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The Expression of Dual Oxidase, Thyroid Peroxidase,
and Caveolin-1 Differs According to the Type of
Immune Response (TH1/TH2) Involved in Thyroid
Autoimmune Disorders
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Context: Hashimoto's thyroiditis (HT) and Graves' disease (GD) are thyroid autoimmune disorders
driven by Th1 and Th2 immune responses, respectively. Caveolin-1 (Cav-1), thyroid peroxidase
(TPO), and dual oxidase (DUOX) are thought to be part of the thyroxisome, which is essential to
maintain thyroid hormone synthesis, at the apical membrane.

Objectives: To analyze the thyroxisome in HT and GD thyroids, we investigated Cav-1, DUOX, and
TPO expression as well as markers of oxidative stress (OS), cell proliferation, apoptosis, and anti-
oxidant defenses. The effects of cytokines on Cav-1 expression were analyzed in vitro.

Results: In HT, the decrease in Cav-1, DUOX, and TPO expression was marked in follicles having the
morphological aspect of active follicles in normal glands and thus called active-like follicles. T, was
not detected in the colloid butin the cytoplasm as well asDUOX and TPO. These abnormalities were
associated with increased OS and cell damage. In the hypofunctioning follicles of HT and normal
thyroids, Cav-1, DUOX, and TPO were not expressed. In GD, they were expressed at the apical pole
of thyrocytes, and T, accumulated in the colloid of all follicles. Th1 cytokines IL-1«/interferony
decreased Cav-1 expression in vitro, whereas the Th2 cytokine IL-4 had no effect.

Conclusion: Th1 cytokine-induced down-regulation of Cav-1 could be responsible for intracytoplasmic
T, synthesis and mislocalization of DUOX and TPO, suggesting an important role for Cav-1 in the
preservation of thyroxisome integrity. The thyroxisome’s disruption, leading to uncontrolled OS and
cell apoptosis, is a key, event in HT pathogenesis. (J Clin Endocrinol Metab 99: 1722-1732, 2014)

ashimoto’s thyroiditis (HT) and Graves’ disease (GD)
H are the two main types of thyroid autoimmune dis-
orders. HT is triggered by an autoimmune response
against thyroglobulin (Tg) and thyroid peroxidase (TPO)
autoantigens. It is characterized by the progressive de-
struction of most follicles, fibrosis, and inflammatory in-
filtration (1), eventually leading to glandular atrophy and
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hypothyroidism. In addition, Th1l cytokines, among
which interferon (IFN)-y, TNF-a, TNF-B, IL1a, IL1,
IL-2, platelet-derived growth factor (2) are predominant,
play a key role in thyroid cell destruction by CD8+ cyto-
toxic cells. Th1 cytokines inhibit iodide uptake and thy-
roid hormone (TH) release from thyrocytes and down-
regulate dual oxidase (DUOX), TPO, Tg, and Na /I~

* L.M. and V.V.R. contributed equally to this work.

Abbreviations: Cav-1, caveolin-1; DUOX, dual oxidase; GD, Graves' disease; 4-HNE, 4-hy-
droxynonenal; HT, Hashimoto's thyroiditis; IFN, interferon; KO, knockout; NIS, Na*/I~
symporter; NOX, nicotinamide adenine dinucleotide phosphate oxidase; OS, oxidative
stress; ROS, reactive oxygen species; Tg, thyroglobulin; Tg-l, iodinated-Tg; TH, thyroid
hormone; TPO, thyroid peroxidase.
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symporter (NIS) expression in thyrocytes without affect-
ing cell viability (3, 4).

In GD, self-tolerance to autoantigens, mainly the TSH
receptor, is also disrupted. Most autoantibodies produced
in GD exert a TSH-like effect and induce thyroid over-
stimulation. Hypertrophy and hyperplasia of thyrocytes
affect the whole gland and can sometimes cause the for-
mation of small papillae. Diffuse lymphocytic infiltrates
may be observed among the follicles and germinal centers
are frequently found (5). GD is driven by the humoral
immune response and Th2 cytokines (IL-4 and IL-10) (2).

HT and GD are therefore multifactorial diseases with
opposite thyroid hormone levels (hypothyroidism vs hy-
perthyroidism) and cytokine profiles (Th1 vs Th2). In ad-
dition to cytokines, HT and GD thyroid follicles are ex-
posed to opposite environmental factors: high TSH levels
and low or normal T, levels in HT, thyroid-stimulating
antibodies, thioamide drugs, and high T, levels in GD (35).
From these factors that may influence the morphology and
function of the thyrocytes, thyroid hormones are the best
known to modulate immune responses at the cellular level
6, 7).

TH synthesis is a multistep process (8), during which
iodide is actively taken up across the basolateral mem-
brane of thyrocytes via NIS and then crosses the apical
membrane. The organification of iodide into Tg by TPO
requires H,0,. To avoid cytotoxicity, H,O, is synthesized
by DUOX in a restricted area located at the interface be-
tween the apical membrane and the colloid and is imme-
diately consumed by TPO. This biochemical entity, re-
ferred to as the thyroxisome (9), comprises a multiprotein
complex containing TPO and DUOX among other pro-
teins, which must be located at the apical membrane to be
active in terms of efficient hormone synthesis (9).

Caveolin-1 (Cav-1),a 22-kDa protein, is another mem-
ber of the thyroxisome multiprotein complex required for
TH synthesis and thyroid cell homeostasis (10). Cav-1,
like the other two isoforms of caveolin, integrates into cell
membranes and creates caveolae, which are nonclathrin-
coated pits (11, 12). By creating these raft-like membrane
structures, Cav-1 can compartmentalize different cell pro-
cesses (13). In thyroid cells from Cav-1 knockout (KO)
mice, the TPO/DUOX protein complex is mislocalized in
the cytoplasm instead of at the apical membrane. This
leads to intracytoplasmic TH synthesis but also to H,0,
and/or reactive oxygen species (ROS) production, thereby
leading to excessive oxidative stress (OS) and cell apopto-
sis (10). Therefore, Cav-1 is likely required for the correct
positioning of the TPO/DUOX protein complex at the
apical membrane. It is also likely that, through binding to
DUOX, Cav-1 inhibits DUOX until it is correctly localized
in the apical membrane. By contrast, Cav-1 deficiency
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leads to insufficient inhibition of intracytoplasmic
DUOX, which is associated with the production of intra-
cytoplasmic H,O, and thus increased OS (10). Similar
effects were observed in the thyroid of a patient with Pen-
dred syndrome (14). In addition, thyroid hormones are
known as modulators of Cav-1 expression. In rat heart
development, for instance, the level of Cav-1 is decreased
by hypothyroidism (15).

The aim of this study was to investigate the role of
Cav-1 in the expression of the TPO/DUOX protein com-
plex or thyroxisome in HT vs GD. Because the effect of
cytokines on Cav-1 expression is not known, the in vivo
study was coupled to an in vitro study in which Th1 and
Th2 cytokines were tested in primary cultures of human
thyrocytes.

Materials and Methods

Thyroid samples

Paraffin-embedded tissue samples from five HT patients and
10 GD patients were selected from the anatomopathology col-
lection of the Université catholique de Louvain (Brussels, Bel-
gium). Paranodular tissues from multinodular goiters were used
as control thyroid samples (n = 5). Other thyroid samples (three
of paranodular tissues, four from GD patients, and two from HT
patients) were frozen in liquid nitrogen and stored at —80°C
until use for RT-PCR and Western blotting. All tissues were
surgical specimens, obtained after patients gave informed
consent.

HT patients had high levels of circulating anti-TPO and an-
ti-Tg antibodies. At the time of surgery, TSH levels were low in
two patients (0.03, 0.072 pU/mL), high in two patients (5.64,
6.15 pU/mL), or normal in three patients (0.35-2.75 pU/mL).
The free T, levels were in the normal range in all patients (0.9—
1.46 ng/dL).

All GD patients were treated with antithyroid drugs (propy-
Ithiouracil or strumazol) and Lugol solution for a few days before
the surgical procedure. At the time of surgery, TSH levels were
undetectable in two patients, low in three patients (0.01, 0.01,
0.09 pU/mL), and normal in five patients (0.7-3.15 wU/mL).
Free T, levels were normal in nine patients (0.6-1.8 ng/dL) and
low in one patient (0.3 ng/dL).

Immunohistochemistry

All antigens, iodinated-Tg (Tg-1), T,, DUOX, TPO, Cav-1,
4-hydroxynonenal (4-HNE), catalase, activated caspase-6, and
cyclin D1 were detected in paraffin sections (see Supplemental
Table 1, published on The Endocrine Society’s Journals Online
web site at http://jcem.endojournals.org). To detect Cav-1,
4-HNE, catalase, cyclin D1, and activated caspase-6, sections in
citrate buffer [0.01 mol/L (pH 6)] were heated in a microwave
oven once for 3 minutes at 750 W, followed by four times for 3.5
minutes at 350 W. Negative controls were performed by omit-
ting the primary antibody.
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Cell culture

Thyrocytes from paranodular tissues were isolated as previ-
ously described (16) and suspended in modified Earle’s medium
(BRL-Gibco) without phenol red, containing 5% newborn calf
serum (Gibco), penicillin (100 U/mL; Gibco), streptomycin (100
U/mL; Gibco), glutamine (2.4 mM; Sigma), and Fungizone (2.5
ug/mL; Gibco). The cells were plated in 12-well plates and cul-
tured in a humidified atmosphere (5% CO,) with 1 mU/mL TSH
(Sigma) for 1 week. Cells were then incubated for an additional
3 days with recombinant murine IL-1e (2 ng/mL) (R&D Sys-
tems) and recombinant murine IFNy (10 ng/mL) (R&D Sys-
tems), with recombinant human IL-4 (2 ng/mL) (R&D Systems),
or with all three of these cytokines in modified Earle’s medium
containing 0.5% newborn calf serum. Each experiment was re-
peated twice (one with the number of wells of three and one with

the number of wells of five).

J Clin Endocrinol Metab, May 2014, 99(5):1722-1732

RNA purification and reverse transcription

Cells and thyroid lysates were suspended in TriPure isola-
tion reagent (Roche Diagnostics GmbH), and total RNA was
purified according to the manufacturer’s protocol. Reverse
transcription was performed by incubating 2 pg RNA with
200 U Moloney murine leukemia virus reverse transcriptase
(Promega), 1 uL RNasin (Promega), 0.625 mM of each de-
oxynucleotidetriphosphate (Promega), and 2 uM oligode-
oxythymidine (Promega) in the recommended buffer contain-
ing 10 mM dithiothreitol overnight at 42°C (20 pL final
volume). H,O (80 pL) was then added and the products were
used for PCR amplifications.

Quantitative PCR

c¢DNA samples (2 L) were mixed with 500 nmol/L of each
of the selected primers (Supplemental Table 2) and SYBR Green
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Figure 1. Thyroid morphology. In control thyroids, two types of follicles are observed (A):
the majority are active follicles containing cuboidal cells and little colloid (B), and there
are also hypofunctioning follicles surrounded by flat epithelium (C). In HT thyroids, two

types of follicles are observed (D): a few so-called active-like follicles (E) with many cubic cells
and little colloid, and numerous hypofunctioning follicles (F) lined with flat epithelium. These

are both present within areas of cell damage (G) and inflammatory infiltrates (H). In GD
thyroids (I and J), hyperactive follicles are present. Some of these follicles are small with a
normal aspect (—), whereas others (A) are larger with irregular lumina and sometimes

papillae.

reaction mix (Perfecta; VWR) in a final
volume of 15 uL. Reactions were per-
formed using the iCycler apparatus (Bio-
Rad Laboratories) as follows: 30 cycles of
95°C for 1 minute, followed by 40 cycles
of 95°C for 15 seconds, the appropriate
annealing temperature (see Supplemen-
tal Table 2) for 45 seconds, and 81°C for
15 seconds. The amplified level of the
target gene was normalized against that
of B-actin.

Western blot analysis

Frozen thyroid samples were homog-
enized in Laemmli buffer containing a
protease inhibitor cocktail (Roche). The
protein concentration was determined
using a bicinchoninic assay protein assay
kit (Thermo Scientific). Proteins (50 pg/
lane) were denatured by heating homog-
enates at 95°C for § minutes in the load-
ing buffer containing dithiothreitol (100
mM) and bromophenol blue (0.1%),
separated by SDS-PAGE (10%, 8%, or
6%) and then transferred onto nitro-
cellulose membranes (Hybond ECL;
Amersham Biosciences). Membranes
were blocked with PBS containing 5%
nonfat dry milk and 0.1% Tween 20
for 1 hour at room temperature and
were then incubated with the primary
antibody (see Supplemental Table 3).
Membranes were washed and incu-
bated for 1 hour at room temperature
with peroxidase-labeled secondary anti-
rabbit monoclonal horseradish peroxidase
antibody (1:5000; Thermo Scientific) or
antimouse biotinylated antibody (1:200;
Thermo Scientific) followed by avidin
biotin complex detection (Vectastain
avidin biotin complex kit; Vector Lab-
oratories) according to the primary
antibody. Finally, membranes were vi-
sualized using enhanced chemilumines-
cence (SuperSignalWestPico; Thermo
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Figure 2. Immunohistochemical detection of Tg-I, T,, DUOX, TPO, and Cav-1. Figure 2.1, In control thyroids, Tg-l (A) and T, (B) are detected in
the follicular lumina of active follicles but not in hypofunctioning follicles. In HT thyroids, Tg-I (C) is not detected in the colloid of active-like or
hypofunctioning follicles. T, (D) is detected in the cytoplasm of cells in active-like follicles but is not detected in most thyrocytes of hypofunctioning
follicles. In GD thyroids, Tg-I (E) and T, (F) are highly expressed in the follicular lumina of all follicles. Figure 2.2, In control thyroids, DUOX (A and
B), TPO (C and D), and Cav-1 (E and F) are expressed at the apical pole of cells in active follicles, whereas weak or no signals are detected in
hypofunctioning follicles. In HT thyroids, DUOX (G and H) and TPO (I and J) are detected in the cytoplasm of cells in active-like follicles but not in
hypofunctioning follicles. Cav-1 (K and L) is not detected in active-like follicles or hypofunctioning follicles. In GD thyroids, DUOX (M), TPO (N), and
Cav-1 (O) are localized at the apical pole of all thyrocytes. *, Active or active-like follicle; T, hypofunctioning or hypofunctioning follicle.
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Figure 3. DUOX, TPO, and Cav-1 mRNA and protein expression. The expression of DUOX
mMRNA (A) and protein (B) relative to that of B-actin is expressed as mean = SEM [control
(n = 3); GD (n = 8); HT (n = 2)]. DUOX mRNA and protein expression is significantly lower
in HT thyroids than in control and GD thyroids; however, there is no significant difference

between GD and control thyroids. *, P < .05 vs control; 4+, P < .01 vs GD. The expression of

TPO mRNA (C) and protein (D) relative to that of B-actin is expressed as mean + SEM
[control (n = 3); GD (n = 8); HT (n = 2)]. TPO MRNA and protein expression is significantly
lower in HT thyroids than in control and GD thyroids; however, there is no significant

difference between GD and control thyroids. **, P < .01 vs control; ++, P < .01 vs GD. The

expression of Cav-1 mRNA (E) and protein (F) relative to that of B-actin is expressed as

mean * SEM [control (n = 3); GD (n = 8); HT (n = 2)]. Cav-1 mRNA and protein expression

is significantly lower in HT thyroids than in control and GD thyroids; however, there is no
significant difference between GD and control thyroids. **, P < .01 vs control; +, P < .05

vs GD.
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Statistical analysis

Quantitative PCR and Western blot-
ting results were normalized against lev-
els of B-actin. Statistical analysis was per-
formed usingan ANOVA2 followed by a
Tukey-Kramer multiple comparison test
orattest (GraphPad). A value of P <.05
was considered statistically significant.

Results

HT, GD, and normal thyroid
glands display marked
morphological heterogeneity

In line with previous reports (17,
18), two types of follicles were ob-
served in control thyroids (Figure 1A).
The most abundant follicles, called ac-
tive follicles (Figure 1B), were lined
with cuboidal cells and contained little
colloid. By contrast, the so-called hypo-
functioning follicles were surrounded
by flat epithelium (Figure 1C).

In HT thyroids (Figure 1D), these
two types of follicles were also ob-
served, but they were called active-like
and hypofunctioning follicles. Even
though there were fewer active-like
follicles in HT thyroids (Figure 1E)
than in control thyroids, these follicles
were lined with high cubic cells and
had little colloid, but as shown later,
they lost their capacity of normal hor-
monal synthesis. Hypofunctioning
follicles (Figure 1F) were most abun-
dant and were morphologically and
functionally similar to the hypofunc-
tioning follicles in control thyroids.
They were lined with flat epithelium
and were close to areas of cell destruc-
tion (Figure 1G) and inflammatory in-
filtrates (Figure 1H).

In GD thyroids (Figure 1, I and
J), some hyperactive follicles were
small and had a feature similar to
that in control thyroids, whereas

others were larger with irregular lumina and sometimes

papillae.

Scientific) for 5-60 seconds on CL-Xposure films (Thermo

Scientific) or using the Geliance Imaging =System 600
(PerkinElmer). Western blots were scanned and quantified by
densitometry using NIH Scion image analysis software (Na-
tional Institutes of Health, Bethesda, Maryland). All values

are expressed as mean = SEM.

lodination is impaired in HT but not in GD
In control thyroids, Tg-I (Figure 2, 1A) and T4 (Figure
2, 1B) were detected in the colloid of active follicles but not

in hypofunctioning follicles.
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Figure 4. Immunohistochemical detection of 4-HNE, catalase, activated caspase-6, and cyclin-
D1. Figure 4.1, In control thyroids (A and B), 4-HNE expression is low in active and
hypofunctioning follicles. Catalase (C) is weakly expressed in active follicles and is not detected in
hypofunctioning follicles. In HT thyroids (D and E), 4-HNE is highly expressed in thyrocytes of
active-like follicles and hypofunctioning follicles. Expression of catalase (F) is high in active-like
follicles but low in hypofunctioning follicles. In GD thyroids, 4-HNE (G) and catalase (H) are
strongly expressed in all thyrocytes. Figure 4.2, In control thyroids, activated caspase-6 (A) is
expressed in the nuclei of no or very few thyrocytes. Cyclin-D1 (B) is not detected in the nuclei of
any thyrocytes. In HT thyroids, activated caspase-6 (C) is detected in numerous nuclei and cyclin-
D1 (D) is detected in some nuclei. In GD thyroids, activated caspase-6 (E) is expressed in the
nuclei of no or very few thyrocytes. Cyclin-D1 (F) is not detected in the nuclei of any thyrocytes.
*, Active or active-like follicle; t, hypofunctioning or hypofunctioning follicle.
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By contrast, in HT thyroids, Tg-I
was not detected in the colloid of ac-
tive-like follicles or hypofunctioning
follicles (Figure 2, 1C). T, was not
detected in lumina (Figure 2, 1D) but
was detected in the cytoplasm of thy-
rocytes in active-like follicles. In hy-
pofunctioning follicles, T, staining
was weak or undetectable in most
thyrocytes.

In GD thyroids, Tg-I (Figure 2,
1E) and T4 (Figure 2, 1F) were de-
tected in the colloid of all follicles.

The observations are representa-
tive of HT and GD patients analyzed.

The low level of Cav-1
expression in HT thyroid glands
is associated with
mislocalization and low
expression of DUOX and TPO

In control thyroids, DUOX (Fig-
ure2,2A and 2B), TPO (Figure 2,2C
and 2D), and Cav-1 (Figure 2, 2E
and 2F) proteins were detected at the
apical pole of cells of active follicles,
whereas weak or no signals were de-
tected in hypofunctioning follicles,
as previously reported (17-19).

In HT thyroids, DUOX (Figure 2,
2G and 2H) and TPO (Figure 2, 21
and 2]J) were detected in the cyto-
plasm of cells of active-like follicles.
The immunostaining was diffuse in
the cytoplasm, rather than an intense
linear labeling at the apical pole.
DUOX and TPO were not detected
in hypofunctioning follicles. Cav-1
was not detected in active-like or hy-
pofunctioning follicles (Figure 2, 2K
and 2L).

In GD thyroids, DUOX (Figure 2,
2M), TPO (Figure 2, 2N), and Cav-1
(Figure 2, 20) were localized in the
correct position at the apical mem-
brane of all thyrocytes.

mRNA and protein levels of
DUOX, TPO, and Cav-1 were sig-
nificantly lower in HT thyroids than
in control thyroids (P < .05) (Figure
3, A-F), whereas there were no sig-
nificant differences between GD and
control thyroids.
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The increased level of OS in HT is associated with
cell apoptosis and a low level of cell proliferation

In control thyroids, 4-HNE, a marker of OS, was weakly
expressed in active and hypofunctioning follicles (Figure 4,
1A and 1B). Catalase, which is involved in antioxidant de-
fenses (20), was weakly expressed in active follicles and was
not expressed in hypofunctioning follicles (Figure 4, 1C).

4-HNE expression was much higher in active-like fol-
licles and hypofunctioning follicles (Figure 4, 1D and 1E)
in HT thyroids than in control thyroids. In HT thyroids,
catalase was strongly expressed in active-like follicles,
whereas a weak signal was detected in hypofunctioning
follicles (Figure 4, 1F).

4-HNE (Figure 4, 1G) and catalase (Figure 4, 1H) ex-
pressions were much higher in all thyrocytes in GD thy-
roids than in control thyroids.

In control thyroids, the levels of cell apoptosis and pro-
liferation were low, and the nuclei of no or few thyrocytes
were labeled with the antiactivated caspase-6 antibody
(Figure 4, 2A), or with the anticyclin D1 antibody (Figure
4, 2B).

In HT thyroids, numerous nuclei were labeled with
the antiactivated caspase-6 antibody (Figure 4, 2C).
Some foci of cell proliferation were observed, as shown
by the nucleus labeling with the anticyclin D1 antibody
(Figure 4, 2D).

In GD thyroids, activated caspase-6 (Figure 4, 2E) was
expressed in very few nuclei, whereas cyclin-D1 (Figure 4,
2F) was not expressed in the nuclei of any thyrocytes.

Th1 cytokines down-regulate Cav-1 expression in
primary cultures of human thyroid cells

Treatment of thyrocytes with IL-1a/IFNy significantly
decreased Cav-1 mRNA expression (10-fold decrease, P <
.01 compared with control) (Figure 5). IL-4, a Th2 cyto-
kine that counteracts Th1 cytokine-induced effects on
DUOX and TPO expression (3) and increases DUOX ex-
pression (21), did not significantly affect Cav-1 mRNA
expression when added alone. By contrast, although
Cav-1 mRNA expression was significantly higher in cells
cotreated with IL-4 and IL-1a/IFNy than in cells treated
with IL-1a/IFNy alone (2-fold increase, P < .05), Cav-1
mRNA expression was lower than in control cells (P < .01).

Discussion

Our data indicate that Cav-1 expression is down-regulated in
HT thyroid glands along with an overall decrease in TPO and
DUOX expression. Although decreased TPO expression
has already been reported in HT (22), this is the first study
to show that Cav-1 and DUOX mRNA and protein ex-
pressions are decreased in HT. Moreover, HT thyroids

J Clin Endocrinol Metab, May 2014, 99(5):1722-1732
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Figure 5. Cav-1 mRNA expression in human primary thyrocytes
cultures. The mRNA expression of Cav-1 mRNA relative to that of -
actin is expressed as mean = SEM of five independent wells in one
representative experiment. IL-1a (2 ng/mL)/IFN+y (100 U/mL) treatment
decreases Cav-1 mRNA expression, whereas IL-4 (2 ng/mL) has no
effect. Cav-1 mRNA expression is significantly higher in cells cotreated
with IL-4- and IL-1a/IFNy than in IL-1a/IFy-treated cells. However, Cav-
1 mRNA expression is lower in cells cotreated with IL-4 and IL-1a/IFNy
than in control cells. **, P < .01 vs control cells; +, P < .05 vs IL-1-a/
IFNy-treated cells.

were characterized by marked tissue heterogeneity. Ex-
pression of differentiation-associated proteins was com-
parable between hypofunctioning follicles in HT thyroids
and normal thyroids, whereas expression in active-like
follicles markedly differed between normal and HT thy-
roids. This suggests that active-like follicles are affected by
inflammatory cytokines. In HT, TPO, DUOX, and Cav-1
but also Tg-I and T, were not expressed in hypofunction-
ing follicles, as previously reported in normal thyroids
(18). Of note, active-like follicles in HT thyroids also con-
tained colloid that lacked Tg-I and T,. This is in contrast
to active follicles in normal thyroids, which contain Tg-I
and T4 in the colloid and express DUOX, TPO, and Cav-1
at the apical pole of cells (17-19). The lack of Tg-Tand T,
in the colloid of active-like follicles of HT thyroids was
associated with the intracytoplasmic localization of
DUOX and TPO proteins along with abnormal intracel-
lular TH biosynthesis. By contrast, in GD thyroids, TPO
and DUOX were correctly located at the apical membrane
to form the TH synthesis protein complex called the thy-
roxisome (23).

In HT, the ectopic location of DUOX and TPO asso-
ciated with intracytoplasmic TH synthesis is reminiscent
of that observed in Cav-1 KO mice (10) and in the thyroid
of a patient with Pendred syndrome (14). These features
could be the consequence of TPO/DUOX protein complex
disruption. In this study, there was a correlation between
the lack of Cav-1 expression and the mislocalization of the
thyroxisome. This suggests that Cav-1 plays a major role
in the correct apical positioning of TPO and DUOX. In
HT, Th1 cytokines are at least in part responsible for
Cav-1 down-regulation. Th1 cytokines inhibit many dif-
ferentiation-associated proteins in thyrocytes, including
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Figure 6. Schematic representation of hypothetical pathophysiological mechanisms in thyrocytes exposed to Th1 cytokine-driven inflammatory
environment in HT. In control thyroids, as well as in multinodular goiters, there are two types of follicles, so-called active and hypofunctioning
follicles. In active follicles, Cav-1 is associated with the TPO/DUOX protein complex to form the thyroxisome, which is located at the apical pole of
thyrocytes. This complex is responsible for TH synthesis in the follicular lumina. In hypofunctioning follicles, the absence of DUOX and TPO
expression is associated with the absence of both Cav-1 expression and TH synthesis. In both types of follicles, levels of OS, apoptosis, and
proliferation are low. In GD thyroids, which are characterized by the production of Th2 cytokines and stimulating autoantibodies, DUOX, TPO, and
Cav-1 are correctly located at the apical poles of cells in all follicles and TH synthesis occurs in the follicular lumen, as in control thyroids but at a
higher rate. The hyperstimulation of cells is associated with increased OS, which is adequately managed by well-adapted antioxidant defenses. In
HT thyroids, lack of Cav-1 expression in thyrocytes exposed to Th1 cytokines (IL-1a/IFNvy) is associated with the cytoplasmic localization of DUOX
and TPO. Consequently, TH synthesis occurs in the cytoplasm. This aberrant location of the thyroxisome is associated with increased OS and
increased apoptosis. In this case, antioxidant defenses cannot adequately deal with the oxidative attack. In addition, cell proliferation cannot
compensate for cell death and large zones of cell destruction arise. This leads to decreased TH synthesis and in turn to increased serum TSH levels.
As long as they are not activated by TSH, the hypofunctioning follicles are unaffected by increased OS associated with the infiltrating inflammatory
cells. We propose that upon TSH stimulation, hypofunctioning follicles are activated to compensate for impaired thyroid function. These
hypofunctioning follicles express DUOX and TPO to increase TH synthesis. Similar to active-like follicles, the hypofunctioning follicles become
sensitive to Th1 cytokines. Cav-1 is not expressed, causing destabilization of the thyroxisome and its mislocalization into the cytoplasm in which TH
synthesis aberrantly occurs. The aforementioned pathological processes lead to cell damage and perpetuate the process of thyroid gland

destruction.

TPO, DUOX, NIS, and Tg (3, 4), which may explain why
hypothyroidism occurs independently of cellular destruc-
tion (21). In this study, Th1 cytokines induced a decrease
in Cav-1 mRNA and protein expression in vitro. Because
this effect was also observed in HT thyroids, Th1 cyto-
kines released by the inflammatory infiltrate may be re-
sponsible for the observed changes in Cav-1 expression.
The effect of Th1 cytokines on Cav-1 expression is of par-
ticular importance, considering that Cav-1 plays impor-
tant roles in the regulation of multiple proteins in a wide
range of cells (24, 25). In our model, the cytokine-induced

effects on Cav-1 expression were IL-1a/IFNy dependent,
and IL-4, a Th2 cytokine, had no effect on Cav-1 expres-
sion or only a small effect on IL-1a/IFNy-induced Cav-1
down-regulation. It has also been shown in macrophages
(26) that IFN+y decreases Cav-1 expression and increases
NO production by nitric oxide synthase-2. This isin agree-
ment with the observation that a combination of IL-1«
and IFNv induces nitric oxide production by nitric oxide
synthase-2 in thyroid cells (27).

Cytokines likely affect Cav-1 and DUOX/TPO expres-
sion via different mechanisms. IL-4 and IL-13 increase
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DUOX2 expression and H,O, production (28), whereas
IL-4 blocks IL-1a/IFNvy-induced effects on TPO and
DUOX expression (21). This suggests that the effects of
cytokines on Cav-1and on DUOX and TPO might involve
different pathways. In addition, observations in active-
like follicles of HT thyroid glands suggest that Th1 cyto-
kines affect Cav-1 expression before they affect DUOX
and TPO expression. Therefore, the loss of Cav-1 could be
responsible for the mislocalization of DUOX and TPO
and in turn for the disruption of the TPO/DUOX protein
complex.

Our finding of high OS in HT thyrocytes is in agreement
with a previous study of a mouse model of spontaneous
thyroiditis in which thyroiditis was associated with in-
creased OS and cell destruction (29). In HT, OS was ob-
served in all follicles, regardless of whether DUOX and
TPO were expressed. Therefore, the mediators of OS
could come from multiple sources. DUOX and TPO are
expressed but mislocalized in active-like HT follicles,
thereby leading to aberrant intracytoplasmic TH synthe-
sis. This may explain why high OS is observed in these
apparently active follicles. Therefore, it is highly plausible
that high OS is due to DUOX-associated intracytoplasmic
H, O, production, which is toxic because it does not occur
atthe apical pole of cells. This explanation is identical with
the one given in the case of the patient with Pendred syn-
drome (14) and in Cav-1 KO mice in which H,O, over-
production has been quantified (10).

In addition, Th1 cytokines induce intracellular ROS
production by thyrocytes in vitro (29), which is associated
with decreased DUOX expression. This suggests that Th1
cytokines stimulate other sources of ROS. ROS may come
from the numerous inflammatory cells infiltrating the
gland (29). They may also be produced in the thyrocytes
by the family of nicotinamide adenine dinucleotide phos-
phate oxidases (NOX) (30). Thus, NOX4 and NOX2 are
expressed in thyroid cells. NOX4 expression is increased
by TSH and in carcinomas (31), whereas NOX2 expres-
sion is increased in HT and by Th1 (IL-1a and IFNYy)
cytokines (32). Whatever the ROS origin, the antioxidant
system is not sufficient to counteract their increased pro-
duction, thereby leading to an increased rate of apoptosis,
as occurs in Pendred syndrome (14), myxoedematous cre-
tinism (23, 33, 34), and other autoimmune diseases such
as osteoarthritis (35) and diabetes (36, 37).

In addition, as compared to controls and GD, the rate
of cell proliferation was slightly increased in HT, as has
been previously shown and quantified in KO Cav-1 mice
(10). But this is likely insufficient to compensate for the
increased rate of apoptosis. Because Cav-1 functions in the
down-regulation of cell proliferation (38), possibly via di-
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rect repression of the cyclin D1 gene (39), this might
explain the increased rate of cell proliferation in HT
thyroids. In this study, OS in GD was associated with
increased expression of antioxidant proteins, as previ-
ously reported (40). This corresponds to accelerated cell
metabolism, which is normally associated with in-
creased ROS synthesis. In contrast to OS in HT, OS
produced by the thyroxisome in GD is harmless because
it occurs in cell compartments (as close to the apical
pole) in which it is fully counteracted by competent
antioxidant defenses.

In conclusion, our results show that Cav-1 expression
is down-regulated and that DUOX and TPO are mislo-
calized in HT thyroid glands. This finding strongly sug-
gests that Cav-1 governs the correct apical positioning of
DUOX and TPO. Cav-1 expression is regulated by the
Th1 cytokinesIL-1aand IFN+ybutnot by the Th2 cytokine
IL-4. Our observations also suggest that active-like and
hypofunctioning follicles are affected by cytokines differ-
ently. This is shown in Figure 6, which describes a putative
mechanism for the outcome of HT. When Th1 cytokines
act on active-like follicles, they decrease the expression of
Cav-1, which leads to TPO/DUOX protein complex dis-
ruption and in turn to the mislocalization of TPO and
DUOX from the apical membrane to the cytoplasm, an
area that cannot cope with high OS. Because antioxidant
defenses are not adapted to face such pathological levels of
OS, cell damage ensues. This leads to hypothyroidism,
which is responsible for increased TSH levels, which in
turn stimulate hypofunctioning follicles. Then these hy-
pofunctioning follicles are affected by Th1 cytokines,
thereby entering the aforementioned pathological path-
way. This process, which eventually leads to further cell
destruction and functional impairment, may be consid-
ered as a key event in HT pathogenesis.
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