
secreting cells, but not in the small cells located in the
tubular glands. Additional experiments showed that LID
and perchlorate as separate treatments did increase
VEGF expression (data not shown).

The cells expressing VEGF at the bottom of the
tubular gland during ID were localized around the
tubular glands and their size was smaller than that of
parietal cells. As these characteristics are compatible
with gastric endocrine cells, we performed a double
immunofluorescence staining for both VEGF and a well
expressed gastric hormone, ghrelin (Fig. 7). In control
mice, ghrelin-expressing cells (G-cells) did not express
VEGF (Fig. 7A-C), whereas the vast majority of G-cells
were double stained with VEGF in ID mice (Fig. 7D-F).
Of note, a few cells expressed VEGF, but not ghrelin, in
ID mice. 

ID induces a slight increase followed by a decrease
in NIS expression

NIS protein expression was also looked at in the

stomach. In basal conditions, a positive immunohisto-
chemical staining for NIS was visible only at the
basolateral membrane of mucin-secreting cells (Fig. 6C),
but not in parietal cells. ID induced a weak increase in
NIS staining at day 1 (Fig. 6F), which was followed by a
strong decrease from day 2 to 10 (Fig. 6I, L). LID and
perchlorate as separate agents both induced a decrease in
NIS expression on day 2 (data not shown), confirming
that NIS expression is controlled by ID rather than by
any off-target effect of perchlorate. Thus, in contrast to
the salivary glands, ID induced only a slight increase
which was followed by a strong decrease in NIS
expression in the stomach.
Discussion

While several epidemiological studies have
associated ID to disorders in salivary glands and in the
stomach (Gulaboglu et al., 2005; Abnet et al., 2006;
Golkowski et al., 2007; Venturi and Venturi, 2009; La
Perle et al., 2013), few studies have addressed the
molecular effects of ID in these organs. Here, we report
that, as already described in the thyroid (Gerard et al.
2008), salivary glands and the stomach respond to ID by
inducing a microvascular response. 

A striking similarity between these three NIS-
expressing tissues is the rapid ID-induced increase in
VEGF expression and in the local blood flow (at least in
salivary glands and thyroid). In the thyroid, the
microvascular response that occurs in response to ID to
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Fig. 4. Salivary gland blood flow after 0 or 2 days of ID in male (A) and female (B) mice pre-injected with bevacizumban or IgG in order to assess
VEGF involvement in blood flow levels. Values are expressed as means ± SEM, N=6 * p value <0.01, *** p value <0.001.
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Fig. 5. Analysis of NIS expression by immunohistochemistry in salivary glands (serous acini and ducts), A, B. Control. C, D. ID 2 day. E, F. ID 10 days.



improve the local supply of iodide is biphasic (Gerard et
al., 2008). An early transient TSH-independent response
occurs already at day 1 of ID with thyrocytes releasing
VEGF which directly acts on adjacent capillaries. A
second delayed phase then takes place when ID-induced

impaired thyroid hormone synthesis triggers TSH
production from the pituitary gland which further
stimulates VEGF secretion from thyrocytes. In salivary
glands and in the stomach, a rapid, but only transient,
ID-induced increase in VEGF expression was observed
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FIG. 6. Analysis of VEGF and NIS expression by immunohistochemistry in stomach. A, B. VEG, Control. C. NIS, control. D, E. VEG, ID 1 day. F. NIS,
ID 1 day. G, H. VEGF, ID, 2 days. I. NIS, ID 2 days. J, K. VEGF, ID 10 days. L. NIS, ID 10 days. x 40



and it was associated with an increase in blood flow in
the salivary glands. This may also occur in the stomach
but this hypothesis cannot be verified because the gastric
mucosa is not accessible for Laser Doppler measu-
rements due to the presence of muscles. We therefore
focused on VEGF as ID response effector and
documented increased VEGF staining in small blood
vessels close to mucin secreting epithelial cells, which
are known to express NIS (Altorjay et al. 2007), while
only few of them were positively stained in control mice,
suggesting endothelial activation by VEGF during ID in
the stomach. In contrast with the thyroid, the delayed
TSH-dependent phase was not observed, which is in
accordance with the fact that salivary glands and the
stomach are not sensitive to TSH signaling (Viglietto et
al., 1997; Josefsson et al., 2006; Gerard et al., 2008;
Portulano et al., 2014).

In their early transient response to ID, the thyroid
and salivary glands share a similar molecular pathway.
In both organs ((Gerard et al., 2008, 2009) and this
study), increased blood flow is preceded by an increased

expression of HIF-1 transcription factor subunit α. This
subunit is known to bind to HIF-1β to form active HIF-1
and to stimulate the expression of target genes including
VEGF. Accordingly, ID increases VEGF production by
thyrocytes (Gerard et al., 2008, 2009), and by ductal
cells in serous acini of the salivary glands. The active
contribution of VEGF to the increased microvascular
perfusion was clearly demonstrated in salivary glands
where bevacizumab inhibited ID effects. This does not
rule out the potential involvement of other pro-
angiogenic factors such as FGF2 in response to ID, as
already reported in the thyroid (Gerard et al., 2008,
2009). Like thyrocytes and ductal cells of the salivary
glands, mucin-secreting epithelial cells in the stomach
are NIS expressing cells (Jhiang et al., 1998; Altorjay et
al., 2007) and also responded to ID by increasing VEGF
production. It is therefore reasonable to postulate that, as
already reported in the thyroid gland, NIS-expressing
cells in salivary glands and in the stomach are sensitive
to ID. In addition to mucin-secreting cells, ghrelin
positive endocrine cells also overexpressed VEGF when

906
Iodine deficiency in stomach and salivary gland

Fig. 7. Analysis of VEGF and ghrelin expression by immunofluorescence in stomach, A-C. Control. D-F. ID, 2 days. Red: VEGF. Green: Ghrelin, A, D.
VEG/Ghrelin double staining. B, E. VEGF staining. C, F. Ghrelin staining. x 40



exposed to ID, even though NIS expression was not
reported in gastric endocrine cells to our knowledge
(Kotani et al., 1998; Vayre et al., 1999; Altorjay et al.,
2007). Moreover, a few cells located at the bottom end
of the tubular glands did overexpress VEGF but not
ghrelin. Based on their localization and because they
were of the same size as ghrelin-expressing cells, it is
reasonable to propose that they correspond to another
type of gastric endocrine cells. While it is also possible
that among those cells, a few are mast cells, which are
known to secrete VEGF (Ribatti and Crivellato, 2012),
mast cells were too few in the stroma between the glands
(unpublished results), to account for the population of
cells expressing VEGF but not ghrelin. We cannot yet
interpret the physiological relevance of this observation
that obviously requires further investigations.

It is proposed that iodide exerts antioxidative effects,
which may explain the early release of ROS and nitric
oxide (NO) in response to ID in the thyroid gland. In this
organ, ROS and NO can stabilize HIF-1α and activate
HIF-1 during ID in thyroid cells (Gerard et al., 2008,
2009; Craps et al., 2015). Thus, it is likely that redox
stress initiates the HIF-1-VEGF response to ID in NIS-
expressing cells, which will be addressed experimentally
in further investigation. Similarly, it remains to be
determined if the changes in NIS expression induced by
ID in salivary glands and in stomach originates from a
redox imbalance. NIS is not a HIF-1 target gene (Yeom
et al., 2008), but its expression is sensitive to redox
changes (Serrano-Nascimento et al., 2014). However,
NIS expression is transiently increased in salivary glands
and only slightly increased, then decreased in the
stomach. Its regulation is thus influenced by iodide
supply in both organs but may depend on different
molecular pathways.

In the thyroid, salivary glands and stomach,
functional consequences of the molecular responses to
ID could represent strategies aimed at improving iodide
supply. By increasing local perfusion, NIS-expressing
cells would promote local iodide supply from blood. In
salivary glands, a second strategy would be to increase
NIS expression in duct cells, in order to optimize iodide
uptake. Accordingly, cellular responses were maximal
when both iodine ingestion (LID) and NIS activity
(perchlorate) were impaired. Although the role of iodide
in salivary glands and the stomach has not yet been
totally clarified, three possibilities have been evoked: an
antioxidant, a bactericidal and a recycling function
(Thomas et al., 1980; Josefsson et al., 2002; Geiszt et al.,
2003; Venturi and Venturi, 2007, 2009; Portulano et al.,
2014). Thus, when facing ID, salivary glands and the
stomach might try to optimize iodide intake to benefit
from its antioxidant and bactericidal properties. It is also
possible that by recycling iodide into the blood
circulation via the enteroenteric circulation, this would
reduce its clearance through the kidneys, as suggested by
Miller et al. (1975) and Josefsson et al. (2002), thereby
optimizing iodide supply to the thyroid gland. This
mechanism of iodide sparing should therefore be

considered in addition to those activated by the thyroid,
including the improved local supply of iodide through
increased microvascular flow, the preferential synthesis
of T3 over T4 and the internal recycling of unused
mono- and di-iodotyrosines (Pedraza et al., 2006; Kopp,
2008). Further arguments are required to strengthen the
validity of this hypothesis. 

It is worth mentioning that a gender difference in the
response to ID was observed. Gender-associated
differences in salivary gland functions have already been
reported in several studies (Ferguson and Stephen, 1972;
Lazarus et al., 1974), but our observation that basal
blood flow is higher in the submandibular salivary
glands of male compared to female mice is, to our
knowledge, unprecedented. In addition, male salivary
glands showed a stronger response to ID. LID alone was
sufficient to significantly enhance salivary gland blood
flow while perchlorate alone had no significant effect in
males. In females, maximal effects required combined
treatment. Accordingly, while NIS is known to be
expressed only in salivary ducts and iodide uptake has
been observed in duct cells in both males and females
(Ferguson and Stephen, 1972; Jhiang et al., 1998), a
higher iodide concentration was reported in male
compared to female ducts (Lazarus et al., 1974). Thus,
the difference that we observed in the amplitude of
salivary glands response to ID between males and
females follows the same trend as the capacity of the
glands to concentrate iodide. However, while a
concordance was observed between changes in HIF-1α
and VEGF levels and blood flow in males, HIF-1α
levels remained elevated in females even after the end of
the microvascular reaction, suggesting the existence of
other molecular pathways that regulate ID-induced blood
flow in a gender-specific manner. 

In conclusion, our study reports that ID induces
microvascular responses in salivary glands and in the
stomach similar to those previously observed in the
thyroid. It is reasonable to postulate that this
microvascular activation that occurs in response to ID in
these two NIS-expressing tissues contributes to optimize
as much as possible the local delivery of iodide in
periods of iodide deprivation.
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