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Editorial on the Research Topic

The Legacy of Dr. Leonard D. Kohn to Thyroid Pathophysiology

This Research Topic honors the memory of Dr. Leonard D. Kohn (Len) (1935-2012), a prominent
scientist particularly in the field of thyroid biology and thyroid autoimmunity. Len was Section
Chief in the Laboratory of Biochemistry and Metabolism at the National Institute of Diabetes and
Digestive and Kidney Diseases (NIDDK) of the National Institutes of Health (NIH) in Bethesda
MD, USA for 25 years. He then moved to Ohio University as a Distinguished Senior Research
Scientist at the Edison Biotechnology Institute. Several generations of young investigators from all
over the world were trained in his laboratories and Len had an enormous impact on his trainees’
research career. The present topic collects a series of 10 articles (8 original research and 2 updated
reviews) authored by Len’s former trainees. These articles cover various topics of thyroid
pathophysiology and some of them (Chen et al; Giuliani et al; Napolitano et al.) constitute the
development of research projects initiated in Len’s laboratories several years ago.

In this Research Topic 4 articles (Chen et al.; Giuliani et al; Napolitano et al.; Bucci et al.) deal
with thyroid autoimmunity.

The study of Chen et al. used the thyroid cell line FRTL-5 as a model to investigate the effects of
Prunella Vulgaris (PV), a plant used in Chinese medicine, on innate immunity. The study shows
that PV inhibits the activation of the innate immune response induced in the FRTL-5 cells by the
transfection of ds-DNA and ds-RNA. It should be emphasized that the ability of ds-polynucleotides
to activate, in thyroid cells, genes and pathways involved in the immune response was observed by
Suzuki in Len’s laboratory at NIH (1). In their work Chen et al. show that PV treatment causes a
decreased activation of nuclear factor-kB (NF-kB) and Interferon regulatory factor 3 (IRF3) and
abolishes the expression of several genes involved in the immune response including the Major
Histocompatibility Complex (MHC) class L.

Giuliani et al. show, using FRTL-5 cells, that the “tissue-specific” region of the MHC class I
promoter has a dominant role in the regulation of the gene expression and that different hormones
and factors act on it by modifying the binding of two distinct members of the transcription factors
families: activator protein-1 (AP-1) and NF-kB, c-jun and p65 respectively. The study is the
continuation of a research project, started 30 years ago in Len’s laboratory (2, 3), aimed at evaluating
the role of MHC class I expression in thyroid diseases.

Napolitano et al. review the role of the TSH receptor antibodies (TSHrAb) in chronic
autoimmune thyroiditis by analyzing the conditions under which the biological assay for
TSHrAb detection can be clinically useful. It should be noted that Len’s laboratories played a
pivotal role in the development of bioassays for TSHrAb (4).
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Giuliani et al.

Editorial: Tribute to Leonard D Kohn

Bucci et al. performed an updated review on the relationship
between thyroid autoimmunity (TAI) and female infertility. In
particular, the authors evaluate the role of euthyroid TAI in
infertility and pregnancy outcome, also considering the role of
TAI in assisted reproductive technology. This is a very
interesting and controversial issue, and the authors provide a
timely review of the literature.

Two articles (Ulianich et al. and Lee et al.) mainly deal with
aspects of thyroid biology.

In their article Ulianich et al. show the effects of endoplasmic
reticulum (ER) stress in the thyroid cell lines PCCI3 and FRT. In
detail, the induction of ER stress by thapsigargin and
tunicamycin results in cells dedifferentiation, loss of epithelial
organization, shift towards a mesenchymal phenotype, and
activation of the antioxidant response. These data show a new
molecular mechanism of cell response following ER stress that
can lead to a loss of thyroid function.

Lee et al. investigate the role of the primary cilium of
thyrocytes in thyroglobulin (Tg) endocytosis using “in vivo”
murine models. They demonstrated that the Lrp2/megalin
complex, involved in Tg uptake, is localized in the primary
cilium of thyroid follicular cells. It is interesting to note that
the interaction between Tg and thyroid cell membrane was an
old interest of Len (5), this interest was subsequently directed to
the role of Tg in the regulation of thyroid growth and function
(6,7).

Three original research articles, from Korean researchers, deal
with some clinical features of thyroid cancer.

The study by Park et al. evaluate the incidence of childhood
thyroid cancer in Korea between 1999 and 2017. They found
that, unlike adults, the incidence of thyroid cancer in children
continues to increase. The authors also collected epidemiological
data on radiation exposure, iodine intake, prevalence of obesity,
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and behavior habits that provide some explanation for
this finding.

Park et al. conducted a retrospective study in patients with
medullary thyroid carcinoma to determine the role of
preoperative serum calcitonin levels in the prognosis of this
disease. They define a preoperative serum calcitonin cut-off value
to predict structural recurrence. This cut-off value is also
associated with the clinical outcome.

In their work Lee et al. show the adverse effect of TSH-suppressive
therapy in patients over 60 years old thyroidectomized for
differentiated thyroid cancer. They found that low serum TSH
concentrations are associated with a lower grip strength particularly
in patients between the age of 60 and 70. These findings are important
given the association between low grip strength and cardiovascular
morbidity, as well as all-cause mortality (8).

Finally, a clinical study by Sohn et al. focuses on hypothyroidism.
The authors address all-cause mortality in hypothyroid patients
undergoing treatment with levothyroxine. They report that the
mortality rate is higher in the hypothyroid patients compared to the
control, with the highest risk within 1 year of treatment. Possible
explanations of these results are discussed.

In conclusion, this Research Topic constitutes a tribute to the
memory of Len by some of his former research fellows from the
Countries that were most represented in Len’s laboratories:
Japan, Italy and Korea. The Research Topic collects both
original research and updated reviews on thyroid biology and
clinic. The variety of the issues covered in this Research Topic
reflects Len’s scientific broad-mindedness.
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The endoplasmic reticulum stress and the unfolded protein response are triggered
following an imbalance between protein load and protein folding. Until recently, two
possible outcomes of the unfolded protein response have been considered: life or death.
We sought to substantiate a third alternative, dedifferentiation, mesenchymal shift, and
activation of the antioxidant response by using typical endocrine cells, i.e. thyroid cells.
The thyroid is a unique system both of endoplasmic reticulum stress (a single protein,
thyroglobulin represents the majority of proteins synthesized in the endoplasmic reticulum
by the thyrocyte) and of polarized epithelium (the single layer of thyrocytes delimiting the
follicle). Following endoplasmic reticulum stress, in thyroid cells the folding of thyroglobulin
was disrupted. The mRNAs of unfolded protein response were induced or spliced (X-box
binding protein-1). Differentiation was inhibited: mRNA levels of thyroid specific genes, and
of thyroid transcription factors were dramatically downregulated, at least in part,
transcriptionally. The dedifferentiating response was accompanied by an upregulation of
MRNAs of antioxidant genes. Moreover, cadherin-1, and the thyroid (and kidney)-specific
cadherin-16 mRNAs were downregulated, vimentin, and SNAIT mRNAs were
upregulated. In addition, loss of cortical actin and stress fibers formation were
observed. Together, these data indicate that ER stress in thyroid cells induces
dedifferentiation, loss of epithelial organization, shift towards a mesenchymal
phenotype, and activation of the antioxidant response, highlighting, at the same time, a
new and wide strategy to achieve survival following ER stress, and, as a sort of the other
side of the coin, a possible new molecular mechanism of decline/loss of function leading to
a deficit of thyroid hormones formation.

Keywords: ER stress, thyroid, dedifferentiation, mesenchymal phenotype, antioxidant response
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INTRODUCTION

The endoplasmic reticulum (ER) is the cellular organelle where
newly synthesized secretory and transmembrane (cargo)
proteins are cotranslationally translocated and folded. Only
correctly folded proteins can move on along the secretory
pathway, while misfolded proteins are retained in the ER and
eventually degraded trough endoplasmic reticulum-associated
degradation (ERAD) (1). Protein misfolding may arise when the
ER environment is perturbed by, among others, alteration of
calcium homeostasis or redox status, increased cargo protein
synthesis, or/and altered glycosylation, placing a condition of
stress on the ER.

When ER stress ensues, an adaptive mechanism, the unfolded
protein response (UPR) is triggered. The UPR involves
transcriptional induction of genes that enhance ER protein
folding capacity and promote ERAD (1). Translation of
mRNAs is also initially inhibited, together with cotranslational
degradation of secretory proteins and degradation of ER-
localized mRNAs (1). However, when ER stress is excessive or
prolonged and recovery fails, the UPR activates an apoptotic
program (1). Indeed, much attention has been devoted to the
understanding of the life/death switch mechanism (2-4).
However, recent reports have contributed to the idea that
adaptation does not necessarily mean full recovery of the pre-
existing function. Indeed, reprogramming gene expression to a
less differentiated state after ER stress has been shown in a
number of systems (5-11).

We sought to extend the concept of regression of
differentiation to tissue organization, particularly on endocrine
cells. We reasoned that the thyroid may represent an ideal system
to this aim, since the thyrocyte is a typical endocrine cell. Thus,
the thyrocyte must synthesize much more of a single protein
[thyroglobulin (Tg), which accounts for about 50% of newly
synthesized cargo proteins of the thyrocyte] than any other
protein (12-19) such like, for example, pancreatic B-cells (20),
and, indeed, both cell type are particularly susceptible to ER
stress (14, 20). In addition, endocrine function is often related to
a complex tissue structural organization. Thus, thyroid function
is based on the follicle, a single layer of polarized thyrocytes
delimiting a central cavity of the follicle (19), and, for example,
the function of the pancreatic B-cell, is based on the complex
structural organization of the pancreatic islet (21). To test these
two different aspects of regression to a less differentiated state, we
decided to use two thyroid cell lines, the fully differentiated
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thyroid cell line PCCI3 (22), and the highly polarized FRT
thyroid cell line (23).

MATERIALS AND METHODS

Cell Culture and Th/Tn Treatments

PCCI3 and FRT cells were cultured as previously reported (12,
22, 23). In brief, these cells were grown in Coon’s modified
Ham’s F-12 medium supplemented with 5% calf serum and a
mixture of six hormones and growth factors, i.e. insulin (1 ug/
ml), TSH (1 mIU/ml), cortisone (10 nM), human transferrin (5
pg/ml), somatostatin (10 ng/ml), and glycyl-histidyl-L-lysine (10
ng/ml) (referred as complete medium). Thapsigargin (Th) and
tunicamycin (Tn) (Calbiochem Merck) were added to the
medium for 30 min, followed by 24 h in fresh complete
medium without Th/Tn.

Plasmids and Antibodies

The luciferase reporter plasmid paired box gene 8 (Pax8LUC)
was provided by Dr. P.A. Kopp. Antibodies were directed
towards: Tg (12), B-actin, tubulin, SNAII, vinculin (Santa Cruz
Biotechnology), cadherin-1 (CDH1) (Cell Signaling Technology
Inc.), thyroid (and kidney)-specific cadherin-16 (CDH16)
(provided by Dr. G. Cali), activating transcription factor-4
(ATF4) (Cell Signaling, Danvers, MA, USA), phospho-
eukaryotic translation initiation factor 2 alpha (p-elF2a)
(Abnova, Taipei, Taiwan). Horseradish peroxidase-conjugated
anti-mouse and anti-rabbit antibodies were from
Amersham Biosciences.

Cell Viability Assay

The conversion of MTT (3-(4,5-dimethylthiazol-2-yl)- 2,5-
diphenol tetrazolium bromide) by PC CI3 cells was used as an
indicator of cell number as described by Mosmann (24). PC CI3
cells were grown in 35 mm diameter plates for 48 h in complete
medium. Th/Tn were added to the medium for 30 min, followed
by 24 h in fresh complete medium without Th/Tn. MTT (0.5 mg/
ml) was added to the cells for a 4-h incubation and cells were
lysed in acidified isopropanol/HCl 0.04N. The lysates were
subsequently read on a spectrophotometer at 550 nm (Bio-rad,
Richmond, CA, USA) after a 1:2 dilution with water. The results
were expressed as percent viability compared to control.

RNA Isolation and Real-Time Reverse
Transcription-Polymerase Chain

Reaction (RT-PCR)

Total RNA was extracted with the TRIzol reagent, according to
the manufacturer’s protocol. Reverse transcription of 1 ug of
total RNA was performed using SuperScript III, following the
manufacturer’s instructions. Quantitative real-time RT-PCR
analysis was performed as previously described (25). Briefly,
reactions were performed in triplicate by using iQ SYBR Green
Supermix on iCycler real time detection system (Bio-Rad).
Relative quantification of gene expression was calculated by the
AACt method. Each Ct value was first normalized to the
respective Glyceraldehyde-3-Phosphate Dehydrogenase
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(GAPDH) Ct value of a sample to account for variability in the
concentration of RNA and in the conversion efficiency of the RT
reaction. GAPDH was not affected by Th/Tn treatments. The
primers used are listed in Supplementary Materials (Table S1).

Immunofluorescence

1.5 x 10 cells were plated on 12 mm diameter glass coverslips.
Forty-eight hours later, cells were vehicle-treated or treated plus
0.5 pg/ml Tn or 0.5 uM Th for 30 min. The medium was then
replaced with medium without Th/Tn and cells incubated for
24 h. Immunofluorescence was performed as previously reported
(26). Briefly, cells were fixed in 4% paraformaldehyde in PBS for
20 min, washed twice in 50 mm NH,CI in PBS, and
permeabilized for 5 min in 0.1% Triton X-100 in PBS. Nuclei
were stained with HOECHST 33258. Immunofluorescence
analysis was performed at a confocal laser scanning
microscope LSM 510 Meta (Zeiss, Gottingen, Germany).
The A of diode UV laser was 405, the argon ion laser was set
at 488 nm. Fluorescence emission was revealed by 420-480 band
pass filter for Hoechst and by 505-530 band pass filter for Alexa
Fluor 488. Double staining IF images were acquired separately in
the green, and blue channels at a resolution of 1,024 x 1,024
pixels, with the confocal pinhole set to one Airy unit and then
saved in TIFF format.

Transient Expression Analysis

Cells were plated in six-well plates to about 80% confluence 24 h
before transfection. Cells were washed with serum-free medium
before addition of 1 ml of plasmid/Lipofectamine mixture. The
plasmid/Lipofectamine mixture was made by incubating 2.5 ug
of luciferase reporter plasmid and 0.5 pg of pRL-TK vector
(Promega) with 5 pl Lipofectamine 2000 (Invitrogen) and 200 pl
of serum-free medium for 30 min at room temperature, before
dilution with 800 pl serum-free medium. Cells were incubated
for 5 h at 37°C before addition of 1 ml medium supplemented
with 20% serum. After 24 h, cells were treated with 0.5 and 1.0
pg/ml of Tn for 30 min, 1 h, and 2 h. The medium was then
replaced with medium without Tn. Twenty-four hours later,
firefly and renilla activities were determined in cell lysates using
the Dual-Luciferase Reporter Assay System (Promega) and a
luminometer (Orion I, Berthold Detection Systems) according to
the manufacturer’s instructions. Results were expressed as the
ratio of firefly to renilla activity.

Western Blots Analysis

Western blots were carried out as previously reported (16).
Briefly, cells were treated or mock treated with Th or Tn in
medium for 30 min, followed by 24 h in medium without Th/Tn.
After evaluation of protein content, 30 ug of cell extract was
analyzed by SDS-PAGE and electrotransferred to polyvinylidene
difluoride. Blocking was for 15 h at 4°C with Tris-buffered saline-
Tween 20 (TBST) buffer (10 mM Tris [pH 8.0], 150 mM NaCl,
0.1% Tween 20) containing 10% nonfat dry milk, followed by
incubation in TBST buffer for 2 h at room temperature with a
1:2,000 dilution of anti-Tg, 1:500 anti-p-elF20., 1:1,000 anti-
ATF4/antiCDH1/antiCDH16/antiSNAIl/anti vinculin, 1:2,000
anti-B-actin/anti-tubulin. After being washed with TBST, the

blot was incubated for 1 h at room temperature with antirabbit
horseradish peroxidase-conjugated antibodies diluted 1:3,000 in
TBST. Band detection was by enhanced chemiluminescence. The
molecular mass markers were from Euroclone.

Statistical Procedures

Data are presented as means + SD of at least three independent
experiments, each performed in triplicate. The difference
between groups was evaluated using Student’s t test. p < 0.05
was considered significant. *p < 0.05, **p < 0.01, and
“4p < 0.001.

RESULTS

Th/Tn Cause Retention of Tg in the ER and
Activate the UPR

The widely used ER stress inducing agents Th and Tn induce in
thyroid cells misfolding of Tg, its retention in the ER, and
activation of the UPR (13-16). As shown in Figure 1A, PCCI3
cells treated for 30 min with various concentrations of Th/Tn,
followed by 24 h in complete medium without Th/Tn, increased
glucose-regulated protein 78 (GRP78), ATF4, activating
transcription factor-6 (ATF6), and spliced active form of X-
box binding protein-1 (XBP-1s) mRNA, even at the lowest
concentration investigated (Figure 1A). The activation of the
UPR was confirmed at the protein level, by increased ATF4 and
phospho-elF20. (Figure 1B, and Supplementary Figures S1, S2,
$3, §4, S5, §9). Of note, our specific treatment protocol (30 min
treatment with relatively low doses of Th/Tn, 0.5 pM and 0.5 pg/
ml, respectively, followed by removal of the drug and incubation
in complete medium) allowed us to substantially avoid cell death,
as shown by cell viability assay and light microscopy imaging
(Figures 1C, D). Instead, cell death occurred with doses of Th/
Tn twenty-fold greater (Figures 1C, D).

ER Stress Results in Decreased Thyroid-

Specific Gene Expression and Activation

of an Antioxidant Response in PCCI3 Cells
To study if and how the expression of thyroid-specific genes was
affected by an ER stress, we treated PCCI3 cells with Th/Tn
following the same protocol of Figure 1. Th/Tn, even at the
lowest doses, dramatically decreased mRNAs of thyroid-specific
markers, Tg, sodium-iodide symporter (NIS), and
thyroperoxidase (TPO) (Figure 2A). Transcription of Tg, TPO
and NIS genes is directed by a combination of thyroid-specific
transcription factors, mostly thyroid transcription factor 1 (TTF-
1) and Pax-8, with Pax-8 playing a critical role (27). Th/Tn
decreased the mRNAs levels of TTF-1 and Pax-8 (Figure 2A).
Extending these results, Tg protein levels, in total extracts from
Th/Tn-treated PC ClI3 cells, exhibited a dramatic decrease
(Figure 1B). These results suggested that decreased Pax-8
transcriptionally caused a downregulation of Tg, TPO, and NIS
genes. However, a more subtle question was as to whether the
downregulation of the transcription factor itself had a
transcriptional component. This was, in fact, the case, as
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FIGURE 1 | Th/Tn induce ER stress and UPR activation in PCCI3 cells without appreciably affecting viability. (A) Cells were plated in 100 mm diameter plates to
about 80% confluence 24 h before treatments. Cells were treated or mock treated for 30 min with various concentrations of Th/Tn, followed by 24 h in complete
medium without Th/Tn. Total RNA was extracted with the TRIzol reagent, according to the manufacturer’s protocol. Quantitative real-time RT-PCR analysis was
performed as described in Materials and Methods. PCCI3 cells vehicle-treated (C) or treated with increasing concentrations of Th/Tn. *p < 0.05, **p < 0.01, **p <
0.001, of each group respect to control. (B) Cells were plated in 60 mm diameter plates to about 80% confluence 24 h before treatments. Cells were treated or
mock treated for 30 min with various concentrations of Th/Tn, followed by 24 h in complete medium without Th/Tn. Western blots of total protein extracts from
PCCI3 cells vehicle-treated or treated with increasing concentrations of Th/Tn. The ratio of the densitometric values ATF4/B-actin, p-elF2-o/B-actin, and Tg/tubulin is
reported. (C, D) Cells were plated in 35 mm diameter plates to about 50% confluence 48 h before treatments. Cells were treated or mock treated for 30 min with
various concentrations of Th/Tn, followed by 24 h in complete medium without Th/Tn. Cells were photographed by a Nikon Eclipse TS100 inverted microscope.
Successively, MTT (0.5 pg/ml) was added to the cells for a 4-h incubation and cells were lysed in acidified isopropanol/HCI 0.04N. The lysates were subsequently
read on a spectrophotometer at 550 nm (Bio-rad, Richmond, CA, USA) after a 1:2 dilution with water. The results were expressed as percent viability compared to

controls. ***p < 0.001, of each group respect to control.
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FIGURE 2 | ER stress induces an inhibition of differentiation with a mechanism, at least in part, transcriptional, and an antioxidant response in PCCI3 cells. (A) Cells
were plated in 100 mm diameter plates to about 80% confluence 24 h before treatments. Cells were treated or mock treated for 30 min with various concentrations

group respect to control.

of Th/Tn, followed by 24 h in complete medium without Th/Tn. Total RNA was extracted with the TRIzol reagent, according to the manufacturer’s protocol.
Quantitative real-time RT-PCR analysis was performed as described in Materials and Methods. PCCI3 cells vehicle-treated (C) or treated with increasing
concentrations of Th/Tn. *p < 0.05, **p < 0.001, of each group respect to control. (B) Cells were plated in six-well plates to about 80% confluence 24 h before
transfection. PCCI3 cells transfected with 2.5 ug of luciferase reporter plasmid and 0.5 ug of pRL-TK vector with 5 pl Lipofectamine 2000, as reported in Materials
and Methods. Twenty-four hours after transfection cells were vehicle-treated or treated with 0.5 or 1.0 pg/ml Tn for 30, 60, and 120 min and harvested after 24 h in
medium without Tn. Firefly and renilla activities were determined in cell lysates using the Dual-Luciferase Reporter Assay System and a luminometer. Results were
expressed as the ratio of firefly to renilla activity. **p < 0.01, of each group respect to control. (C) Cells were plated in 100 mm diameter plates to about 80%
confluence 24 h before treatments. Cells were treated or mock treated for 30 min with various concentrations of Th/Tn, followed by 24 h in complete medium
without Th/Tn. Total RNA was extracted with the TRIzol reagent, according to the manufacturer’s protocol. Quantitative real-time RT-PCR analysis was performed as
described in Materials and Methods. PCCI3 cells vehicle-treated (C) or treated with increasing concentrations of Th/Tn. *p < 0.05, *p < 0.01, ***p < 0.001, of each

shown by Pax8 promoter-luciferase assay (Figure 2B). These
data indicate that ER stress induced by Th/Tn inhibits thyroid-
specific gene expression, at least in part, transcriptionally in
PCCI3 cells.

Next, we reasoned that the dedifferentiating response may not
be the only one executed by thyroid cells in light of an adaptive
effort to ER stress. Thus, ER stress activated also an antioxidant
response, as shown by the increase in mRNA levels of heme
oxigenase 1 (HOL), superoxide dismutase 1 (SODI1), and
thioredoxin reductase 1 (TXNRD1) (Figure 2C).

ER Stress Induces a Shift Towards a
Mesenchymal Phenotype in Thyroid Cells
To investigate if the dedifferentiation effect of ER stress also
involved alterations in the organization of the polarized epithelial
monolayer, we analyzed CDHI1 expression and distribution in
PCCI3 cells.

By real time RT-PCR and Western Blot, CDH1
was profoundly downregulated (Figures 3A, B, and
Supplementary Figures S6, S7, S9). Next, we analyzed by
immunofluorescence the cellular distribution of CDHI. In
control conditions, CDH1 was mainly localized at cell-cell
borders (Figure 3Ci). Following a treatment with Th/Tn, cells
dramatically lost cell-cell contacts with residual CDHI1 localized
at the remaining contacts (arrowheads, Figures 3Cii, Ciii). Next,
we studied the actin cytoskeleton organization and compared it
with the distribution of a differentiation marker (Tg). In control
cells, the Tg signal showed a distribution characteristic of ER,
where it is co-translationally imported and folded (Figure 3Di).
The F-actin distribution was mainly cortical (Figure 3Dii), as
evidenced by Phalloidin staining, with the result that the signals
of Tg and actin minimally overlapped (Figure 3Diii). Following
a Tn treatment, as expected, Tg abundance dramatically
decreased, but a few cells still express small amounts of
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FIGURE 3 | ER stress induces a shift towards a mesenchymal phenotype in PCCI3 cells. (A) Cells were plated in 100 mm diameter plates to about 80% confluence
24 h before treatments. Cells were treated or mock treated for 30 min with various concentrations of Th/Tn, followed by 24 h in complete medium without Th/Tn.
Total RNA was extracted with the TRIzol reagent, according to the manufacturer’s protocol. Quantitative real-time RT-PCR analysis was performed as described in
Materials and Methods. PCCI3 cells vehicle-treated (C) or treated with increasing concentrations of Th/Tn. *p < 0.05, *p < 0.01, **p < 0.001, of each group respect
to control. (B) Cells were plated in 60 mm diameter plates to about 80% confluence 24 h before treatments. Cells were treated or mock treated for 30 min with
various concentrations of Th/Tn, followed by 24 h in complete medium without Th/Tn. Western blots of total protein extracts from PCCI3 cells vehicle-treated or
treated with increasing concentrations of Th/Tn (CDH1) or with 0.5 pg/ml Tn (SNAI1). (C) PCCI3 cells were grown on glass coverslips for 48 h, then were vehicle-
for 24 h. Cells were fixed in 4% paraformaldehyde in PBS for 20 min, washed twice in 50 mm NH,Cl in PBS, and permeabilized for 5 min in 0.1% Triton X-100 in
PBS. Cells were double stained with anti-CDH1 antibodies and HOECHST 33258. Following Th/Tn treatments, the signal for CDH1 decreased. Arrowheads in (i, iii)
indicate residual CDH1 localized at the remaining cell-cell contacts. Bars, 10 um. (D) PCCI3 cells were grown on glass coverslips for 48 h, then were vehicle-treated
(i, ii, iii) or treated for 30 min with 0.5 pug/ml Tn (iv, v, vi). The medium was then replaced with medium without Tn and cells incubated for 24 h. Cells were fixed in 4%
paraformaldehyde in PBS for 20 min, washed twice in 50 mm NH,4CI in PBS, and permeabilized for 5 min in 0.1% Triton X-100 in PBS. Cells were double-stained
with anti-Tg antibodies and rhodamine-conjugated phalloidin. In control cells, rhodamine-conjugated phalloidin staining is mainly at the level of cortical actin.
Following Tn treatment, the signal for Tg decreased and stress fibers were formed. Arrows indicate: few cells expressing various amounts of residual Tg (), the
correlation between residual Tg expression and partially, not fully, formed stress fibers (v), and, consequently, the lack of overlap between Tg and actin signals (vi).
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residual Tg, although they may be in the process to lose it (Figure
3Diyv, arrows). F-actin distribution profoundly changed with loss
of cortical actin and formation of stress fibers (Figure 3Dv). In
addition, in cells showing residual Tg expression there was also a
decreased appearance of stress fibers (Figure 3Dv, arrows). Thus,
Tg and actin signals remained distinct (Figure 3Dwvi).
These changes suggested a shift towards a mesenchymal
phenotype, and therefore, we investigated the expression of
mesenchymal markers.

Following Th/Tn treatments, vimentin mRNA increased
(Figure 3A). Several transcription factors [snaill (SNAI1) and
snail2 (SNAI2), among others] downregulate transcriptionally
CDHI1 (28, 29). Thus, we found an increase of the mRNA and
protein levels of SNAII following Th/Tn treatments (Figures 3A, B,
and Supplementary Figure S10).

Since PCCI3 cells express thyroid markers but display low
level of cell polarity, we sought to extend our results to FRT cells
that are well polarized both morphologically and functionally,
although they are poorly differentiated (23). Remarkably, FRT
cells, at variance with PCCI3 cells, express CDH16, the kidney-
specific cadherin, also expressed in thyroid (26). CDH16 has
been implicated in the differentiation of the kidney (30) and,
recently, of the thyroid follicle (31). CDH16 was markedly
downregulated after Th/Tn treatments (Figure 4A, and
Supplementary Figure S8, S9). As for CDHI in PCCI3 cells,
we studied CDHI16 cellular distribution in FRT cells. Under
normal conditions, FRT cells showed very well-organized cell-
cell junctions, with a strong CDH16 staining (Figure 4Bi). Yet,

following Th/Tn treatments, CDHI16 staining decreased and
became intermittent and jagged, indicating, as for PCCI3 cells,
dramatic alteration of cell-cell junctions (Figures 4Bii, Biii).
Thus, ER stress induced by Th/Tn caused, in both PCCI3 and
FRT cells, similar detrimental changes in the cell-cell
junction organization.

DISCUSSION

The accumulation of unfolded proteins in the lumen of ER
induces a coordinated adaptive program called UPR. In
metazoans, among other responses, the UPR upregulates
transcriptionally genes that enhance the ER folding capacity
and promote ERAD. If the adaptive response fails, cells execute
apoptosis. While much attention has been devoted to the study of
the survival/death switch (2-4), a new response to ER stress has
emerged, which consists in an inhibition of differentiation
(5-11).

In this study, we sought to extend the concept of regression to
a less differentiated state following ER stress to tissue
organization, focusing on an endocrine system. Thus, cellular
dedifferentiation and shift towards a mesenchymal phenotype
may be both present and part of a wide program of reshaping
gene expression. To study these two different and perhaps
complementary aspects, we decided to use the thyroid system,
in which a highly cellular differentiation is coupled with a
complex tissue organization, the thyroid follicle (19). Notably,

CDH16 %

B-actin [N - -
ThuM) - 05 2 - -
Tn(pg/ml) - - - 05 2

HOECHST 33258

FIGURE 4 | ER stress induces CDH16 downregulation in FRT cells. (A) Cells were plated in 60 mm diameter plates to about 80% confluence 24 h before

treatments. Cells were treated or mock treated for 30 min with various concentrations of Th/Tn, followed by 24 h in complete medium without Th/Tn. Western blots
of total protein extracts from FRT cells vehicle-treated or treated with increasing concentrations of Th/Tn. (B) FRT cells were grown on glass coverslips for 48 h, then
incubated for 24 h. Then, cells were fixed in 4% paraformaldehyde in PBS for 20 min, washed twice in 50 mm NH4Cl in PBS, and permeabilized for 5 min in 0.1%
Triton X-100 in PBS. Cells were double stained with anti-CDH16 antibodies and HOECHST 33258. Following Th/Tn treatments, the signal for CDH16 dramatically
decreased, and cell-cell contacts were lost. Bars, 10 um.
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in thyroid the differentiation genes (Tg, TPO, NIS) encode cargo
proteins [like in pancreatic 3-cell (insulin)] and in thyroid, genes
involved in the organization of the follicle epithelium monolayer
(cadherins) also encode cargo proteins (31, 32) [like in the
structure of the pancreatic islet (33)]. Thus, in thyroid their
down-regulation by ER stress would doubly impact on ER-
specific protein load. Moreover, we decided to investigate
another cytoprotective response to cellular stress, the induction
of antioxidant enzymes (34, 35).

We used two thyroid cell lines, PCCI3 cells, in which both
protein folding/misfolding (12-19) and differentiation (27) have
been deeply studied at the molecular level, and FRT cells, which
are highly polarized both at the structural and the functional
level (23). Th/Tn disrupt the folding of Tg (13-19). Thus, Tg
accumulates in the lumen of the ER, and the UPR is activated
(14, and this study, Figure 1). The prevalent concept of the UPR
outcome is dichotomous: cell survival, if the response restores a
new equilibrium, or death, if the stress is severe and/or chronic
and homeostasis cannot be restored (36). However, in recent
years, another possibility has been described, inhibition of the
dedifferentiated state. Thus, dedifferentiation has been shown in
primary and immortalized chondrocytes following ER stress
induced by Th/Tn (5), in hypertrophic chondrocytes of
transgenic mice expressing a deletion mutant of collagen X (6),
in lens fiber cells expressing mutant collagen IV (7), in
hypertrophic chondrocytes of transgenic mice ectopically
expressing a mutant Tg (cog Tg) driven by the collagen X
promoter (37), and in a different line of thyroid cells, FRTL-5
cells (11). Interestingly, the misfolding of the same protein (Tg)
in different cell type [ (11), this study, and (37)], and, conversely,
the misfolding of different proteins (Tg and collagen X, 37 and 6,
respectively) in the same cell type, causes an analogous outcome,
dedifferentiation, which therefore appears to be neither protein-
nor cell-specific.

However, following an ER stress, thyroid cells not only
dedifferentiate, but also activate an antioxidant response
(Figure 2C). Indeed, ER and oxidative stress are widely
interconnected. ROS are produced while proteins fold in the
lumen of the ER (38) but are overproduced in the presence of
protein misfolding (39). Thus, ER stress (in our case produced by
Th/Tn) causes oxidative stress (39). In turn, oxidative stress
exacerbates ER stress, since ROS inactivate SERCA 3 and 2b
pumps (40), causing a Ca2+ loss from the ER lumen and protein
misfolding. Both SERCAs are expressed in thyroid, with a
prevalence of SERCA 2b (41). Given this vicious cycle, a
cellular response, to be effectively cytoprotective in the short
term, has to counteract both protein misfolding and ROS
accumulation. It is what we have observed in PCCI3 cells, with
the upregulation of both, molecular chaperones and antioxidant
enzymes following an ER stress.

Furthermore, we report ER stress negatively impact on
epithelial tissue organization. Indeed, we show that expression
and localization of CDHI and CDHI6 is dramatically altered
following ER stress in PCCI3 and FRT cells, respectively. In
PCCI3 cells expression of vimentin increases, while the actin
cytoskeleton is reorganized with formation of stress fibers. These

results may be explained, at least in part, by the induction of
SNAIlL, known to repress CDHI1 transcription (28), to induce
vimentin expression (42), to cause disappearance of cortical actin
and formation of stress fibers (43) (see Figure 3D), and, more in
general, to induce EMT (42-44).

Strikingly, disappearance of cortical actin and formation of
stress fibers co-exist with downregulation of thyroid markers in
the same cell (Figure 3D). Even more strikingly, in cells where the
loss of Tg expression was marginal, the actin re-organization
(disappearance of cortical actin and formation of stress fibers)
was less evident (Figure 3D, arrows), suggesting a possible causal
link between these two phenomena. That a link between
dedifferentiation and mesenchymal shift may exist is suggested
also by two studies (5, 45). Yang et al. (5) reported that ER stress
induces downregulation of mRNAs of differentiation markers of
prehypertrophic chondrocytes, while Seki et al. (45) reported that
SNAIl inhibits transcription of these markers by binding to
promoter E-boxes, during the chondrocyte prehypertrophic to
the hypertrophic passage. Thus, the prehypertrophic-hypertrophic
passage may impose ER stress on chondrocytes (in a way similar
to lymphocyte to plasma cell transition) (46), and the resulting
upregulation of SNAI1 links dedifferentiation to EMT. A similar
mechanism may be present in thyroid. SNAI1, upregulated by ER
stress, may inhibit thyroid differentiation repressing transcription
of thyroid transcription factors. These results confirm the
conclusions of Figures 1, 2, 4 of the paper by the same authors
that were object of concerns causing the retraction of the paper
(47). These results also extend previous conclusions, by showing
that also the thyroid (and kidney)-specific cadherin-16 was
downregulated and antioxidant genes were upregulated
following ER stress. The new finding concerning CDHI6 is of
particular interest in light of the recent demonstration that this
thyroid-specific cadherin controls apical-basal follicular
polarization and follicle formation (31).

In conclusion, our results describe a new strategy, besides
survival or death, in the cell response to ER stress. Thus,
following ER stress, thyroid cells execute an antioxidant
response and regress to a less differentiated state, not only
involving tissue-specific proteins, but also epithelial tissue
differentiation and organization, shifting towards a
mesenchymal phenotype. These results highlight, at the same
time, a new and wide strategy to achieve survival following ER
stress, but also, in a sort of the other side of the coin, a possible
new molecular mechanism of decline/loss of function leading to a
deficit of thyroid hormones formation.
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Prunella vulgaris (PV), a perennial herb, has been used to treat thyroid diseases in China
for over 2,000 years. In particular, its therapeutic effect has been described for
Hashimoto’s thyroiditis, including reducing titers autoantibodies against thyroid
peroxidase and thyroglobulin of and T helper 17 (Th17) cells. However, the underlying
mechanism for how PV exerts such effects has not been investigated. We examined the
effects of PV on innate immune activation, which is thought to be one of the triggers for the
development of autoimmune diseases, including Hashimoto’s thyroiditis. In cultured
thyrocytes, PV reduced mRNA levels of inflammatory cytokines that were originally
induced as a result of innate immune activation initiated by transfection of double-
stranded DNA (dsDNA) or dsRNA. PV suppressed activation of nuclear factor kB (NF-
«B) and interferon regulatory factor 3 (IRF3), and suppressed corresponding promoter
activation, which were initially activated by dsDNA or dsRNA. PV also suppressed the
MRNA levels of molecules responsible for antigen processing and presentation, and PV
protected thyrocytes from apoptosis induced by dsDNA and dsRBNA. Additionally, PV
suppressed the expression of genes involved in iodide uptake and oxidation. Taken
together, these results suggest that PV exerts its protective effect on thyrocytes by
suppressing both innate and adaptive immune responses and cell death. PV may also
protect cells from iodide-associated oxidative injury. This report is among the first to
identify the mechanisms to explain PV’s beneficial effects in Hashimoto’s thyroiditis.

Keywords: Prunella vulgaris, innate immune response, autoimmune thyroid diseases, dsDNA, dsRNA

INTRODUCTION

Prunella vulgaris (PV) is an herbaceous plant in the genus Prunella. The young leaves and stems can
be eaten raw in salads, and the spikes are dried, powdered and brewed for use in beverages or as
herbal medicine. PV’s anti-inflammatory and immunomodulatory effects have been recognized
during the long-term practice of traditional Chinese medicine (1). It is prescribed to treat headache,
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vertigo, mastitis, hyperplasia of mammary glands,
lymphadenopathy, hyperthyroidism and thyroid goiters, in
forms of topical ointments, oral liquid and capsules (2, 3).
Additionally, PV in liquid or in capsules, in combination with
Western medicines (e.g. levothyroxine, indomethacin or
prednisone), has been used to treat patients with Hashimoto’s
thyroiditis. It has been shown that PV significantly improved
titers of TPO-Ab and TG-Ab, and the proportion of T helper 17
(Th17) cells among CD4" T cell populations, compared with
Western medicines alone (4-8). However, the underlying
mechanisms for its therapeutic effects are poorly understood.

Hashimoto’s thyroiditis is an autoimmune disease
characterized by chronic thyroiditis with severe parenchymal
infiltration of lymphocytes. Although the precise pathologic
mechanisms are not fully understood, it is generally believed
that the disease manifests through a combination of genetic
susceptibility and environmental risk factors (9). Recent studies
suggest that innate immune responses in thyrocytes triggered by
pathogen-associated molecular patterns (PAMPs; characteristic
of harmful foreign bacteria, virus or fungi) and/or danger-
associated molecular patterns (DAMPs; typically, ectopic
exposure of tissue injury-derived self-nucleotides, proteins or
free oxygen radicals) are initiating events for Hashimoto’s
thyroiditis (10, 11).

Recognition of PAMPs or DAMPs by thyrocytes causes the
activation of innate immune responses, which is characterized by
the production of an array of inflammatory mediators, such as
tumor necrosis factor oo (TNF-ot), interleukin-6 (IL-6) and
interferon-f (IFN-B) (10, 11). These immune mediators recruit
lymphocytes to the inflamed site, which putatively increases the
likelihood of breaking self-tolerance, particularly in genetically
susceptible individuals. Moreover, the inflamed thyrocytes are
functionally suppressed or even undergo cell death, which may
directly precipitate thyroid destruction and hypothyroidism (12,
13). Therefore, agents that interfere with innate immune
activation in thyrocytes may be able to improve thyroiditis.

In the current study, we investigated potential
immunomodulatory effects of PV on innate immune response
in PAMP/DAMP-stimulated rat thyroid FRTL-5 cells. We used
double-stranded DNA (dsDNA) as a model of both PAMPs
(DNA viruses and bacteria) (14-16) and DAMPs (self-DNA
fragments from injured cells) (10, 12, 14), and dsRNA as a model
of PAMPs (RNA viruses). We also studied the effect of PV on the
thyroid-specific functional gene expressions in FRTL-5 cells.

MATERIALS AND METHODS

Preparation of Aqueous Extraction of PV

Aqueous extraction of PV was prepared and used as previously
reported (17-19). In brief, a fine powder of 40 g of PV was mixed
with 400 mL of H,O and boiled for 2 h in a glass beaker. The
boiled extracts were centrifuged at 20,000 rpm for 10 min to
remove debris and the supernatant was further powdered in a
rotary vacuum evaporator under 10 mbar at 70°C for 5 h. The
powdered PV extract was weighed and dissolved in H,O to a

stock concentration of 50 mg/mL, then filtrated through 0.22 pm
PES membrane (Merck Millipore, Darmstadt, Germany) and
stored at —80°C for future use.

Cell Culture and Treatment

FRTL-5 rat thyroid cells were grown in Coon’s modified Ham’s
F-12 medium containing 5% heat-treated bovine serum
(Invitrogen, Carlsbad, CA) and a mixture of six hormones,
including bovine TSH (1 mU/mL), insulin (10 pg/mL),
hydrocortisone (0.36 ng/mL), transferrin (5 ug/mL), Gly-His-
Lys-acetate (2 ng/mL), and somatostatin (10 ng/mL) as described
(20). All reagents were purchased from Sigma-Aldrich (St. Louis,
MO). PV was used at concentrations of 0, 31.25, 62.5, 125, 250,
500 pug/mL in culture medium.

Transfection of Nucleic Acids

One microgram of synthetic polynucleotides, i.e. poly (dA:dT)
and poly(I:C) (GE Healthcare, Little Chalfont, UK), was mixed
with 3 puL of Fugene HD transfection reagent (Roche
Diagnostics, Basel, Switzerland) and 100 pL of serum-free cell
culture medium, and then incubated for 15 min at room
temperature. The solution was added to the cells and incubated
for 6 h at 37°C in a CO, incubator after which the medium was
replaced with regular culture medium containing 5%
bovine serum.

RNA Purification and Real-Time PCR

Total RNA was isolated using RNeasy Plus Mini Kit (Qiagen,
Hilden, Germany), and cDNA was synthesized using the High-
Capacity cDNA Reverse Transcription Kits (Applied Biosystems,
Waltham, MA) as described previously (20). Real-time PCR was
performed using Fast SYBR Green Master Mix (Applied
Biosystems) according to the manufacturer’s instructions. A
total of 20 ng of cDNA mixed with 20 pL of FastStart
Universal SYBR Green Master (Roche Diagnostics) was
amplified by incubating for 30 s at 95°C, followed by 40 cycles
of 5 s at 95°C and 30 s at 60°C, and one cycle of 15 s at 95°C, 30
s at 60°C, and 15 s at 95°C. The mRNA levels were normalized
against that of Gapdh levels using the AACt method as described
(20). The primers used were as follows: Gapdh forward, 5'-ACA
GCAACAGGGTGGTGGAC-3'; Gapdh reverse, 5-TTTGAGG
GTGCAGCGAACTT-3'; Tpo forward, 5-CACGGCTTACCA
GGCTACAA-3’; Tpo reverse, 5'-GCCTCCCAACCAGAC
ATCAA-3"; Duox2 forward, 5-CAGCGCTACGACGGCTGGT
TTA-3'; Duox2 reverse, 5'-CCCAAGCACTGTGCGGTTGT-3';
Duoxa2 forward, 5-TCAGCGTACCGCTGCTCATCGT-
3’; Duoxa2 reverse, 5'-ACCAACCAGAACCAGCGCGAGT-3;
Slc5a5 forward, 5'-CTACCGTGGGTGGTATGAAGG-3; Slc5a5
reverse, 5'-TGCCACCCACTATGAAAGTCC-3'; Tnfa forward,
5'-ATGGGCTCCCTCTCATCAGT-3'; Tnfa reverse, 5'-
GCTTGGTGGTTTGCTACGAC-3'; 16 forward, 5'-AGCG
ATGATGCACTGTCAGA-3'; 1i6 reverse, 5'-GGAACTCCAG
AAGACCAGAGC-3'; Ifnb forward, 5-CTTGGGTGACAT
CCACGACT-3'; Ifnb reverse, 5'-AAGACTTCTGCTCG
GACCAC-3".
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Transient Transfection of Plasmids and
Reporter Gene Assays

FRTL-5 cells (1x10°) plated on poly-D-lysine coated 24-well
plates (Greiner Bio One, FL) were transfected with 0.2 pg of
either NF-kB-dependent luciferase reporter plasmid (p5NF-«B-
luc) or rat IFN-B-dependent promoter luciferase reporter
plasmid (pGL3-IFNP) using Fugene HD transfection reagent
(Roche Diagnostics) in serum-free medium. The pGL3-basic
plasmid was used as a control. After transfection for 6 h, the
medium was replaced with basal medium, and cells were treated
with PV extract for 24 h. Cells were then stimulated with either
dsDNA or dsRNA for 6 h, and a reporter gene assay was
performed using the Bright-Glo Luciferase assay system
(Promega, Madison,WI). Luciferase activities were measured
using FLUO star galaxy (BMG Labtech, Offenburg, Germany),
and were normalized to corresponding protein concentrations
that were determined using Bio-Rad DC Protein Assay Kits (Bio-
Rad Laboratories, Hercules, CA). Data was expressed relative to
the activity of the control group.

Protein Preparation and Western

Blot Analysis

Cells were lysed in a buffer containing 150 mM NaCl, 1% Nonidet
P-40, 0.5% sodium deoxycholate, 0.1% SDS and 50 mM Tris, pH
8.0 for 1 h. The supernatant was collected after centrifugation, and
6 lug of protein was used for Western blotting. Briefly, the proteins
were separated on NuPage 4-12% Bis-Tris gels (Invitrogen) by
electrophoresis and transferred to nitrocellulose i-Blot gel transfer
stacks (Invitrogen). The membrane was washed with PBS with
0.1% Tween 20 (PBST), placed in blocking buffer (PBST
containing 5% nonfat milk) for 1 h. Then the membrane was
incubated with primary antibodies at 4°C overnight. The primary
antibodies used were rabbit anti-nuclear factor of kappa light
polypeptide gene enhancer in B-cells inhibitor o (IkB-o.) (Cell
Signaling Technology, Danvers, MA; 1:1,000), phosphorylation
interferon regulatory factor 3 (pIRF3) (Cell Signaling Technology;
1:1,000), and mouse monoclonal anti-B-actin (Sigma; 1:5,000) as
an internal control. After washing with PBST, membranes were
incubated with a horseradish peroxidase (HRP)-labeled goat anti-
mouse IgG (Cell Signaling Technology; 1:5,000) or goat anti-rabbit
IgG (Cell Signaling Technology; 1:1,000) as secondary antibodies.
Specific proteins were visualized using Immunostar LD reagent
(Wako Pure Chemical, Osaka, Japan), and the chemiluminescence
was detected using the C-DiGit blot scanner (LI-COR).

Fluorescence Staining

FRTL-5 cells were cultured on glass-bottom dishes (Matsunami
Glass, Osaka, Japan) in the presence or absence of 350 pg/mL of
PV for 24 h. Cells were then stimulated with 1 ug/mL dsDNA or
dsRNA for 24 h and stained with Hoechst 33342. Fluorescence
was visualized and the images were captured on an FV10i
confocal laser scanning microscope (Olympus, Tokyo, Japan).

Statistical Analysis
All experiments were repeated at least three times using different
batches of cells, and the mean + SD was calculated. The

significance of the differences between experimental values was
determined by an unpaired two-tailed t-test, with p < 0.05
considered to be significant.

RESULTS

PV Abolishes mRNA Expression

of Inflammatory Cytokines Induced

by dsDNA or dsRNA

Inflammatory cytokines including IL-6, TNF-o. and IFN-f3 have
been found extensively in both thyroids and sera of patients with
Hashimoto’s thyroiditis (21, 22). These molecules recruit
lymphocytes into the affected sites to precipitate inflammation
while interfering with thyroid hormone synthesis (23), thus
affecting the balance between the maintenance of self-tolerance
and the initiation of autoimmunity. In addition to the infiltrating
T cells, we previously showed that the thyrocytes themselves can
produce various cytokines in response to dsDNA or dsRNA (10,
12, 14), thus playing an active role in thyroid inflammation and
the development of autoimmunity.

In order to investigate the possible effects of PV on innate
immune responses induced in thyrocytes, FRTL-5 cells were
stimulated with dsDNA or dsRNA in the presence or absence of
PV. The concentrations of PV used in this study is approximately
equal to 15-230-fold dilution of its daily dosage for a patient. No
cytotoxic effect of PV was noticed within this range, as
determined by trypan blue exclusion test of cell viability
(Supplementary Figure 1). Real-time PCR analysis showed
that mRNA levels of Ifnb, Tnfa and Il6 were significantly
upregulated 24 h after stimulation with dsDNA or dsRNA
(Figure 1). However, the increase in the expression of
inflammatory cytokines was remarkably reversed by PV in a
dose-dependent manner (Figure 1), indicating that PV exerts a
powerful suppressive effect on innate immune activation in
thyrocytes. mRNA levels of Gapdh were not affected by PV
(data not shown).

PV Suppresses the Activation of Nuclear
Factor ¥B (NF-xB) and Interferon
Regulatory Factor 3 (IRF3), With
Suppression of Their Downstream
Corresponding Promoters
NF-xB and IFN-fB are essential inducers of series of
inflammatory cytokines upon activation of innate immunity
(24, 25). To determine if PV affects cytokine transcription, we
performed luciferase reporter gene assays using NF-kB- and
IFN-B-dependent promoter constructs. Stimulating the cells
with dsRNA induced NF-xB-dependent promoter activation,
as well as IFN-f promoter activation (Figure 2). However, PV
significantly suppressed the promoter activation of NF-xB- and
IFN-B-dependent promoter constructs in both dsDNA- and
dsRNA-stimulated cells (Figure 2).

It is known in unstimulated cells that NF-kB is sequestered in
an inactive state in the cytoplasm by binding with a family of
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inhibitors, termed inhibitor of kB (IkB), and activation of NF-xB
is initiated by signal-induced degradation of IxB proteins (25).
IRF3 is known as another major regulator that plays an
important role in innate immune response (24). In
unstimulated cells, IRF3 is found in an inactive cytoplasmic

eventually leading to the development of thyroid autoimmunity.
Moreover, the induction of genes related to antigen presentation
pathways in thyrocytes is putatively another important mechanism
by which the innate immune system mobilizes the adaptive
immune system (10, 12, 14-16). In FRTL-5 cells, dsRNA
stimulation significantly induced the gene expression of major
histocompatibility complex class I (Mhcl) and low molecular
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PV Exerts a Protective Effect on
Inflammation-Associated Cell Death
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FIGURE 3 | PV suppresses degradation of [xB-a and phosphorylation of
IRF3 induced by dsDNA or dsRNA. FRTL-5 cells were pretreated with PV at
35 ug/mL or 350 ug/mL for 24 h, then stimulated with 1 ug of dsDNA or
dsRNA for the indicated period of time. Whole cell proteins were extracted,
and Western blot analysis was performed to determine the protein expression
levels of IkB-a., pIRF3 and B-actin.

weight protein 2 (Lmp2), which are involved in the MHC class I
antigen processing pathway. Therefore, we evaluated the effect of
PV on mRNA levels of Mhcl and Lmp2 induced by dsRNA. We
found that PV inhibited dsRNA-induced Mhcl and Lmp2 mRNA
levels in a dose-dependent manner in FRTL-5 cells (Figure 4),
revealing another aspect of the versatile immunomodulatory effects
of PV that may hinder autoantigen presentation.

Hashimoto’s thyroiditis. After exposure to dsSDNA or dsRNA, a
majority of FRTL-5 thyroid cells exhibited condensed,
fragmented nuclei with a much brighter color, indicative of
cellular apoptosis, as revealed by Hoechst 33342 staining
[Figure 5, PV (-)]. However, PV completely prevented such
apoptotic changes [Figure 5, PV (+)], indicating that PV is a
powerful protective agent against inflammation-related cell
death in thyrocytes.

PV Suppresses Gene Expression Involved
in lodide Uptake and Oxidation

In order to evaluate potential effects of PV on thyroid function,
we examined the gene expression of the thyroid functional genes
responsible for each step of thyroid hormone biosynthesis. When
FRTL-5 cells were treated with PV, mRNA levels of Slc5a5, Tpo,
Duox2, and Duoxa2, the functional genes involved in the
transport and organification of iodide, were significantly
suppressed in a dose-dependent manner (Figure 6). mRNA
levels of Gapdh were not affected by PV (data not shown).
These results suggest that PV may suppress active iodide
uptake and oxidation.

DISCUSSION

As the precise pathogenesis of Hashimoto’s thyroiditis remains
unclear, there is no established treatment that can effectively
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FIGURE 4 | PV inhibited genes involved in antigen presentation pathways induced by dsRNA. FRTL-5 cells were pretreated with PV at increasing concentrations
(0, 31.25, 62.5, 125, 250, 500 pg/mL) for 24 h. Cells were then stimulated with 1 pug of dsRNA for 24 h in the presence of PV. Total RNA was purified from the cells
and subjected to real-time PCR analysis to determine the relative mRNA expression levels of Mhc1 and Lmp2. mRNA levels were normalized against Gapadh levels
and expressed as fold-change relative to the control. Data are presented as mean + SD (n = 3) relative to the mRNA levels of non-treated control levels.
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FIGURE 5 | PV exerts a protective effect on cell death in FRTL-5 cells induced by dsDNA or dsRNA. FRTL-5 cells were cultured with or without PV at 350 pg/mL
for 24 h. Cells were then stimulated with 1 ug/mL dsDNA or dsRNA for 24 h, followed by Hoechst 33342 staining. Fluorescence was observed using a confocal
laser scanning microscope. Scale bar, 100 pm.
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FIGURE 6 | PV suppresses the mRNA expression of genes essential for thyroid hormone biosynthesis. FRTL-5 cells were treated with PV at increasing
concentrations (0, 31.25, 62.5, 125, 250, 500 pg/mL) for 24 h. Total RNA was purified from the cells and subjected to real-time PCR analysis to determine the
relative mRNA expression levels of Sicbab, Tpo, Duox2 and Duoxa2. mRNA levels were normalized against Gapdh levels and expressed as fold-change relative to
the control. Data are presented as mean + SD relative to the levels of PV (-) cells (n = 3). *p < 0.05 and ***p < 0.001, compared to PV (-) value.
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ameliorate the destructive thyroid autoimmune response or
delay the progression of Hashimoto’s thyroiditis. The only
available therapy for Hashimoto’s thyroiditis is to manage
hormone levels with thyroid hormone replacement, such as
levothyroxine, which, in most cases, needs to be taken for the
rest of the patient’s life. Although the underlying mechanisms are
unknown, PV has been empirically used to treat thyroid
disorders, including Hashimoto’s thyroiditis, in traditional
Chinese medicine for thousands of years. Only recently have
modern clinical trials begun to gather evidence that supports the
efficacy of PV to reduce the titers of TPO-Ab, TG-Ab, and Th 17
cells, a subset of pro-inflammatory T helper cells implicated in
autoimmune and inflammatory disorders (2-8). In addition, in
vitro studies have revealed an anti-inflammatory effect of PV by
targeting NF-xB in stimulated macrophages (26, 27). In the
current study, we further elucidated a novel anti-inflammatory
activity of PV in thyrocytes that likely contributes to its
therapeutic effect on Hashimoto’s thyroiditis.

Studies have suggested that the innate immune response in
thyrocytes facilitates autosensitization that may eventually lead to
thyroid autoimmunity (10, 12). PAMPs and DAMPs are the two
main patterns of stimuli that cells encounter in vivo indicative of
harmful microbial infection or cellular damage. The former refers
to the molecules associated with pathogens such as
lipopolysaccharides (LPS), peptidoglycans (PGN), and viral
dsRNA that initiate and perpetuate infectious pathogen-induced
inflammatory responses (28). The latter, in contrast, are host
biomolecules derived from dying cells such as self dsDNA, heat-
shock proteins, purine metabolites, and hyaluronan fragments that
initiate and perpetuate non-infectious inflammatory responses.
The innate immune responses triggered by PAMPs or DAMPs
rapidly wall off the potentially dangerous events (i.e. infection or
non-physiological cell death) before they are out of control. At the
same time, the adaptive immune system is ready to be alerted if
immunogenic antigens (either foreign or self) are present.
However, inflammatory responses are double-edged swords, as
they are indiscriminate and can damage healthy tissues. In the
thyroids of predisposed individuals, inflammatory responses
triggered by PAMPs or DAMPs might facilitate adaptive
immune responses to autoantigens by attracting lymphocytes
into the periphery, activating antigen presentation processes,
and interfering with hormone synthesis (12). The inflammatory
mediators can orchestrate together with the infiltrating
lymphocytes to induce de novo formation of lymph follicles, and
consequently convert the usually self-tolerant peripheral
environment into an organ prone to autoimmunity. One reason
that the thyroid is particularly prone to autoimmunity may be
stemmed from thyrocytes” vulnerability towards stimulations with
PAMPs or DAMPs (12).

As we demonstrated in the current study, the gene expression
of inflammatory mediators such as IFN-B, TNF-o. and IL-6
surged in FRTL-5 cells stimulated by dsDNA or dsRNA, in
parallel with activation of both NF-xB and IRF3 signaling
pathways and nuclear changes indicative of apoptosis. In
addition, molecules associated with antigen presentation
pathways, such as MHC class I and LMP-2 were also

significantly induced in thyrocytes after stimulation with
dsDNA or dsRNA. This inflammatory phenotype, characterized
by the activation of both NF-xB and IRF3 signaling pathways,
induced production of pro-inflammatory cytokines, chemokines
and type I interferons, cell-surface expression of molecule
involved in antigen presentation process, has been repeatedly
noticed after stimulation with both artificial nucleid acids and
cytosol self-genomic DNA released from injured cells (10, 12, 14).
These observations together emphasize that in response to
PAMPs or DAMPs, thyrocytes would launch intense
inflammatory and pro-immunogenic reactions.

Strikingly, PV annulled such inflammatory responses induced
by dsDNA or dsRNA in thyrocytes, and provided an exceptional
protective effect in the immune-activated thyrocytes. Such anti-
inflammatory action of PV in thyrocytes, in addition to its
previously documented immunomodulatory effects in
macrophages (26, 27, 29), may help to explain the observed
therapeutic efficacy of PV for Hashimoto’s thyroiditis. In turn,
our new findings highlight that innate immune responses in
thyrocytes triggered by dsDNA or dsRNA is likely a critical
factor for precipitating thyroid autoimmunity, and herbal/
compound agents (i.e. PV) that interfere with such innate
immune responses in thyrocytes may serve as novel therapies
for Hashimoto’s thyroiditis. So far the structures of the main
chemical compounds in PV, identified on the basis of spectral
analysis, include polygalacerebroside, ursolic acid, B-amyrin,
quercetin, quercetin-3-O-B-D-galactoside, a-spinasterol,
stigmasterol, [B-sitosterol, and daucosterol (30). We did have
tested a few of these purified chemicals, which showed similar
effects as did the PV crude extract in the inflamed thyrocytes,
however to a much-weakened extent. Thus, the overall effects of
PV unlikely come from a single component but rather a natural
combination. It will take a large-scale study to exhaust the
combinations of the known chemicals in PV to elucidate its
“core recipe”.

In addition to thyrocytes, innate immune response has been
noticed in a variety of cell types upon stimulation with dsSDNA or
dsRNA (31-33). And we recently reported that self dsDNA-
inducible inflammation in primary human keratinocytes played
a role in the pathogenesis of psoriasis which is also an
autoimmune disease (34). And given that PV has been used to
treat all kinds of immune disorders and inflammation from viral
infections, allergies, Crohn’s disease, diabetes, ulcerative colitis,
gastroenteritis, to atherosclerosis, headache and cancers, the
immune-modulating effects of PV may be true in many cells
types (35-39). We next will confirm the effects of PV on normal
human primary thyrocytes.

In addition, we found that PV significantly suppressed the
mRNA levels of genes essential for iodide transport and
organification, such as Slc5a5, Tpo, Duox2 and Duoxa2, in a
dose-dependent manner in thyrocytes. Slc5a5 (or NIS) is known
as the major plasma symporter responsible for iodine influx into
thyrocytes (40). Oxidation of iodide further requires TPO and
H,O0, generated by DUOX2 and DUOXA2 (41). Excessive iodide
uptake and oxidation is generally believed to be a risk factor for
thyroid autoimmunity due to harmful oxidative stress, and
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should be avoided in Hashimoto’s thyroiditis (42). Thus, PV may
also function as an antioxidant in the thyroid by checking on
excessive iodide uptake and oxidation. Further functional studies
are needed to clarify how PV impacts iodide uptake and
hormone production in thyrocytes. Before that, physicians
should carefully monitor the thyroid hormone and TSH levels
of patients receiving PV.
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Background: Although hypothyroidism is associated with various comorbidities, its
relationship with increased all-cause mortality remains controversial. The aim of this
nationwide retrospective cohort study was to investigate whether hypothyroid patients
treated with levothyroxine had increased mortality compared to controls.

Methods: Hypothyroid subjects were identified through the Korean National Health
Insurance Service Claims database between 2008 and 2017. Hypothyroidism in this
study was defined as overt hypothyroidism treated with long-term prescription of
levothyroxine (>6 months). After 1:3 age-, sex- and index year-matching, 501,882
patients with newly diagnosed hypothyroidism and 1,505,646 controls without
hypothyroidism were included.

Results: During a mean follow-up of 6 years, 25,954 (5.2%) hypothyroid patients and
59,105 (8.9%) controls died. Hypothyroidism was significantly associated with increased
all-cause mortality (adjusted hazard ratio [HR], 1.14; 95% confidence interval [CI] 1.12—
1.16) even with levothyroxine treatment. When stratified by age, sex, and cardiovascular
disease risk, independent associations between hypothyroidism and mortality remained
significant in all subgroups. The risk of mortality was higher in the < 65 age group (HR:
1.25, 95% CI: 1.22-1.29), men (HR: 1.28, 95% Cl: 1.25-1.31), and the high
cardiovascular disease risk group (HR: 1.31, 95% CI: 1.29-1.34). The mortality rate of
hypothyroid patients was highest within 1 year of treatment and decreased with time.

Conclusion: This nationwide, population-based cohort study showed that all-cause
mortality was significantly higher in levothyroxine-treated hypothyroid patients than in non-
hypothyroid controls. This association remained significant regardless of age, sex, and
cardiovascular disease risk.

Keywords: hypothyroidism, mortality, levothyroxine, cohort study, cardiovascular disease
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Risk of Mortality in Hypothyroidism

INTRODUCTION

Hypothyroidism is a common endocrine disease, and its
incidence and prevalence vary depending on the population
being studied (1-3). In Korea, the reported incidence and
prevalence of hypothyroidism, when defined as overt
hypothyroidism with thyroid hormone prescription of > 60
days, were 2.26 and 14.28 per 1,000 individuals, respectively (2).

The etiology of hypothyroidism includes various conditions.
Chronic autoimmune thyroiditis is the major subtype of
hypothyroidism in iodine-sufficient areas of the world (4).
However, non-autoimmune hypothyroidism has been reported
as the most common cause of hypothyroidism in Korea (5).
Regardless of cause, hypothyroidism is associated with a number
of well-characterized metabolic changes, such as hyperlipidemia,
hypertension, and coagulopathy, as well as endothelial
dysfunction and cardiovascular disorders (6-10), all of which
could theoretically lead to increased mortality. However, studies
of hypothyroidism have yielded considerable variation in
mortality data (11-24). Some studies have found an increased
risk of mortality in hypothyroid patients (12-14, 16, 17, 19, 21-
24), but others have not (11, 15, 18, 20). Possible reasons for such
inconsistencies may be heterogeneity between studies in terms of
definition and severity of hypothyroidism, characteristics of
participants, selection of the control population, and controls
for comorbidities.

In most patients, hypothyroidism is permanent and requires
lifelong treatment. Standard treatment involves the administration
of thyroid hormones to maintain serum thyroid-stimulating
hormone (TSH) levels within the reference range (25). Most
patients become clinically euthyroid once TSH levels return to
normal. However, recovery of TSH levels might not reflect the
normalization of hypothyroidism-mediated metabolic changes (26,
27), suggesting that mortality risk may persist in hypothyroid
patients even with treatment.

To date, a number of cohort studies and meta-analyses
have investigated the relationship between hypothyroidism
and mortality (11-24, 28-38). However, most have been
restricted to subjects with subclinical hypothyroidism (17, 20,
21, 28, 29, 33, 34, 38) and some studies have defined
hypothyroidism based on only one TSH level measurement
(13, 15, 22, 28, 30, 37). Therefore, these studies may not
represent patients with hypothyroidism who require long-term
thyroid hormone replacement.

In this nationwide retrospective cohort study, we investigated
all-cause mortality risks of hypothyroid patients undergoing
long-term levothyroxine therapy compared to age- and sex-
matched control subjects.

METHODS

Data Source

This nationwide retrospective cohort study was based on the
Korean National Health Insurance (NHI) database provided by
the Health Insurance Review and Assessment Service (HIRA).

The NHI is the only public medical insurance system operated by
the Korean government and membership is compulsory. To
claim payments for patient care, all clinics and hospitals in
Korea are required to submit data including personal
identification number, diagnosis, and prescription information
to the HIRA. Therefore, the HIRA database includes claims
for the entire South Korean population and comprises patient
demographics, diagnosis information based on the International
Classification of Diseases, 10 Revision (ICD-10) codes, all
inpatient and outpatient claims data, interventions, and
prescriptions. HIRA de-identifies patient data in accordance
with the Act on the Protection of Personal Information Maintained
by Public Agencies.

Study Population

Hypothyroidism cohort. In this study, claims data for
levothyroxine prescriptions from 2008 to 2017 were evaluated
to define the incidence of hypothyroidism. Hypothyroidism in
this study was defined as overt hypothyroidism with long-term
prescription of levothyroxine (>6 months). Only subjects aged
18-90 years at the time of prescription were included. A one-year
washout period was applied to newly diagnosed cases of
hypothyroidism. When a thyroid hormone is prescribed, it is
usually repeated within one year in clinical practice. Therefore,
we only included patients with a minimum washout period of 1
year. The washout period was defined as the period between
January 2007 and the date of first prescription (the “index date”).
The exclusion criteria were as follows: (i) a diagnosis of
thyroid cancer at any time or a history of thyroidectomy or
radioactive iodine treatment to exclude any effects of iatrogenic
thyrotoxicosis; (ii) short-term prescription of thyroid hormones
(<180 days) to avoid inclusion of transient hypothyroidism; and
(iii) death within 6 months from the index date. Selection of the
hypothyroidism cohort is illustrated in Figure 1.

Control cohort. Data for non-hypothyroid subjects (the
control cohort) were also retrieved from the HIRA database.
Individuals who received thyroid hormones or had a diagnosis of
thyroid dysfunction-related diseases (ICD-10 code: E03.8, E03.9,
E06.3) during the study period were excluded. In addition, the
same exclusion criteria as in the hypothyroidism cohort were
applied before matching the hypothyroidism cohort. Each
hypothyroidism case was then matched to three non-
hypothyroidism control individuals (1:3 matching) based on
age, sex, and index date.

Comorbidity

Comorbidities were mainly selected based on metabolic
abnormalities related to hypothyroidism. Hypothyroidism is
closely associated with cardiovascular risk factors that lead to
cardiovascular events (6-10). Decreased hemodynamics in the
circulatory system also lead to declines in glomerular filtration
rate (GFR) in severe hypothyroidism (39). As cancer is the most
common cause of death in Korea, we adjusted for the presence of
malignancy because the primary endpoint was all-cause
mortality (40).
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Korean population registered in HIRA(~50 million)

l

1,542,303 Hypothyroidism subjects

aged 18~89 years during 2008~2017

1-year wash-out period (n=335,688) }‘

Exclusion
Prescription of levothyroxine less
than six months (n= 309,554)

1,206,615 Hypothyroidism included

History of thyroid cancer (n=298,213) <
Previous thyroid surgery (n=30,285)

or radioactive iodine treatment (n=14,330)
Prescription of anti-thyroid medication (n=51,842)
Death within six months from index date (n=509)

FIGURE 1 | Selection of the hypothyroidism cohort.

501,882 Hypothyroidism included

Baseline comorbidities were identified according to their
respective ICD-10 codes: diabetes mellitus (E10-E14),
hypertension (I10), congestive heart failure (I50), myocardial
infarction (MI) (121, 122, 125.2), stroke (I60-164, 169), chronic
kidney disease (N17-N19), and malignancy (C code). A pre-
existing comorbidity was defined as a disease diagnosed in at
least three outpatient visits in the 1-year period preceding the
index date. In cases of MI, stroke, and heart failure, inpatient
hospitalization with records of any of their corresponding ICD
codes as primary diagnosis was also defined as comorbidities.

Mortality

The primary outcome of this study was all-cause mortality.
Mortality was recorded in the NHI cohort based on the
database of the Ministry of Public Administration and
Security, which compulsorily receives all reports on deaths
through official death notices. Cases and times of death from
inception to December 31, 2018, were identified for
all subjects.

Statistical Analysis

The chi-square test was used to compare proportions and
categorical variables between the hypothyroid and control
cohorts. Student’s ¢ test was used for comparisons of mean age
between two groups. Crude incidence rates for mortality were
calculated as the number of deaths per 1000 person-years. The
incidence rates were further stratified by age (<65 and 265 years),

sex, and cardiovascular disease (CVD) risk (high CVD vs. low
CVD risk). High CVD risk was defined as the presence of
hypertension, diabetes mellitus, or prevalent CVD (MI, stroke,
and heart failure). Kaplan-Meier curves were used to describe and
compare cumulative survival rates between the hypothyroid and
control cohorts. The follow-up period started on the index date
(date of first prescription of thyroid hormone) and was censored
on the date of death or at the end of the study (December
31, 2018).

The Cox proportional hazard model was used to explore
independent associations between hypothyroidism and mortality
risk, and hazard ratios (HRs) were computed with 95%
confidence intervals (CI). We conducted multivariable
adjustments for age, sex, and comorbidities that affect
mortality. Sensitivity analyses were performed in three groups
according to the follow-up duration (<1 year, <1 to <3 years, and
>3 years) from initial treatment with levothyroxine. All statistical
analyses were conducted using R (version 4.0.2).

RESULTS

Baseline Characteristics of the Cohort

A total of 501,882 patients with hypothyroidism and 1,505,646
controls treated between January 2008 and December 2017 were
included. Baseline characteristics of the subjects are presented in
Table 1. The mean age was 50.6 years, and women were
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TABLE 1 | Baseline characteristics of the study populations.

Hypothyroidism cohort

Total 501,882
Male 87,233 (17.4%)
Female 414,649 (82.6%)
Age
mean + SD 50.6 £ 15.0
<65 years 404,230 (80.5%)
>65 years 97,652 (19.5%)
Days of prescription
<2 years 191,185 (38%)

<2 to <4 years
<4 to <6 years

111,937 (22%)
78,332 (16%)

<6 years 120,428 (24%)
Comorbidities

Hypertension 119,420 (23.8%)
Diabetes 62,441 (12.4%)
Myocardial infarction 3,308 (0.7%)
Stroke 18,186 (3.6%)
Heart failure 8,901 (1.8%)
Renal failure 8,370 (1.7%)
Malignancy 20,997 (4.2%)

SD, standard deviation.

predominant (82.6%). Hypothyroid patients had a significantly
higher prevalence of all selected comorbidities than the control
cohort. The mean follow-up durations were 71.6 [standard
deviation (SD), 35.6] months and 72.1 (SD, 35.4) months for
the hypothyroid and control cohorts, respectively.

Impact of Hypothyroidism on

the All-Cause Mortality

Cumulative mortality risk is illustrated in Figure 2. The
mortality rate of hypothyroid patients was higher than that of
the control cohort (Table 2). During the follow-up period,
25,954 (5.2%) hypothyroid patients died, compared with
59,105 (3.9%) controls. The crude mortality rate among
hypothyroid patients was 8.66 per 1,000 person-years,

Control cohort P-value
1,505,646
261,699 (17.4%) 0.99
1,243,947 (82.6%)
50.6 + 15.0
1,212,690 (80.5%) 0.99
292,956 (19.5%)
299,126 (19.9%) <0.001
123,070 (8.2%) <0.001
5,818 (0.4%) <0.001
42,165 (2.8%) <0.001
12,737 (0.8%) <0.001
5,998 (0.4%) <0.001
33,485 (2.2%) <0.001

compared with 6.53 per 1,000 person-years in the control
cohort. When stratified by age, sex, and CVD, the crude
mortality rate was consistently higher in all subgroups of the
hypothyroid cohort.

Cox proportional hazards analyses revealed that the mortality
risk in hypothyroid subjects was higher than that in controls. The
crude HR was 1.33 (95% CI: 1.31-1.35) and adjusted HR was
1.14 (95% CI: 1.12-1.16) (Table 2). When stratified by age, sex,
and CVD risk, an independent association between
hypothyroidism and mortality remained significant in all
subgroups. The risk of mortality was higher in the <65 age group
(HR: 1.25, 95% CI: 1.22-1.29), men (HR: 1.28, 95% CI: 1.25-1.31),
and the high CVD risk group (HR: 1.31, 95% CI: 1.29-1.34) than
in subgroups 265 years (HR: 1.08, 95% CI: 1.06-1.10), women

—— Hypothyroidism cohort

---------- Control cohort

Cumulative Mortality (%)
3
1

Hazard ratio, 1.14 (95% Cl,1.12-1.16)

______ P<0.001
-
T T T T T T T
No. at risk 0 ! 2 3 4 5 s
Hypothyroidism 501,882 498,623 446,183 393712 343,875 296,612 247,440
Control 1,505,646 1500510 1,348,247 1,192,351 1,041,696 898,625 749,578

FIGURE 2 | Kaplan-Meier curves for cumulative mortality in hypothyroid patients and the control cohort.
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TABLE 2 | Incidence rates and hazard ratios for mortality in the hypothyroidism cohort and the control cohort.

Hypothyroidism cohort Control cohort Hazard ratio for mortality

Subgroup Number of deaths Mortality rate [CI] Number of deaths Mortality rate [CI] Crude HR* [CI] Adjusted HR** [CI]
(per 1,000 person-years) (per 1,000 person-years)
All 25,954 8.66 [8.33-9.00] 59,105 6.53 [6.37-6.70] 1.33 1.14
[1.31-1.35] [1.12-1.16]
Male 11,470 24.44 [23.04-25.90] 23,211 16.03 [15.38-16.69] 1.58 1.28
[1.49-1.56] [1.25-1.31]
Female 14,484 5.73 [6.44-6.04] 35,894 4.72 [4.57-4.88] 1.21 1.06
[1.19-1.24] [1.04-1.09]
Age groups
<65 years 8,649 3.49 [3.26-3.73] 16,275 2.18 [2.07-2.29] 1.60 1.25
[1.56-1.64] [1.22-1.29]
>65 years 17,305 33.69 [32.12-35.32] 42,830 27.25 [26.44-28.07] 1.24 1.08
[1.22-1.26] [1.06-1.10]
Comorbidities
Low CVD risk group 8,111 3.64 [3.40-3.90] 25,157 3.52 [3.39-3.66] 1.03 1.10
[1.01-1.06] [1.08-1.13]
High CVD*** risk group 17,843 23.19 [22.13-24.30] 33,948 17.81 [17.22-18.42] 1.30 1.31
[1.28-1.33] [1.29-1.34]

Cl, confidence interval; CVD, cardiovascular disease.

*Reference group is the control cohort.

**Adjusted for age, sex, and comorbidities in subgroup analysis. Sex subgroup is adjusted for age and comorbidities. Age subgroup is adjusted for sex and comorbidities. CVD risk
subgroup is adjusted for age and sex.

***High CVD risk group is defined as the presence of hypertension, diabetes mellitus, or prevalent CVD (MI, stroke, and heart failure).

(HR: 1.06, 95% CI: 1.04-1.09), and low CVD risk (HR: 1.10, 95% CI:
1.08-1.13).

In sensitivity analyses according to follow-up duration,
mortality risk increased in the hypothyroid cohort at <1 year,
<1-3 years, and 23 years after initial treatment with
levothyroxine, but this association tended to decrease as the
follow-up time increased (Table 3). The mortality rate in
hypothyroid patients was the highest within 1 year of
treatment and decreased with time.

DISCUSSION

In this nationwide, retrospective population-based cohort study,
we found that hypothyroidism was associated with an increased

risk of all-cause mortality. This association remained significant
regardless of age, sex, and CVD risk.

Many previous studies have investigated the link between
hypothyroidism and mortality risk, but their results have been
inconsistent (11-24, 28-34). Possible reasons for such
discrepancies include considerable variations in the definition
and severity of hypothyroidism, characteristics of study
populations, and adjustments for comorbidities. Many studies
have defined hypothyroidism based on a single measurement of
TSH level and have used different reference ranges (13, 15, 22, 28,
30, 37), which carries the possibility of phenotype misclassification,
as spontaneous normalization of an abnormally elevated TSH may
occur in a substantial proportion of individuals (41). With regard to
study populations, studies based on hospitalized patients have
indicated a positive correlation between serum TSH concentration

TABLE 3 | Hazard ratios for all-cause mortality stratified by follow-up duration after initial treatment.

Adjusted HR* [CI]

Subgroup Total <1 year <1-<3 year 23 years
Al 1.14[1.12-1.16] 1.50 [1.44-1.57] 1.27 [1.24-1.30] 1.01 [0.99-1.03]
Male 1.28 [1.25-1.31] 1.82 [1.71-1.95] 1.43[1.38-1.49] 1.08 [1.04-1.11]
Female 1.06 [1.04-1.09] 1.28 [1.20-1.37] 117 [1.13-1.21] 0.98 [0.96-1.01]
Age
<65 years 1.25[1.22-1.29] 1.81[1.66-1.97] 1.53 [1.46-1.60] 1.05 [1.01-1.09]
>65 years 1.08 [1.06-1.10] 1.37 [1.30-1.44] 1.16 [1.12-1.19] 0.98 [0.96-1.01]
Comorbidities
Low CVD risk group 1.10[1.08-1.13] 1.57 [1.44-1.70] 1.30 [1.24-1.36] 0.96 [0.93-0.99]
High CVD** risk group 1.31 [1.29-1.34] 1.72[1.63-1.81] 1.45[1.40-1.49] 1.15[1.12-1.18]

Cl, confidence interval; CVD, cardiovascular disease.
*Adjusted for age, sex, and comorbidities in subgroup analysis. Sex subgroup is adjusted for age and comorbidities. Age subgroup is adjusted for sex and comorbidities. CVD risk

subgroup is adjusted for age and sex.
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and mortality risk (13, 42), whereas no increased mortality risk has
been reported in hypothyroid subjects in primary care settings
compared with the euthyroid population (11, 15, 20). In addition,
some studies did not adequately adjust for comorbid conditions (11,
15, 24, 42). Our definition of hypothyroidism, as individuals treated
with levothyroxine for > 6 months, may solely represent overt
hypothyroidism in real clinical practice. After adjustment for
various comorbidities that affect mortality, hypothyroidism was
still associated with 14% excess mortality when compared with
controls. In line with our findings, Huang et al. also reported
increased mortality in older (>65 years) hypothyroid subjects
taking thyroid hormones when compared with non-hypothyroid
individuals (12). Our results are also in agreement with those of
recent meta-analyses (14, 19). A meta-analysis of 55 cohort studies,
with no restrictions on age or degree of hypothyroidism, showed
that hypothyroidism was associated with a higher risk of all-cause
mortality than the euthyroid state (relative risk, 1.25; 95% CI: 1.13-
1.39) (14). Another meta-analysis of 27 cohort studies focusing
on the elderly population observed a significant association with
increased all-cause mortality in patients with overt hypothyroidism,
but not in those with subclinical hypothyroidism (19).

There are several plausible explanations for the increased
risk of mortality in levothyroxine-treated hypothyroid patients
in this study. First, it is possible that patients with severe
hypothyroidism who were untreated for a long time have been
included, although the medical records or thyroid function tests
of enrolled patients in this study are not known. Second,
treatment with levothyroxine may not fully reverse CVD risk
factors that lead to increased mortality. Third, it is possible that
hypothyroidism has either been over- or under-treated.

In the present study, patients with hypothyroidism had
significantly higher prevalence of comorbidities than the
control group. First, the higher prevalence of comorbidities in
hypothyroid patients can plausibly be explained by the biological
action of hypothyroidism itself. Hypothyroidism is known to
induce many effects on the cardiovascular system, such as
systolic and diastolic dysfunction, endothelial dysfunction,
atherogenic lipid profiles, hypertension, and insulin resistance
(6-10). A number of population studies have reported higher
prevalence of atherosclerotic cardiovascular events and heart
failure in hypothyroid patients (13-15, 28, 33). In addition,
decreased hemodynamics in the circulatory system lead to
declines in GFR in severe hypothyroidism (39). Second, it may
be explained by the surveillance effect. Patients with
comorbidities are more likely to visit clinics and undergo
thyroid function tests than the subjects without comorbidities.
Therefore, hypothyroidism is more likely to be detected in
individuals with underlying disease.

Previous studies have suggested that the association between
hypothyroidism and mortality is dependent on underlying
comorbidities, especially CVD (13, 16). Studies in populations
with high underlying CVD risk have shown that hypothyroidism
is associated with higher all-cause and cardiovascular mortality
(13, 23, 36, 37, 43). In a meta-analysis by Rodondi et al., the
association between subclinical hypothyroidism and mortality
did not differ according to pre-existing CVD (31). In the present

study, we found that hypothyroidism is associated with higher
all-cause mortality, with or without underlying CVD, although
the association seemed to be more significant in the presence of
CVD. Considering the impact of hypothyroidism on
atherosclerosis, cardiac contractility, and arrhythmia, its
association with higher mortality is plausible, particularly in
populations with underlying CVD.

The risk of mortality in hypothyroidism may differ by age and
sex (18, 20, 24, 28, 32, 34, 38). Previous studies have suggested that
the association between hypothyroidism and mortality is less
evident in individuals aged > 65 years (20, 32, 34, 44). Recently,
Peng et al. found that the use of thyroid hormone replacement was
not associated with all-cause mortality in patients aged > 65 years
with subclinical hypothyroidism (38). The Leiden 85+ study,
which enrolled individuals aged 85 years and older, indicated a
decreased risk of cardiovascular and all-cause mortality with
higher TSH levels (18), but these findings have not been
replicated. Some studies have found increased risk of mortality
only in male subjects with subclinical hypothyroidism (24, 28)
while others have not (30). In the present study, the increased risk
of mortality in hypothyroidism was consistently significant in age-
and sex-stratified analyses, with the HR for mortality being higher
in the younger age group and in men, which partly corroborated
the results of previous studies.

In the present study, the mortality rate of hypothyroid
patients increased regardless of age, sex, and CVD risk, but the
HR for mortality decreased as the duration of thyroid hormone
treatment increased. There are several plausible explanations for
the higher mortality risk observed during initial treatment for
hypothyroidism. First, the index date when hypothyroid patients
were enrolled was defined as the date of first prescription of
levothyroxine. Given that some hypothyroid patients may have
been untreated for long periods of time before initiating thyroid
hormone, there is a possibility that a large number of patients
with hypothyroidism died during the early periods of therapy
due to comorbidities associated with hypothyroidism. Second,
mortality might increase during the early period of treatment due
to under- or over-treatment. Thyroid function is more likely to be
stable over a longer period of treatment; therefore, the mortality risk
of hypothyroidism may be similar to that of the general population
if euthyroid state is maintained. Thayakaran et al. found that
hypothyroidism did not affect mortality when TSH
concentrations were within the recommended normal limits (45).
However, this finding was not confirmed in the present study owing
to the absence of individual thyroid function tests.

The main strengths of our study include the large hypothyroid
cohort of 501,882 individuals, the use of real-world data from
primary care settings, and access to complete follow-up data.
However, this study had several limitations. The diagnoses of
hypothyroidism used in the study were based on administrative
claims data, which may be less accurate than diagnoses based on
biochemical data, as in other registry-based studies. It is possible
that the hypothyroidism cohort includes patients with subclinical
hypothyroidism who were asymptomatic but received a
levothyroxine prescription after undergoing thyroid function tests.
However, since the hypothyroidism cohort only targeted patients
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who took levothyroxine for more than 6 months, patients who took
levothyroxine temporarily were likely to have been excluded. It is
also possible that some patients with subclinical hypothyroidism
were classified in the control cohort because the prevalence of
subclinical hypothyroidism is about 3% in the general Korean
population (46). Therefore, misclassification affects both the
hypothyroidism cohort and the control cohort, and thus most
likely does not affect our mortality risk estimates. It was
impossible to obtain precise information concerning the timing of
onset or duration of hypothyroidism, as was included in previous
registry-based studies. Although thyroid function tests and the
medical records of patients enrolled in the present study were
unknown, patients with severe hypothyroidism who were untreated
for long periods of time may have been included. Whether
levothyroxine treated patients recovered to euthyroid state is
unknown. However, we deduce that mortality tends to decrease
in levothyroxine treated hypothyroid patients, as thyroid function is
likely to be stable over time, because hazard ratios for mortality
decreased as the duration of thyroid hormone treatment increased
in our study. Lastly, although we adjusted for various underlying
comorbidities, data for other potential confounders such as smoking
status, body mass index, and alcohol consumption were
not available.

In conclusion, in this nationwide, population-based cohort study
we found that all-cause mortality was significantly higher in
levothyroxine-treated hypothyroid patients than in non-hypothyroid
controls. This association remained significant regardless of the age,
sex, and cardiovascular disease risk. Further prospective cohort studies
on the effects of hypothyroidism and levothyroxine treatment on
mortality are warranted.
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Background: Although the incidence of thyroid cancer had been increasing until a few
years ago, a decrease has been observed in the last years, probably due to the reduction
of the screening tests in Korea. Childhood thyroid cancer has been increasing in the past
with the same trend as in adults, but there have been few reports on recent trends. We
analyzed the trends of thyroid cancer in Korean children and related factors.

Methods: From national statistics and cancer register database, the data of age-specific
incidence rate in Korean childhood thyroid cancer from 1999 to 2017 was obtained, and
levels of seaweed intake, the number of computed tomography (CT) and neck
ultrasonography (US), obesity prevalence rate, and smoking and alcohol consumption
rates in children were analyzed.

Results: The age-specific incidence of thyroid cancer in Korean children has increased in
both genders between 1999 and 2017 (2.0 in 1999 vs. 7.2 in 2017, per population of
100,000), especially in the age group of 14-18 years (1.5 in 1999 vs. 5.5 in 2017, per
population of 100,000). During the same period, levels of seaweed intake, number of CT
scans and neck US, and prevalence of obesity in children increased significantly, while
childhood smoking and alcohol consumption rates decreased.

Conclusion: Unlike the adult thyroid cancer in Korea, childhood thyroid cancer continues
to increase, and the cause might be accompanied by actual increases due to the
environmental factors such as excessive iodine intake, exposure to medical radiation,
and increased obesity prevalence as well as the screening effect.

Keywords: childhood, thyroid, cancer, incidence, increase, Korea

INTRODUCTION

The worldwide incidence of thyroid cancer has been increasing (1, 2). This is mainly due to earlier
detection of small sized thyroid carcinomas using high-resolution ultrasonography (US) (3). However,
the incidence of larger thyroid cancers is also increasing (1, 4). Therefore, many experts have
emphasized that early detection or over-diagnosis cannot completely explain the observed increase in
thyroid cancer (1, 4, 5).

Frontiers in Endocrinology | www.frontiersin.org 33

May 2021 | Volume 12 | Article 681148


https://www.frontiersin.org/articles/10.3389/fendo.2021.681148/full
https://www.frontiersin.org/articles/10.3389/fendo.2021.681148/full
https://www.frontiersin.org/articles/10.3389/fendo.2021.681148/full
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:jaeh.chung@samsung.com
https://doi.org/10.3389/fendo.2021.681148
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2021.681148
https://www.frontiersin.org/journals/endocrinology
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2021.681148&domain=pdf&date_stamp=2021-05-14

Park et al.

Trends in Childhood Thyroid Cancer in Korea

The understanding of predisposing genetic factors is
increasing (6, 7). Czene et al. has suggested that genetic factors
play a major role in the pathogenesis of thyroid cancer and that
the population living in East Asia, including Korea, is genetically
susceptible to thyroid cancer (7). Environmental factors, such as
iodine intake, increased exposure to radiation, and rising rates of
obesity may be the potential candidates to explain this
phenomenon (8-12).

In the past, the incidence of childhood thyroid cancer had
been increasing, although it remained very low. Siegel et al. also
reported that annual percentage changes in the incidence of
childhood thyroid cancer between 2001 and 2009 were
increasing with a range from 4.3% to 6.6% in the United States
(13). Our research team previously reported an increasing trend
of childhood thyroid cancer in Korea until 2012 and since most
children are not screened for thyroid cancer, 72% of childhood
thyroid cancers were detected by palpation rather than screening
(14). However, some experts stated that the increased incidence
of childhood thyroid cancer is due to overdiagnosis by US-based
screening (15).

The incidence of thyroid cancer has been decreasing from
around 2012 based on the Korea Central Cancer Registry
(KCCR), as US screening tests have decreased in Korea (16).
The question arises whether the incidence of childhood thyroid
cancer has also decreased since 2012 as in adults. Therefore, in
the present study, we evaluated the incidence of childhood
thyroid cancer in Korea between 1999 and 2017 to investigate
its changes after 2012. We also analyzed the trends in iodine
intake, medical radiation, and obesity in children and
adolescents, which were known to be associated with the
development of thyroid cancer by using data from national
statistics and cancer register database.

MATERIALS AND METHODS

Data from Statistics Korea (KOSTAT) and the KCCR were used
to obtain incidences of thyroid cancer, brain tumors, and
leukemia in total and childhood populations. The KCCR has
been described in a previous study (14). Mid-year total and
childhood populations were calculated as arithmetic averages of
the resident registration populations on the first and last days of
each year in supplementary data.

The total incidence of thyroid cancer by year was calculated as
an age-adjusted incidence rate (population by age of resident
registration in 2005). The annual incidence of childhood thyroid
cancer was calculated as an age-specific incidence rate by dividing
the number of newly diagnosed childhood thyroid cancer patients
by the number of persons in the same age group (0-18 years).
Incidences for brain tumors and leukemia were also calculated as
age-specific incidence rates in supplementary data.

The Korea National Health and Nutrition Examination
Survey (NHANES) has been conducted every three years since
1998. Since 2007, it has been operated as a regular annual survey
conducted by the Korean Ministry of Health and Welfare
(MOHW). This survey is administered to people above the age

of 1 year in 11,520 households nationwide, and the consumption
of each food group is assessed using a questionnaire in 192
districts and 4,416 households nationwide each year. Data on
dietary iodine intake was obtained from the NHANES’s
standardized daily seaweed intake trend for each food group.
Dried kelp is a food ingredient commonly used to make broth in
Korea, and if the ingredients were discarded, the food was treated
as not comsumed before 2013. Since 2013, as broth foods were
added to the survey, the actual nutrient intake was more
accurately reflected, The annual trend data for seaweed intake
is the result of standardization with the 2005 estimated population
to compensate for the impact of age structure differences.

The number of CT scans in children (0-18 years) was
identified through CT cases registered in the HIRA database.
The age-specific CT scan rate was calculated as the number of
childhood CT scans per year divided by the mid-year childhood
population from 2007 to 2018. Moreover, since neck US was
claimed for insurance from mid-2013, the number of US cases in
children (4-18 years) from 2014 to 2017 was identified from the
HIRA database.

Data on rates of childhood (13-18 years) obesity prevalence,
smoking, and alcohol consumption were based on a Youth
Health Behavior Survey, which is a survey of 800 middle and
high schools and approximately 75,000 students, conducted by
the MOHW form 2005. Childhood obesity prevalence rate is
indicated as the percentage of survey respondents who are above
the 95th percentile according to the body mass index (BMI)
growth chart by age for children and adolescents in 2017. The
childhood smoking rate was calculated as the percentage of
survey respondents who have smoked more than one day in
the last 30 days, and the childhood alcohol consumption rate was
calculated as the percentage of survey respondents who have
drunk more than one drink in the last 30 days.

RESULTS

Trends in Incidence of Childhood Thyroid

Cancer in Korea Between 1999 and 2017

From 1999 to 2017, the number of children with thyroid cancer
per year ranges from 79 to 225. The age-adjusted incidence of
thyroid cancer in Korea had gradually increased and peaked in
2012, but has been rapidly declining since 2013. The age-specific
incidence of childhood (0-18 years) thyroid cancer in Korea also
increased and peaked in 2013, followed by a decrease. However,
it has been increasing again since 2015 (Figure 1). The age-
specific incidence of childhood thyroid cancer saw a 3.6-fold
increase from 2.0 per 100,000 children in 1999 to 7.2 per 100,000
children in 2017. As in adult, girls have higher incidence rates of
thyroid cancer than boys, but while the rate of increase in
incidence among girls was faster until 2012, the rate of
increase in incidence in boys became faster from 2012 to 2017.
Between 1999 and 2017, the 4.75-fold overall increase in the
incidence rate in boys (0.8 vs. 3.8 per 100,000, respectively) was
larger than the 3.1-fold increase seen in girls (3.5 vs. 10.8 per
100,000, respectively) (Figure 2A). According to the age-specific
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FIGURE 1 | Age-adjusted incidence of thyroid cancer in Korea (A) and age-specific incidence rate of childhood thyroid cancer (0-18 years) (B) (1999-2017, per

incidence rates, the age group of 14-18 years accounted for the
majority, approximately 75%, of all childhood thyroid cancer
cases, and this group’s rate continued to increase from 1.5 per
100,000 in 1999 to 5.5 per 100,000 in 2017 (Figure 2B).

Environmental Factors That Might Result in
an Increase in Childhood Thyroid Cancer
Although it is not possible to compare before 2013 (broth
food was not included), but the age-standardized rates of
seaweed intake, which accounts for the bulk of dietary iodine
consumption in Korea, have risen since 2013 when broth
foods were added to the survey, based on the Korea NHANES
(Figure 3). The number of CT scans in children and adolescents
(0-18 years) has been increasing every year from approximately
260,000 cases in 2007 to 490,000 cases in 2018 (Figure 4). Adolescent
(13-18 years) obesity rates from 2006 to 2018 also showed a steady
increase in both genders (from 5.9% in 2006 to 10.8% in 2018),
which corresponds to the increase in incidence of childhood thyroid
cancer (Figures 5A, B). On the other hand, adolescent (13-18 years)
cigarette smoking and alcohol consumption rates tended to decrease
from 2005 to 2018 (11.8% to 6.7% and 27.0% to 16.1%, respectively),
corresponding to a negative correlation with the incidence of
childhood thyroid cancer (Figures 6A, B).

Trends in Neck US Exams in Korean
Children Between 2014 and 2018

The national health insurance guarantee of neck US has begun
from mid-2013, and the age-specific number of US exams for
children charged with HIRA from 2014 to 2018 has increased
sharply in all age groups (Figures 7A, B). This is different from
the overall trend in incidence of childhood thyroid cancer,
especially those aged 14-18 years (Figures 7B and 2B).

DISCUSSION

We investigated trends in the incidence of childhood thyroid
cancer in Korea over the past 18 years and also analyzed the
trends in previously considered potential risk factors for thyroid
cancer, such as the dietary iodine intake, the number of CT scans
performed, and obesity prevalence in children or adolescents, by
using data representing the Korean population.

Several studies have shown that iodine intake levels that are
lower or higher than recommended result in an increase in
thyroid cancer. Mousavi et al. showed that there were high rates
of thyroid cancer among first-generation immigrants to Sweden
from areas with inadequate or excessive levels of iodine intake
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(17). Michikawa et al. demonstrated that the incidence of thyroid
cancer was significantly higher in Japanese women, who
consumed seaweed more than 3-4 times per week, than in
those who consumed seaweed fewer than 2 days per week,
with hazard ratio 1.71 (95% CI: 1.01-2.90, p = 0.04) (18).
In fact, there is a high level of iodine consumption in Korean
due to the large amounts of seaweed intake (19). Iodine

consumption in Korean children is higher than in adult groups
(Figure S1) (20), and children have a relatively smaller volume of
thyroid gland than adults, thus, it is expected that high iodine
intake can have a greater impact on the development of thyroid
cancer in children.

Radiation exposure of the thyroid, particularly in childhood,
is a clearly established risk factor for the development of thyroid

Frontiers in Endocrinology | www.frontiersin.org

36

May 2021 | Volume 12 | Article 681148


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Park et al. Trends in Childhood Thyroid Cancer in Korea

& 6000 - 8 g
8 ——CT scans 8
g 5000 Vit e v 8
5 -=2== thyroid Ca 5
g ! 6 &
2 4000 g
g s £
5 3
« 3000 - 2 2
S =
2 £
o 3 «
£ 2000 ©,
= o«
Q 2 o
S 1000 2
[-% 1
@ @
& &
< 0 T T T T T T T T T T T 1 0 <
07 08 09 10 11 12 13 14 15 16 17 18
year

FIGURE 4 | Correlation between the age-specific number of CT scans in childhood (0-18 years) (2007-2018, per population of 100,000) and age-specific incidence
rate of childhood thyroid cancer (0-18 years) by year in Korea (2007-2017, per population of 100,000). CT, computed tomography; Ca, cancer; IR, incidence rate.

—e— Obesity

--4-- thyroid Ca

Childhood obesity (%)
(=2}

B
Age-specific IR of thyroid cancer (per 100,000)

feld 3
4
2
2 4
1
0 0
06 07 08 09 10 11 12 13 14 15 16 17 18
year
B 16 -
14 -
12

10 A

Childhood obesity (%)
©

06 07 0 09 10 11 12 13 14 15 16 17 18
year

FIGURE 5 | Correlation between childnood obesity prevalence (13-18 years) (2006-2018) and age-specific incidence rate of childnood thyroid cancer (0-18 years)
by year in Korea (2006-2017, per population of 100,000) (A). Childhood obesity prevalence according to sex (B). Ca, cancer; IR, incidence rate.

cancer, as demonstrated by the Chernobyl accident (21). Thereis  thyroid cancer increased rapidly after 4-5 years at the time of the
a report that there was no significant increase in the incidence of ~ Chernobyl accident, it is necessary to understand the latency
pediatric thyroid cancer after the Fukushima Daiichi Nuclear =~ phase. CT scans have been the largest contributor to radiation
Power Plant accident (22), but considering that the incidence of =~ exposure in recent years. The childhood population in Korea
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steadily decreased (Figure S2), while the age-specific number of
CT scans has steadily increased since 2007. The use of CT scans
is rising more rapidly in the childhood population than in adults,
and the thyroid glands of children are more sensitive to radiation
than those of adults (23, 24). It is known that CT scans in
children also increase the risk of developing brain tumors and
leukemia as well as thyroid cancer, and the increase in risk is
greatest for brain tumors (25, 26). However, while the incidence
of childhood thyroid cancer is rapidly increasing, the incidence
of brain tumors and leukemia in children has only been
minimally increasing during the same period (Figure S3).
Thus, the recent increase in childhood thyroid cancer in Korea
may be associated with the increase in medical exposure, but it is
not expected to be a major factor. In addition, as neck US exam
of children has been also increasing recently (Figure 7), there
must be some portion of the increase due to the incidental
detection of small sized thyroid cancer. However, the increase in
childhood thyroid cancer cannot be fully explained by the
increase in incidental detection, and the true increase should
be taken into account.

The relationship between obesity and thyroid cancer is still
controversial, but there seems to be a positive association

between BMI and the incidence of thyroid cancer, particularly
in women (9, 27, 28). Thyroid cancer is almost three times more
common in women than in men, and it has been suggested that
the female sex hormones, especially estrogen, are related (29).
Estrogen receptors are found in thyroid tissues. Therefore, the
thyroid glands of women are more likely to be irritated by
estrogen than those of men, causing inflammation and various
thyroid diseases. There are also reports that estrogen promotes
the proliferation of thyroid cancer cells (30, 31). In recent years,
precocious puberty has been increasing with childhood obesity,
and obesity also increases insulin resistance and inhibits sex
hormone-binding proteins, which results in an increase in
estrogen levels (32, 33). Since the prevalence of childhood
obesity in Korea is rapidly increasing, exposure to estrogen at
an early age might be contributing to the increase in childhood
thyroid cancer. In particular, the prevalence of obesity in boys
has been increasing more rapidly than in girls since 2015 in
Figure 2A of this study, and this may be related to the recent
steeper increase in the incidence of thyroid cancer in boys than
in girls.

Cigarette smoking and alcohol consumption has an inverse
association with thyroid cancer incidence. Many researchers
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have proposed that since higher thyroid-stimulating hormone
(TSH) levels are associated with higher frequency and advanced
stage of thyroid cancer (34), and low TSH levels are measured in
smokers, suggesting that smokers have a lower risk of thyroid
cancer (35, 36). Cho et al. found that men who are currently
smoking had a lower risk of incident thyroid cancer even after
adjusting for TSH and BMI in a cohort study of 96,855 Korean
adults (37), and the reason is probably due to the anti-estrogenic
effect of smoking (9, 35, 38). A meta-analysis showed that
alcohol intake is responsible for reducing the risk of thyroid
cancer (39), and Meinhold et al. demonstrated in a large
prospective study that people who consume more than two
alcoholic drinks a day have a reduced risk of thyroid cancer
compared to those who do not drink alcohol (relative risk = 0.57,
95% CI 0.36-0.89, p-trend = 0.01) (40).

When considering the results from previous research
and the positive correlations in overall trend between the
incidence of thyroid cancer and dietary iodine consumption,
the number of CT scans, and obesity prevalence that were
observed among children in this study (Figures 1, 3-5), we

might be tempted to suggest that when there is a genetic
susceptibility, excessive iodine, medical radiation, and obesity
are likely to cause thyroid cancer by acting as driving factors
in children.

There are several limitations in this study. First, since this
research is an ecological study of the entire population, it is not
known whether the individual children who were diagnosed
with thyroid cancer actually had a high dietary iodine intake,
underwent several CT scans, or gained weight. Therefore, the
results cannot be interpreted at an individual level, but
hypotheses for the next step of research have been presented.
Second, considering the potentially long latency periods between
exposure and disease onset, it was recommended to refer to the
amount of dietary iodine intake, the number of childhood CT
scan use, and the childhood obesity prevalence data before
2005. However, since such earlier data were not available, it is
meaningful to keep track of the trend of childhood thyroid
cancer after 2017. Third, this analysis is the lack of data on
tumor detection methods and characteristics such as histology,
stage, and size at diagnosis. In addition, since the increase in
childhood thyroid cancer is mainly seen in the population of
14-18 years, further analysis of this age group would be more
informative, but there was a limit to further analysis as only
the nationwide data already collected and published were used.
Nevertheless, because there is not enough research on the
development of childhood thyroid cancer, the comparison of
childhood thyroid cancer incidence trends with total thyroid
cancer incidence and the analysis of trends in prevalence of
potential risk factors during the same period are a potentially
valuable contribution.

In conclusion, the incidence of childhood thyroid cancer is
constantly increasing. Although the number of thyroid US exams
in children is also increasing, it cannot be concluded that the
increase is only due to the screening effect. In addition, we cannot
rule out the possibility that a true increase due to the potential
risk factors may be implied. Since the environmental factors that
can reduce or prevent childhood thyroid cancer can be
overlooked, further studies are needed on the causes of the
increase in childhood thyroid cancer.
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Primary cilia are sensory organelles with a variety of receptors and channels on their
membranes. Recently, primary cilia were proposed to be crucial sites for exocytosis and
endocytosis of vesicles associated with endocytic control of various ciliary signaling
pathways. Thyroglobulin (Tg) synthesis and Tg exocytosis/endocytosis are critical for the
functions of thyroid follicular cells, where primary cilia are relatively well preserved. LRP2/
megalin has been detected on the apical surface of absorptive epithelial cells,
including thyrocytes. LRP2/megalin on thyrocytes serves as a Tg receptor and can
mediate Tg endocytosis. In this study, we investigated the role of primary cilia in LRP2/
megalin expression in thyroid gland stimulated with endogenous TSH using MMI-treated
and Tg-Cre;lft88™™ mice. LRP2/megalin expression in thyroid follicles was higher in
MMI-treated mice than in untreated control mice. MMI-treated mice exhibited a significant
increase in ciliogenesis in thyroid follicular cells relative to untreated controls. Furthermore,
MMI-induced ciliogenesis accompanied increases in LRP2/megalin expression in thyroid
follicular cells, in which LRP2/megalin was localized to the primary cilium. By contrast, in
Tg-Cre;Ift88™™% mice, thyroid with defective primary cilia expressed markedly lower
levels of LRP2/megalin. Serum Tg levels were elevated in MMI-treated mice and reduced
in Tg-Cre;Ift88"™ mice. Taken together, these results indicate that defective
ciliogenesis in murine thyroid follicular cells is associated with impaired LRP2/megalin
expression and reduced serum Tg levels. Our results strongly suggest that primary cilia
harbors LRP2/megalin, and are involved in TSH-mediated endocytosis of Tg in murine
thyroid follicles.

Keywords: LRP2/megalin, primary cilium, thyroglobulin endocytosis, ciliogenesis, thyroid follicular cell

INTRODUCTION

Thyroglobulin (Tg), the most abundant thyroid-specific protein synthesized by follicular cells
(thyrocytes), serves as the molecular template for the synthesis of thyroid hormones T4 and T3 at
the thyrocyte—colloid interface. A major regulatory step in thyroid hormone release in mammalian
thyroid follicular cells is Tg endocytosis. This process requires micropinocytosis, which includes
nonspecific fluid-phase pinocytosis and receptor-mediated endocytosis. Tg internalized by receptors is
handled by post-endocytic pathways that sort Tg molecules to undergo lysosomal degradation,
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transcytosis, or recycling. Effective Tg endocytosis is primarily
regulated by TSH and plays an important role in thyroid hormone
release. In thyroid follicular cells, clathrin-coated pits, caveolae-
dependent endocytosis, and low-density lipoprotein receptor
protein 2 (LRP2, also known as megalin) are involved in
receptor-mediated endocytic pathways of Tg (1, 2). LRP2/
megalin has been detected on the apical surface of thyrocytes; it
serves as a Tg receptor and can mediate Tg endocytosis (1, 2).
Megalin knockout mice exhibit hypothyroidism, which is
associated with reduced levels of serum Tg and free T4 (fT4)
levels, and significantly elevated levels of serum TSH (3).

The primary cilia concentrate proteins, hormones, and ions so
that they can exert their effects on the primary ciliary membrane.
The ciliary pocket, a cytoplasmic invagination of the periciliary
membrane, is a crucial site for exocytosis/endocytosis of vesicles for
delivery and retrieval of ciliary membrane components; in addition,
receptor-mediated endocytosis takes place at the ciliary pocket (4).
Previously, we reported that the primary cilia of the mammalian
thyroid follicles protrude from the apical surface of follicular cells
toward the luminal colloid and present at the cell-colloid interface
(5). In murine thyroid follicular cells, the primary cilium plays
important roles in maintaining the globular follicular structure of
the thyroid (6). Consequently, defective primary cilia in the murine
thyroid results in irregular dilation of follicles and colloid Tg
depletion (6). Interestingly, the morphological and functional
alterations of the thyroid in Tg-Cre;Ift88™/°* mice with defective
primary cilia resembled those in megalin knockout mice (3).

The primary cilium is the key machinery involved in the
transduction of the sonic Hedgehog (Shh) signaling pathway.
The components of the Shh pathway, smoothened (Smo),
patched 1 (Ptchl), GLI family zinc finger 1 (Glil), GLI family
zinc finger 2 (Gli2), and GLI family zinc finger 3 (Gli3), exhibit
dynamic movements along the primary cilium (7, 8). In the
central nervous system, the endocytic receptor LRP2/megalin
mediates Shh signaling. LRP2/megalin forms a co-receptor
complex with Ptchl that promotes Shh binding and
internalization of the Shh/Ptchl complex and Shh pathway
activation in the ciliary pocket of neuroepithelial cells (9).
Therefore, we propose that induction of LRP2/megalin-
mediated Tg endocytosis is followed by activation of the Shh
signaling pathway in primary cilia of thyroid follicular cells.

In this study, we investigated whether the primary cilium of
thyroid follicular cells plays a role in Tg endocytosis. We
observed the primary cilia or ciliogenesis and LRP2/megalin
expression in the murine thyroid gland with endogenous TSH
stimulation and high rates of Tg endocytosis. In addition, we
observed LRP2/megalin expression in thyroid follicular cells of
Tg-Cre; Ift88"°*/°% mice, which have no functional primary cilia
due to loss of the Ift88 gene.

MATERIALS AND METHODS

Mice
Mouse experiments were approved by the Institutional Animal
Care and Use Committee of the Catholic Univ. of Korea Daejeon

St. Mary’s Hospital (approval ID, CMCDJ-AP-2019-002). Male
C57BL/6] mice were purchased from DooYeol Biotech (Seoul,
Korea). Mice were housed in temperature-controlled (22 * 2°C)
and light-controlled conditions (12 hours light/12 hours dark
cycle, lights on at 7 am), and had free access to food and water.
Twelve-week-old C57BL/6] mice were divided into two groups:
Group 1 was an untreated control group; Group 2 received 0.05%
methimazole (MMI, Sigma-Aldrich, 301507) in distilled
drinking water for 4 weeks. MMI is used to establish
hypothyroidism in experimental animals. Mouse weights were
measured before the start of the experiment and after 4 weeks of
MMI exposure.

Generation of Thyroid-Specific Ift88-
Knockout Mice

Ift88ﬂ"X/ﬂ"x mice were obtained from Dr. Kim J (Korea Advanced
Institute of Science and Technology, Republic of Korea), and
Thyroglobulin-Cre/+ (Tg-Cre) transgenic mice were obtained
from Dr. Jukka Kero (University of Turku, Finland). The mice
were maintained on the C57BL/6 genetic background. Ift88"
fox mice were crossed with Tg-Cre transgenic mice to generate
thyroid follicle-specific Ift88-knockout (Tg-Cre;Ift88™*/°*) mice.
Only 35-week-old male mice were used in this study (6 Tg-Cre;
11t88"M°% and 6 Tg-Cre;1ft88"+ mice). The experiments using
Tg-Cre;Ift88 floxed mice received prior approval by the
Institutional Animal Care and Use Committee of the Catholic
Medical Center (approval ID, CRCC-BE-CMC-17013391).

Blood Collection and Thyroid

Function Test

Retro-orbital blood collected from mice was allowed to clot by
leaving the sample undisturbed for 30 minutes at room
temperature. The clotted blood was centrifuged at 3000g for 10
minutes. Sera were separated and stored at -80°C prior to the
hormonal assay. Serum fT'4 and serum Tg levels were measured
using radioimmunoassay (RIA) by Dr. Kun-Ho Kim (Chungnam
National University Hospital, Republic of Korea). Serum TSH
was measured using a specific mouse TSH RIA provided by Dr.
Cheng SY (Center for Cancer Research, National Cancer
Institute, Bethesda, MD, USA).

Thyroid Extraction

We extracted mouse thyroid using a stereo microscope (Leica
EZ4). The right lobe of the dissected thyroid gland was fixed in
10% neutral buffered formalin for 24 hours at room temperature,
and then the tissue was embedded in a paraffin block. Tissue
slices were subjected to hematoxylin and eosin (H&E) staining
and immunohistochemistry. The left lobe of the thyroid gland
was stored at -80°C prior to RNA isolation.

RNA Isolation and RT-qPCR

Total RNA was extracted using TRIzol (Invitrogen).
Complementary DNA (cDNA) was synthesized from the total
RNA using M-MLV Reverse Transcriptase and oligo-dT primers
(Invitrogen). Reverse transcription-quantitative polymerase
chain reaction (RT-qPCR) was performed using QuantiTect
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SYBR Green PCR Master Mix (QIAGEN). Each reaction was
performed in triplicate. PCR primers are presented in
Supplementary Table S2. Amplification conditions were as
follows: 10 minutes at 95°C for enzyme activation, followed by
40 cycles of 95°C denaturation for 10 seconds, 60°C annealing for
30 seconds, and 72°C extension for 30 seconds. The cycle
threshold (Ct) values for Gapdh RNA and RNA of target genes
were measured and calculated using the Life Technologies 7500
software (Life Technologies, Foster City, CA USA). The bar
graph data of target genes were normalized to Gapdh
mRNA levels.

Detection of Primary Cilia With
Immunofluorescence Staining
Paraffin-embedded 7 um-thick tissue sections were incubated at
56°C for 5 hours. The sections were then deparaffinized in xylene
and rehydrated through a graded series of ethanol baths. Antigens
were retrieved in antigen retrieval buffer (0.01 M citric acid-
sodium citrate, pH 6.0) by heating the sections in an autoclave at
121°C for 25 minutes. After washing, the sections were air-dried
for 30 minutes and rewashed with 1x PBS. The sections were
fixed with 4% paraformaldehyde in PBS for 15 minutes and then
permeabilized with 0.5% Triton X-100 in PBS for 10 minutes at
room temperature. Tissue sections were blocked with 5% bovine
serum albumin in PBS for 30 minutes at room temperature.
Thereafter, the sections were incubated with primary antibodies
for 24 hours at 4°C. On the following day, the tissue-section slides
were washed three times with 1x PBS and incubated at 4°C for 12
hours with secondary antibodies. Primary antibodies against
acetylated o-tubulin (Cell signaling), ARL13B (ProteinTech
Group), polyglutamylation modification (GT335, AdipoGen),
Y-tubulin (Sigma-Aldrich), and thyroglobulin (Dako) were used.
Goat anti-mouse and goat anti-rabbit secondary antibodies
conjugated to Alexa Fluor 488 or 568 (Invitrogen/Life
Technologies) were used for indirect immunofluorescence. The
stained slides were observed under a FluoView FV1000
microscope equipped with a charge-coupled device camera
(Olympus Corp.). The frequency of primary cilia was
determined as follows: 100 follicles of similar size were selected;
follicular cells with acetylated a-tubulin—positive and y-tubulin-
positive cilia within each thyroid follicle were counted; and the
average number of primary cilia per one follicle was calculated.

Immunohistochemistry Staining

Paraffin-embedded tissue sections (4 um thick) were incubated at
56°C for 3 hours before immunohistochemistry. The sections were
stained using a BenchMark GX automatic system (Ventana
Medical Systems, Illkirch, France). All procedures, including
antigen retrieval and blocking of endogenous peroxidase activity,
were performed automatically by the Benchmark system. Primary
antibodies against LRP2 (1:200, Biorbyt), caveolin-1 (1:100,
BioVision), Thyroglobulin (1:200, Abcam), Shh (1:100, Bioss
Inc.), PTCHI (1:100, LifeSpan BioSciences), and GLI1 (1:100,
Bioss Inc.) were used for immunohistochemistry. Tissue sections
were incubated with primary antibody for 32 minutes at 42°C.
Immunoperoxidase staining was performed on an LSAB

NeuVision system (Ventana) and tissue sections were
counterstained with hematoxylin. Tissue slides were analyzed on
an OLYMPUS BX51 microscope.

Transmission Electron Microscopy

The mouse thyroid tissues were fixed in 2.5% glutaraldehyde in
0.1 M cacodylate buffer at 4°C for 4 hours. After washing in 0.1
M cacodylate, samples were post-fixed in 1% OsO, in cacodylate
buffer (pH 7.2) containing 0.1% CaCl, for 1 hour at 4°C. Samples
were analyzed by electron microscopy (Tecnai G2 Spirit Twin;
FEI Company; Korea Basic Science Institute).

Immunoblot Analysis

Immunoblotting was carried out as previously described (10).
The following primary antibodies were used: SHH (Bioss Inc.),
PTCHI1 (LifeSpan BioSciences), SMO (Abcam), GLI1 (Bioss
Inc.), and GAPDH (Abcam).

Statistical Data Analysis

Serum levels of fT4, TSH, and Tg were assessed by comparing
each group to control mice by one-way ANOVA Dunnett’s post
hoc test. Student’s t-test was used to compare mRNA levels
between experimental groups versus controls. Data are presented
as means * standard deviation (SD). P-value < 0.05 was
considered statistically significant.

RESULTS

Histopathological and Functional

Analysis of Thyroid in Methimazole
(MMI)-Treated Mice

To investigate the characteristics of LRP2/megalin expression
and Tg endocytosis in the murine thyroid with endogenous TSH
stimulation, we observed thyroid follicles and colloid Tg in
control and MMI-treated mice.

Oral administration of MMI elicited a significant decrease in
serum levels of fT4 (control = 1.47 + 0.31 ng/dL; MMI = 0.63 +
0.20 ng/dL; P = 0.032) and an increase in serum TSH (control =
3491 £ 20.53 ng/mL; MMI = 23298 + 187.91 ng/mL; P =
0.00004), resulting in primary hypothyroidism (Figure 1A and
Supplementary Table S1). Serum Tg levels were 0.21 + 0.13 ng/
mL in the control group and 0.34 + 0.029 ng/mL in the MMI-
treated group, respectively. The serum Tg levels were higher in
MMI-treated mice than in untreated controls (Figure 1A). The
thyroid gland and body weight were larger in the MMI-treated
group than in the control group (Figures 1B-a, C-a and
Supplementary Table S1).

The thyroid of MMI-treated mice exhibited irregular-shaped
follicles, enlarged follicular cells exhibiting cytoplasmic vacuoles
with centrally located nuclei, and depletion of luminal colloid
(Figures 1B-b, ¢, d, C-b, ¢, d). Luminal colloid of control thyroid
follicles was homogeneously stained by Tg (Figure 1D-a, b),
whereas in the MMI-treated group, luminal colloid showed
reduced Tg staining density (Figure 1E-a, b). At times, little to
no luminal colloid Tg was observed in the thyroid follicles of
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FIGURE 1 | Histopathological characterization and functional activity of thyroid in MMI-treated mice. (A) Serum fT4 levels were markedly lower in MMI-treated mice
than in control mice (P = 0.032). In addition, serum TSH levels in MMI-treated mice were significantly higher (P = 0.00004), indicating that primary hypothyroidism in
mice was properly induced by MMI treatment. Serum Tg levels were significantly higher in MMI-treated mice (P = 0.005). *P < 0.05; **P < 0.01; ***P < 0.001. The
size of the thyroid gland was larger in MMlI-treated mice than controls (B-a, C-a). (B) H&E-stained sections of the control thyroid gland showed round/ovoid follicles
containing homogeneous colloids that were regularly distributed. Scale bar, 25 um. (C) In the thyroid of MMI-treated mice, irregularly shaped follicles, consisting of
enlarged follicular cells with cytoplasmic vacuoles, had reduced luminal colloids. H&E staining. Scale bar, 25 um. (D, E) Follicular cell activity was analyzed by
comparing the concentration of colloid Tg between the thyroid of MMI-treated mice and control groups. Scale bar, 25 um. (F, G) Transmission electron micrographs
of thyroid glands containing distended cisternae of the rough endoplasmic reticulum (rER, as indicated by star), as well as numerous endocytic vesicles and electron-
dense lysosomes (indicated by dotted line) under the apical plasma membrane, from thyroid follicular cells of MMI-treated mice. Scale bar, 2 um.
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MMI-treated mice, yet the cytoplasm of follicular cells was
densely stained with Tg (Figure 1E-b). These findings indicate
that thyroid follicular cells of MMI-treated mice actively take up
more colloid Tg due to elevated endogenous TSH stimulation in
response to reduced concentrations of serum thyroid hormone,
resulting in a smaller follicular lumen, reduced luminal colloid,
and elevated cuboidal/columnar follicular cell formation.
Electron microscopic examination of thyroid glands in MMI-
treated mice confirmed the increase in cytoplasmic vesicles. More
endocytic vesicles and electron-dense lysosomes were found
under the apical plasma membrane of thyroid follicular cells in
MMI-treated mice than in the control group (Figures 1F, G).

Further, thyroid follicular cells of MMI-treated mice exhibited
hypertrophy relative to the control group (Figures 1F, G). In the
thyroid follicular cells of MMI-treated mice, the rough
endoplasmic reticulum (rER) exhibited distended cisternae,
which were visible as cytoplasmic vacuoles under light
microscopy (Figure 1C-d). Immunohistochemistry revealed
cytoplasmic accumulation of Tg in mice treated with MMI
(Figure 1E-b), but it was not prominent in control mice
(Figure 1D-b).

Collectively, these morphological changes in MMI-treated
mice resulted from increased TSH-stimulated functional
activity of thyroid follicular cells.
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Elevated Expression of Lrp2/Megalin in
MMI-Treated Mouse Thyroid
Based on the morphological and functional characteristics, we
investigated whether LRP2/megalin exhibited differential
expression under the two experimental conditions. To assess the
effects of MMI on receptor-mediated Tg endocytosis of thyroid
follicular cells, we first measured the mRNA levels of Lrp2/megalin,
Clta (clathrin light chain A), Cltb (clathrin light chain B), Cltc
(clathrin heavy chain), and Cavl (caveolin-1). mRNA levels of
Lrp2/megalin, Clta, and Cltb were higher in the thyroid of MMI-
treated mice than the control group (Figure 2A). mRNA levels of
Cavl1 and Cltc were elevated, but not significantly (Figure 2A).
Next, we observed the expression pattern of LRP2 in thyroid
follicles in mice treated with MMI. LRP2 immunohistochemistry is
restricted to the apical plasma membrane of thyroid follicular cells.
However, LRP2 expression increased in both the apical plasma
membrane and the cytoplasm in follicular cells of the MMI-treated
group (Figure 2B). Interestingly, Tg immunofluorescence
increased in the cytoplasm of follicular cells of MMI-treated
mice (Figure 2C). These results are consistent with previous
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observations that Lrp2/megalin mediates Tg uptake under
intense TSH stimulation, resulting in transcytosis of Tg from the
colloid to the bloodstream (11).

Increased Ciliogenesis in Thyroid Follicles
of MMI-Treated Mice

We next investigated whether there was an association between
LRP2/megalin expression and ciliogenesis of primary cilia in
vivo. To this end, we performed immunofluorescence analysis to
assess changes in ciliogenesis associated with Tg endocytosis.
Anti-acetylated o-tubulin and anti-y-tubulin were used as
proteins of the ciliary axoneme and the basal body, respectively
(Figure 3A). The average frequencies of primary cilia in thyroid
of control and MMI-treated mice were 37.80 + 16.75% and
52.65 + 9.57%, respectively (Figure 3B). Thus, the thyroid
follicles in MMI-treated mice exhibited a significant increase in
ciliogenesis relative to control thyroids (P = 0.025). At the same
time, we examined changes in the mRNA expression of genes
associated with ciliogenesis. The primary cilium is a dynamic
organelle that repeatedly undergoes assembly and disassembly.
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FIGURE 2 | Elevated expression of Lrp2/megalin in MMI-treated mouse thyroid. (A) mRNA levels of Lrp2/megalin were higher in the thyroid of MMI-treated mice
than in the control group (P = 0.0158). Two genes associated with Tg endocytosis, Cita and Citb, were significantly upregulated in the thyroid of MMI-treated mice
relative to the control group (Clta, P = 0.007; Cltb, P = 0.012). mRNA levels of Cav1 (P = 0.076) and Cltc (P = 0.063) were elevated, but the difference was not
significant. (B) Immunohistochemical staining of LRP2/megalin at the apical plasma membrane of thyroid follicular cells in untreated control mice. In MMI-treated
mice, LRP2/megalin was mainly cytoplasmic, but was also detected at the plasma membrane of thyroid follicular cells. Scale bar, 25 um. (C) Immunofluorescence
showing localization of Tg. Compared with the control, the level of Tg was markedly higher in the follicular cell cytoplasm of MMI-treated mice. Tg was absent from
thyroid follicle lumen of MMI-treated mice but was detectable within the thyroid follicle lumen of the control group. Scale bar, 25 um.
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FIGURE 3 | Increased ciliogenesis in thyroid follicles of MMI-treated mice. (A) Primary cilia were confirmed by immunofluorescence staining with anti-acetylated
a-tubulin (Ac-o-Tub, green) and anti-y-tubulin (y-Tub, red). Primary cilia are indicated by arrows. Scale bar, 20 um. (B) Frequency of thyroid follicles containing
primary cilia was 37.80 + 16.75% in the control group and 52.65 + 9.57% in MMI-treated mice. Ciliogenesis in the thyroid was higher in MMI-treated mice than in
control mice (P = 0.025). Arrow indicates primary cilia. (C) Two genes involved in positive ciliogenesis, Cenpj (P = 0.0134) and Sept7 (P = 0.0423), were expressed
at significantly higher levels in the thyroid of MMI-treated mice than in the control group. (D) A gene involved in negative regulation of primary cilia assembly, Dnm2,
was expressed at significantly lower levels in the thyroid of MMI-treated mice than in the control group (P = 0.0015). By contrast, Map4 was upregulated in the
thyroid of MMI-treated mice (P = 0.0416). (E) In thyroid follicular cells of MMI-treated mice, LRP2/megalin (green) localized with y-tubulin (red, basal body marker),
indicating the presence of LRP2/megalin in the basal body of the primary cilium (arrow). Scale bar, 20 um. (F) TEM revealed highly abundant endocytic vesicles and
lysosomes primarily located near the basal body (Bb) in thyroid follicles of MMI-treated mice.

Cenpj (centromere protein J) and Sept7 (septin 7), which are  between primary cilia and Tg endocytosis, we conducted
involved in positive regulation of primary cilia assembly, were  transmission electron microscopy (TEM) in MMI-treated and
expressed at significantly higher levels in the thyroid of MMI-  untreated murine thyroid follicles. Interestingly, abundant
treated mice than in the control group (Figure 3C). In addition,a  endocytic vesicles and lysosomes were primarily located near the
gene encoding a negative regulator of primary cilia assembly,  basal body in thyroid follicles of MMI-treated mice (Figure 3F).
Dnm2 (dynamin 2), was expressed at lower levels in the thyroid Taken together, endogenous TSH stimulation resulted in
of MMI-treated mice than in the control group. However, Map4  increased ciliogenesis and expression of LRP2/megalin in
(microtubule-associated protein 4) was upregulated in the  thyroid follicular cells.
thyroid of MMI-treated mice (Figure 3D).

To clarify the relationship between ciliogenesis and LRP2/  LRP2 Expression of Murine Thyroid
megalin expression in the thyroid follicles of MMI-treated ~ FoOllicles Associated With Ciliogenesis
mice, we evaluated LRP2 localization to primary cilia.  To investigate the in vivo functional roles of primary cilia, we
Immunofluorescence microscopy revealed that LRP2 was  recently produced Tg-Cre;Ift88"/°* mice to characterize
localized with the basal body of primary cilia marked by  thyroid follicular cell-specific ciliary loss (6). IFT88 is a
v-tubulin (Figure 3E). To further confirm the association  component of intraflagellar transport particle proteins, which
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are required for ciliogenesis and ciliary transport (12). We
observed the thyroid in Tg-Cre;Ift88™/** mice aged 7, 11, 14,
20, and 35 weeks. The 7, 11, 14, 20, and 35 weeks-old Tg-Cre;
1ft88"*/°% mice exhibited focal histomorphological changes in
thyroid follicles. However, 35-week-old Tg-Cre;Ift88"°* mice
exhibited profound follicular changes, including irregular
dilation. Therefore, we chose 35-week-old mice that were more
suitable for this experiment. Frequency of primary cilia per
thyroid follicle was 3.31 + 3.00% in the Tg-Cre;Ift88"*/°* mice
and 43.32 + 7.72% in the Tg-Cre;Ift88"* control mice. Primary
cilia were rarely detected in thyroid follicles of Tg-Cre;Ift88"*/"*
mice (P < 0.0001) (Figure 4A). Thirty-five-week-old Tg-Cre;
11t88"M°* mice exhibited hypothyroidism with serum TSH
elevation (Figure 4B). Serum Tg levels were significantly lower
in Tg-Cre;Ift88"*/°* mice (0.128 + 0.026 ng/mL) than in Tg-Cre;
Ift88+/+ mice (0.230 + 0.105 ng/mL, P = 0.008) (Figure 4B).

Histological examinations revealed that ciliary loss mediated
by Ift88 deficiency in thyroid follicles of 35-week-old mice caused
irregularly shaped follicles with luminal colloid Tg depletion in
the entire thyroid (Figure 4C). Cytoplasmic Tg was barely
detectable in thyroid follicular cells of Tg-Cre;Ift88™*/* mice
(Figure 4C). Here, we determined whether Tg depletion of
thyroid follicles in Tg-Cre;Ift88"°*/°* mice was due to an
increased endocytosis by high TSH or decreased Tg synthesis.
RT-qPCR of Tg mRNA was performed to confirm new Tg
synthesis. As a result, there was no difference in thyroid Tg
mRNA levels between Tg-Cre;Ift88"°* (14.623 + 3.327) and
Tg-Cre;1ft88"* mice (14.587 + 2.141, P < 0.0001) (Figure 4D).
Therefore, the thyroid colloid Tg depletion in Tg-Cre;Ift88"/ "
mice was not caused by a decrease in Tg synthesis.

To clarify the relationship between defective primary cilia and
Lrp2/megalin expression, we compared the expression of genes
related to receptor-mediated Tg endocytosis in 35-week-old Tg-
Cre;Ift88"°% thyroid relative to Tg-Cre;Ift88"* control
thyroids. First, murine thyroids with ciliary loss mediated by
Ift88 deficiency exhibited significant downregulation of mRNA
levels of Clta, Cltb, and Cltc relative to wild-type controls,
although the difference in Cltc expression was not statistically
significant (Figure 4D). mRNA levels of caveolin-1 (CavI) and
caveolin-2 (Cav2) were lower in the thyroid follicles of Tg-Cre;
1ft88"M°* than in those of Tg-Cre;Ift88"* mice (Figure 4D). In
particular, mRNA levels of Lrp2/megalin were markedly lower in
35-week-old Tg-Cre;Ift88™*/°* than Tg-Cre;Ift88™* thyroids
(Figure 4E). Immunohistochemistry revealed that the LRP2
was present on the apical plasma membrane of control thyroid
follicles, whereas LRP2 was less expressed in the thyroid follicles
of Tg-Cre;Ift88"*/"°* mice (Figure 4F).

Therefore, loss of primary cilia in murine thyroid follicles was
correlated with reduced expression of Lrp2/megalin, which was
also associated with irregularly dilated follicles with colloidal Tg
depletion and lower levels of serum Tg.

Interaction Between LRP2/Megalin, Tg
Endocytosis, and SHH Signaling in the
Primary Cilium of Thyroid Follicles
LRP2/megalin-mediated endocytosis controls Shh trafficking and
signaling (13-15). The primary cilia, which play critical roles in

signal transduction, are central organelles in the Shh signaling
pathway (7, 8). The primary cilium can act as a positive or negative
regulator of Shh signaling (16, 17). To elucidate the molecular
mechanism of LRP2/megalin-mediated Tg endocytosis in primary
cilia, we analyzed the expression levels of genes and proteins
related to the SHH signaling pathway in the thyroid of MMI-
treated and untreated control mice. Although Shh mRNA levels
exhibited no significant change, the mRNA levels of Swmo, Ptchl,
Glil, Gli2, and GIli3 in the thyroid were higher in MMlI-treated
mice than in the control group (Figure 5A). Next, we monitored
the expression of SHH signaling pathways in the thyroid of MMI-
treated mice by immunohistochemistry and immunoblot assays
for SHH, PTCH1, SMO, and GLI1. GLI1 immunohistochemistry
was consistently higher in the cytoplasm and nucleus of thyroid
follicular cells of MMI-treated mice relative to control, whereas
SHH was barely detectable in the thyroid of MMI-treated mice
and controls (Figure 5B). Immunoblotting revealed an increase of
PTCH1 and GLI1 expressions in the thyroid of MMI-treated mice
(Figure 5C), and it showed an increase in the expression of
PTCHI1 without a significant change in SHH (Figure 5C). These
findings indicate that Shh signaling was upregulated in the thyroid
of TSH-stimulated mice. Consistent with this, the PTCHI is
detected in primary cilium of controls, whereas it is not
observed in primary cilium of MMlI-treated mice (Figure 5D).

DISCUSSION

Here, we demonstrated that Lrp2/megalin is localized in the
primary cilium of thyroid follicular cells. Endogenous TSH
stimulation in MMlI-treated mice increased Lrp2/megalin
expression and Tg endocytosis. In addition, thyroid-specific
cilium-deficient Tg-Cre;Ift88"/* mice exhibited a significant loss
of Lrp2/megalin and a reduction in serum Tg despite the high TSH
level. Hence, these results may link the functional role of thyroid
primary cilium with Lrp2/megalin-mediated Tg endocytosis in vivo.

LRP2/megalin plays a role in Tg uptake in thyroid follicular
cells. TSH-stimulated Tg uptake is an important determinant of
thyroid hormone and Tg release into the bloodstream (18-20).
We found that Lrp2/megalin in Tg-Cre;Ift88"*°* mice
exhibited a significant reduction in serum Tg levels despite
having high levels of TSH. These findings indicate that cilium-
deficient thyroid follicular cells impaired Tg uptake with TSH
stimulation. In this study, we showed that Tg-Cre;Ift88"/o
mice developed as irregularly dilated thyroid follicles with
depleted colloid Tg. These follicular changes, accompanied by a
reduced serum Tg and elevated serum TSH, suggest that absence
of LRP2 leads to reduced thyroid hormone and Tg release.

Tg endocytosis can be mediated by a variety of cell
membrane proteins, such as asialoglycoprotein receptor (21),
N-acetylglucosamine receptor (22), several low-affinity receptors
(23, 24) and through components of membrane rafts (25).
Therefore, not all the endocytic effects can be directly linked to
LRP2/megalin. Nevertheless, reductions of LRP2/megalin and
serum Tg in thyroid follicles with ciliary loss make it possible to
determine that LRP2/megalin is more suitable for elucidating the
association between Tg endocytosis and primary cilia.
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(P < 0.0001). Arrowhead indicates primary cilia. (B) Serum fT4 levels were lower in 35-week-old Tg-Cre;/ft88™™ mice (0.89 + 0.65 ng/dL) than in 35-week-old Tg-
Cre;lft88*"* control mice (3.25 + 0.46 ng/dL, P = 0.0035). Serum TSH levels were significantly higher in 35-week-old Tg-Cre;/ft88™"* mice (505.31 + 75.69 ng/mL)
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mice (Tg-Cre;ft88™7™°% = 14,623 + 3.327; Tg-Cre;Ift88** = 14.587 + 2.141; P < 0.0001). (E) mRNA levels of receptor-mediated Tg endocytosis-related genes Clta,
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1188""°% mice. Scale bar, 25 um.
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(E) Proposed mechanisms for the relationship between receptor-mediated Tg endocytosis and Shh signaling at the primary cilium.

We observed a significant increase in Tg endocytosis and serum
TSH levels in the thyroid follicular cells of MMI-treated mice. In
addition, both the frequency of primary cilia and LRP2/megalin
expression were elevated in the thyroid of MMI-treated mice. High
TSH stimulation in follicular cells of MMI-treated mice may be
responsible for the elevated frequency of primary cilia. TSH is
required not only for the differentiated function of thyrocytes, but

also for the stimulation of cell cycle progression and proliferation
in various species (26). It remains to be determined how TSH
stimulation is directly linked to increased ciliogenesis and LRP2/
megalin expression of thyroid follicular cells.

In addition, our findings indicate that Shh/Glil signaling
pathway contributes to Lrp2/megalin-mediated Tg endocytosis
in primary cilia of thyroid follicular cells. The co-localization of
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Lrp2 and Tg promoted activation of Ptchl and translocation of
Glil to the nucleus. We speculate that Lrp2/megalin-mediated
Tg endocytosis activated by TSH stimulation may promote the
internalization of Ptchl near Lrp2/megalin, alleviating Ptchl-
dependent inhibition of Smo activity and activating the Shh
signaling pathway (Figure 5E).

In conclusion, we have demonstrated that ciliogenesis and
LRP2/megalin expression are significantly elevated in the thyroid
follicular epithelium of endogenous TSH-stimulated mice.
Furthermore, these TSH-stimulated mice showed that LRP2 is
localized to the primary cilium. Tg-Cre;Ift88"/"* mice, which
exhibited thyroid-specific ciliary loss, expressed dramatically lower
levels of LRP2/megalin expression. Together, our results strongly
suggest that LRP2/megalin-mediated endocytosis of Tg in murine
thyroid follicles is regulated by ciliogenesis. This is the first in vivo
study showing that the primary cilia of thyroid follicular cells are
the site of LRP2/megalin-mediated Tg endocytosis.
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Background: Serum calcitonin level is a useful biomarker for predicting primary tumor
size, the extent of lymph node, and distant metastasis in patients with medullary thyroid
carcinoma (MTC). However, the association between preoperative serum calcitonin levels
and long-term oncologic outcomes has not yet been established. The aims of this study
were to determine the preoperative serum calcitonin cut-off value for predicting disease
recurrence and to evaluate its prognostic value.

Methods: Patients with MTC (n = 169) who were treated at a tertiary referral hospital in
Korea between 1995 and 2019 were enrolled. To determine the preoperative serum
calcitonin cut-off value for predicting structural recurrence, the maximum of the
standardized log-rank statistics of all possible cut-off values was used. Multivariable Cox
regression analysis was used to determine prognostic factors for disease-free survival.

Results: The overall disease-free survival rate was 75.7%. The preoperative serum
calcitonin cut-off value that predicted structural recurrence was 309 pg/mL.
Preoperative serum calcitonin levels of > 309 pg/mL were the strongest independent
predictor of disease recurrence (hazard ratio (HR) 5.33, 95% confidence interval (85% Cl)
1.67-16.96; P = 0.005). Lateral lymph node metastasis (HR 3.70, 95% CIl 1.61-8.51; P =
0.002) and positive resection margins (HR 3.57, 95% Cl 1.44-8.88; P = 0.006) were also
significant predictors of disease recurrence.

Frontiers in Endocrinology | www.frontiersin.org 53

October 2021 | Volume 12 | Article 749973


https://www.frontiersin.org/articles/10.3389/fendo.2021.749973/full
https://www.frontiersin.org/articles/10.3389/fendo.2021.749973/full
https://www.frontiersin.org/articles/10.3389/fendo.2021.749973/full
https://www.frontiersin.org/articles/10.3389/fendo.2021.749973/full
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:taehyukmd.kim@samsung.com
https://doi.org/10.3389/fendo.2021.749973
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2021.749973
https://www.frontiersin.org/journals/endocrinology
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2021.749973&domain=pdf&date_stamp=2021-10-05

Park et al.

Preoperative Calcitonin and Recurrence of MTC

Conclusions: The preoperative serum calcitonin cut-off value is useful in clinical
practice. It is also the best predictive factor for disease-free survival. Preoperative
serum calcitonin levels may help determine the optimal postoperative follow-up
strategy for patients with MTC.
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INTRODUCTION

Medullary thyroid carcinomas are a subtype of neuroendocrine
tumors that are derived from the parafollicular cells of the
thyroid gland, and secrete several hormones and peptides
including calcitonin and carcinoembryonic antigen (1).
Medullary thyroid carcinomas account for 3%-5% of thyroid
carcinomas, with a mean age-standardized incidence of 0.19/
100,000 per year (2, 3).

Tumor markers play an important role in screening for early
malignancy, diagnosis, prognosis, and surveillance following
curative surgery (4). Calcitonin is a tumor marker for medullary
thyroid carcinoma. Measurement of serum calcitonin levels in
patients with newly diagnosed, histologically confirmed
medullary thyroid carcinoma is recommended by the American
Thyroid Association (5). Previous studies (6-8) have shown that
preoperative basal serum calcitonin levels correlate with primary
tumor size, the extent of disease, and postoperative calcitonin
normalization. The calcitonin doubling time has also been
reported to be an independent predictor of the prognosis of
medullary thyroid carcinoma. However, it is difficult to apply in
practice because at least four measurements over a 2-year period are
required to calculate the calcitonin doubling time (9-11).
Postoperative serum calcitonin levels can also predict the
recurrence of medullary thyroid carcinoma (12, 13). However, the
prognostic value of preoperative basal serum calcitonin cut-off level
for predicting the recurrence of medullary thyroid carcinoma has
yet to be evaluated.

The aims of this study were to determine the preoperative serum
calcitonin cut-off value for predicting structural recurrence and to
evaluate its usefulness as a prognostic biomarker for recurrence in
patients with medullary thyroid carcinoma.

MATERIALS AND METHODS

Study Population and Ethics

The medical records of 246 patients with medullary thyroid
carcinoma who were treated at the Samsung Medical Center,
Seoul, Korea between 1995 and 2019 were retrospectively
reviewed. Patients were excluded if preoperative serum
calcitonin levels were unavailable (n = 71), they had inoperable
advanced disease (n = 3), or follow-up data were missing (n = 3).
After exclusion, 169 patients were included in the final analysis.
The study design was approved by the Institutional Review
Board of Samsung Medical Center (approval number: 2020-07-
007). The requirement for informed consent was waived owing
to the retrospective nature of the study.

Study Outcomes and Definitions

The primary outcome of this study was to determine the
preoperative serum calcitonin cut-off value for predicting
structural recurrence. Structural recurrence was defined as a
newly identified structural disease in the thyroid bed or neck
lymph nodes or distant metastasis. A diagnosis of structural
disease in the thyroid bed and/or neck lymph nodes by imaging
studies was confirmed cytologically or pathologically. Distant
metastases were detected by chest and/or abdominopelvic
computed tomography, magnetic resonance imaging, whole-body
bone scintigraphy, and 19-fluorodeoxyglucose positron emission
tomography (PET) and/or were pathologically confirmed. The
secondary outcomes were factors associated with disease-free
survival, which was defined as the time from initial surgery to the
date of first structural recurrence or last follow-up.

Measurements of Serum Calcitonin Levels
The preoperative serum calcitonin levels were all measured by
immunoradiometric assay: MEDGENIX CT-U.S.-IRMA kit
(BioSource Europe S.A., Belgium) from 1995 to 2005, DSL-
7700 ACTIVE IRMA kit (Diagnostic Systems Laboratories,
Inc., Webster, TX) from 2005 to 2007. Since then it was
replaced by current immunoradiometric assay (CT-US-IRMA,
DIAsource ImmunoAssays SA, Louvain-la-Neuve, Belgium). All
samples were measured in duplicate. The intra- and interassay
coefficients of variation were 2.4%-3.4% and 3.6%-5.4%,
respectively. The detection limit was 0.9 pg/mL.

Statistical Analyses

Continuous variables were presented as means + standard
deviation or medians (interquartile range) and analyzed using
the Student’s f-test or Kruskal-Wallis test, as appropriate.
Categorical variables were presented as absolute numbers and
percentages and analyzed using the chi-square test or Fisher’s
exact test. In the derivation of the preoperative serum calcitonin
cut-off value for predicting structural recurrence, running log-
rank statistics were applied after removing outliers (the upper
and lower 10% of patients). The preoperative serum calcitonin
value that coincided with the highest log-rank statistic was
chosen as the optimal cut-off value (14). A multivariable Cox
proportional hazard model was constructed using backward
elimination with a univariable inclusion criterion of P < 0.1 to
assess the independent effects of covariates on disease-free
survival. Statistical analyses were conducted using SPSS for
Windows version 25.0 (IBM Corp., Chicago, IL, USA) and R
version 4.0.1 (The R Foundation for Statistical Computing,
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Vienna, Austria; http://www.R-project.org/). A two-tailed P <
0.05 was considered statistically significant.

RESULTS

Baseline Characteristics

The clinicopathological features of all patients with medullary
thyroid carcinoma (n = 169) are summarized in Table 1. The
mean * standard deviation age was 49.4 + 14.5 years; 112
patients (65.1%) were female. The median (interquartile range)
follow-up was 84 (39.5-127.5) months. One hundred and sixty-
seven (98.8%) and 162 patients (95.9%) underwent total
thyroidectomy and central neck dissection, respectively. The
primary tumor size distribution was as follows: less than or
equal to 2.0 cm, 118 patients (69.8%); greater than 2.0 cm but less
than or equal to 4.0 cm, 38 patients (22.5%); and greater than 4.0
cm, 13 patients (7.7%). Gross extrathyroidal extension was
present in 18 patients (10.7%). Seven patients (4.1%) had
positive resection margins. Central and lateral neck lymph
node metastases were detected in 71 (42.0%) and 62 patients

TABLE 1 | Baseline characteristics.

Characteristics Patients (n = 169)

Age, years (mean + SD) 49.4 £ 145
Sex, n (%)

female 112 (65.1)

male 60 (34.9)
Tumor type, n (%)

sporadic 139 (82.2)

hereditary (MEN2A) 30 (17.8)
Extent of surgery, n (%)

total thyroidectomy 167 (98.8)

subtotal/near total thyroidectomy 2(1.2)
Initial CND, n (%)

yes 162 (95.9)

no 7(4.1)
Tumor size, cm, n (%)

<2.0 118 (69.8)

>2.0 and <4.0 38 (22.5)

>4.0 13 (7.7)
Extrathyroidal extension, n (%)

none/micro 151 (89.9)

gross 18 (10.7)
Resection margin, n (%)

negative 162 (95.9)

positive 7 (4.1)
Central LNM, n (%)

no 98 (68.0)

yes 71 (42.0)
Lateral LNM, n (%)

no 107 (63.3)

yes 62 (36.7)
Preoperative serum calcitonin (pg/mL), n (%)

<309 75 (44.4)

>309 94 (55.6)
Median follow-up, month (median, IQR) 84 (39.5-127.5)

SD, standard deviation; MEN2A, multiple endocrine neoplasia type 2A; CND, central
lymph node dissection; LNM, lymph node metastasis; IQR, interquartile range.

(36.7%), respectively. Ninety-four patients (55.6%) had
preoperative serum calcitonin levels of > 309 pg/mL.

Clinicopathological Characteristics
According to Preoperative Serum
Calcitonin Levels

Clinicopathological characteristics were evaluated according to
preoperative serum calcitonin levels (Table 2). Among 169
patients, 75 (44.4%) had preoperative serum calcitonin levels of
<309 pg/mL; the remaining 94 patients (55.6%) had preoperative
serum calcitonin levels of > 309 pg/mL. Preoperative serum
calcitonin levels of > 309 pg/mL were significantly associated
with male sex (P = 0.045), a larger primary tumor size (P <
0.001), gross extrathyroidal extension (P = 0.012), and central
and lateral neck lymph node metastases (P < 0.001).

Preoperative Serum Calcitonin Cut-Off
Value for Predicting Structural Recurrence
Maximally selected log-rank statistics were applied to establish a
preoperative serum calcitonin cut-off value of prognostic
significance. The highest log-rank statistic coincided with a
preoperative serum calcitonin level of 309 pg/mL (Figure 1).
Kaplan-Meier curves were constructed to examine disease-free
survival according to the defined preoperative serum calcitonin
level (cut-off value: 309 pg/mL; Figure 2). The overall disease-
free survival rate was 75.7%. The 10-year disease-free survival
rate of patients with preoperative serum calcitonin levels of > 309
pg/mL was significantly lower than that of patients with
preoperative serum calcitonin levels of < 309 pg/mL (52.9% vs.
92.9%, respectively; log-rank test, P < 0.001) (Table 3). Cancer-
specific survival was also examined according to the defined
preoperative serum calcitonin level. It also showed that
preoperative serum calcitonin levels of > 309 pg/mL were
associated with significantly poorer outcomes (log-rank test, P
= 0.028; Additional File 1: Supplementary Figure 1).

Factors Associated With

Structural Recurrence

Clinical characteristics, including preoperative serum calcitonin
level (< 309 or > 309 pg/mL), age at diagnosis, sex, extent of
surgery, tumor type, primary tumor size, central and lateral neck
lymph node metastasis, extrathyroidal extension, and resection
margin, were analyzed as independent variables in multivariable
Cox regression analysis (Table 4). Univariable analysis showed
that preoperative serum calcitonin levels of > 309 pg/mL, a larger
primary tumor size, the presence of regional lymph node
metastases, gross extrathyroidal extension, and positive
resection margins were associated with an increased risk of
disease recurrence (P < 0.001). In multivariable analysis,
preoperative serum calcitonin levels remained significantly
associated with disease-free survival (hazard ratio: 5.33, 95%
confidence interval: 1.67-16.96; P = 0.005). Lateral lymph node
metastasis (hazard ratio: 3.70, 95% confidence interval: 1.61-
8.51; P = 0.002) and positive resection margins (hazard ratio:
3.57, 95% confidence interval: 1.44-8.88; P = 0.006) were also
independent predictors of disease-free survival.
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TABLE 2 | Clinicopathological characteristics according to preoperative serum calcitonin levels.

Characteristics Calcitonin level (pg/mL) P-value
<309 > 309
Age, years (mean = SD) 50.2 (12.1) 48.7 (16.2) 0.528
Sex, n (%)
female 55 (73.3) 55 (58.5) 0.045
male 20 (26.7) 39 (41.5)
Tumor type, n (%)
sporadic 65 (86.7) 74 (78.7) 0.179
hereditary (MEN2A) 10 (13.3) 20 (21.9)
Extent of surgery, n (%)
total thyroidectomy 73 (97.3) 94 (100.0) 0.195
Subtotal/near total thyroidectomy 227 0 (0.0
Initial CND, n (%)
Yes 71(94.7) 91 (96.8) 0.701
No 4 (5.3 3(3.2)
Tumor size, cm, n (%)
<2.0 70 (93.3) 48 (51.1) <0.001
>2.0 and <4.0 4 (5.3 34 (36.2)
>4 1(1.3 12 (12.8)
Extrathyroidal extension, n (%)
none/micro 72 (96.0) 79 (84.0 0.012
gross 3(4.0) 15 (16.0
Resection margin, n (%)
negative 74 (98.7) 88 (93.6) 0.134
Positive 1(1.3 6 (6.4)
Central LNM, n (%)
no 61 (81.9) 37 (39.4 <0.001
yes 14 (18.7 57 (60.6)
Lateral LNM, n (%)
no 68 (90.7) 39 (41.5) <0.001
yes 7 9.9 55 (58.5)
Follow-up, months, median (IQR) 96 (568-123) 80 (30.5-150.5) 0.9583

SD, standard deviation; MEN2A, multiple endocrine neoplasia type 2A; CND, central lymph node dissection; LNM, lymph node metastasis; IQR, interquartile range.

DISCUSSION

Herein, we examined the relationship between preoperative serum
calcitonin levels and the prognosis of patients with medullary
thyroid carcinoma. We defined a specific preoperative serum
calcitonin cut-off value of 309 pg/mL for predicting structural
recurrence. We also showed that preoperative serum calcitonin
levels are an accurate predictor of clinical outcomes in patients with
medullary thyroid carcinoma.

Cancer biomarkers have shown potential applications in
cancer detection and management (4, 15, 16). As a biomarker
for medullary thyroid carcinoma (17), the routine measurement
of serum calcitonin levels for detecting medullary thyroid
carcinoma in patients with thyroid nodules is controversial.
However, the guidelines suggest that serum calcitonin levels
should be measured whenever a preoperative diagnosis of
medullary thyroid carcinoma is suspected (5, 18-20). The
measurement of preoperative serum calcitonin levels is simple
to perform. It has been widely used for predicting the extent of
regional lymph node metastases, and helps to determine the
initial extent of surgery (5, 6, 21, 22). Furthermore, previous
reports (7, 8, 23-25) have shown that preoperative serum

calcitonin levels are associated with primary tumor size, distant
metastasis, and postoperative biochemical cure.

Predicting biochemical cure is important, because postoperative
biochemical cure is associated with a favorable outcome (26). Some
studies have reported that preoperative serum calcitonin levels are
useful for predicting disease prognosis. Cohen et al. (23) suggested
the preoperative serum calcitonin levels of < 50 pg/mL could predict
postoperative calcitonin normalization. Machens et al. (7)
suggested that preoperative serum calcitonin levels of > 500 pg/
mL could best predict the failure to achieve biochemical cure.
However, they only estimated preoperative serum calcitonin
levels to predict biochemical cure. Surgical resection for disease
recurrence is only considered when structural recurrence has been
confirmed by imaging studies (5). Thus, the preoperative serum
calcitonin cut-off value for predicting structural recurrence is more
important for surgical decision-making than the cut-off value for
predicting biochemical cure. Yen et al. (27) investigated the
relationship between preoperative serum calcitonin levels and
structural recurrence-free survival. However, only a relatively
small number of patients with medullary thyroid carcinoma were
enrolled, and recurrence-free survival was only evaluated according
to the median preoperative serum calcitonin level of enrolled
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FIGURE 1 | The maximum of the standardized log-rank statistics for preoperative serum calcitonin cut-off value.

patients. In this study, we defined an optimal cut-off value for
preoperative serum calcitonin levels and confirmed that it had
prognostic value for structural recurrence.

Previous studies (26, 28-33) have shown that age, sex, the
extent of the primary tumor, extrathyroidal extension, and
postoperative gross residual disease are significantly associated
with oncologic outcomes. Similar factors were identified in this
study. In multivariable analysis, lateral lymph node metastasis
and positive resection margins were significant prognostic
factors. Preoperative serum calcitonin levels of > 309 pg/mL
were a poor prognostic factor for disease-free survival, and this
association was maintained after adjustment for conventional
risk factors for the recurrence of medullary thyroid carcinoma.

preop calcitonin = low ~ high
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FIGURE 2 | Kaplan-Meier curves of disease-free survival according to the
preoperative serum calcitonin cut-off value (309 pg/mL) (P < 0.001).

The hazard ratio for a cut-off value of 309 pg/mL as a predictor
for disease recurrence was 5.33, which was higher than those for
conventional risk factors. Therefore, preoperative serum
calcitonin levels may be a strong predictor of disease recurrence.

We also postulated that preoperative serum calcitonin levels
would play an important role in predicting cancer-specific
survival. A preoperative serum calcitonin cut-off value of 309
pg/mL was closely correlated with cancer-specific survival. There
were no cancer-specific deaths in patients with preoperative
serum calcitonin levels of < 309 pg/mL. The 5-, 10-, and 20-
year cancer-specific survival rates in patients with preoperative
serum calcitonin levels of > 309 pg/mL were 95.6%, 90.2%, and
70.3%, respectively. However, further multivariable analysis to
identify factors affecting cancer-specific survival was not
performed because only a small number of patients died from
medullary thyroid carcinoma.

Postoperative biochemical remission of serum calcitonin and
post-operative calcitonin doubling time were known as an
important factors for oncologic outcome (13, 34). Furthermore,
dynamic risk stratification has been demonstrated to be clinically
valuable also in MTC (35). However, when physicians only used
postoperative serum calcitonin level as predictive factor,
hindsight bias which is the common tendency for people to
perceive past events as having been more predictable than they
actually were would be occurred (36). On the other hand,
measuring preoperative calcitonin level is a simple and easy
way that can be used before everything happens. Since
postoperative serum calcitonin has been widely used to predict
clinical outcome in real-world practice, we calculate the sensitivity
and specificity for structural recurrence of each of preoperative
and postoperative serum calcitonin. The sensitivity for a
preoperative calcitonin level of 309 pg/mL as a predictor for
structural recurrence was 90.2%, and specificity was 55.5%.
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TABLE 3 | Disease-free survival and cancer-specific survival according to the preoperative serum calcitonin cut-off value of 309 pg/mL.

Calcitonin No of patients No of recurrences (%)
<309 pg/mL 75 4 (5.3

>309 pg/mL 94 37 (39.4)

all 169 41 (24.3)
Calcitonin No of patients No of deaths (%)
<809 pg/mL 72 0(0.0)

>309 pg/mL 93 7(7.5)

all 165 7 (4.2

Disease-free survival (%)

5-year 10-year 15-year 20-year
95.5 92.9 - -
69.7 52.9 38.3 30.7
81.5 71.2 62.3 57.1

Cancer-specific survival (%)*

5-year 10-year 15-year 20-year
95.6 90.2 90.2 70.3
97.6 94.6 94.6 77.6

*Cancer-specific survival was calculated after the exclusion of four patients deaths from other causes.

The sensitivity for a postoperative calcitonin level of 10 pg/mL (7)
as a predictor for structural recurrence was 80.5%, and specificity
was 84.3%. The sensitivity was higher in preoperative serum
calcitonin level. Using the optimal cut-off value for preoperative
serum calcitonin levels for preoperative risk stratification can
guide the initial resection strategy, and helpful for the
determining postoperative screening test frequency for local
and distant metastases. Similarly, if a patient with differentiated
thyroid carcinoma was classified into high risk group according to

2009 American Thyroid Association Initial Risk Stratification
System, it would not be completely reassuring even if the patient
was subsequently classified into excellent response when re-
evaluated using dynamic risk stratification (37).

The strength of this study lies in its relatively large number of
patients with medullary thyroid carcinoma who were recruited
from a single tertiary hospital. The optimal cut-off value for
preoperative serum calcitonin levels was determined using
maximally selected log-rank statistics, which is an appropriate

TABLE 4 | Multivariable analysis of disease-free survival.

Characteristics Unadjusted Adjusted
HR (95% CI) P value HR (95% CI) P value

Age, years 0.98 (0.96-1.00) 0.104
Sex

male 1 (reference)

female 0.61 (0.33-1.13) 0.118
Extent of surgery*

Subtotal/near total thyroidectomy 1 (reference)

total thyroidectomy non-estimable -
Initial CND

no 1 (reference)

yes 3.61 (0.48-27.02) 0.211
Tumor type

sporadic 1 (reference)

hereditary 0.55 (0.21-1.40) 0.207
Primary tumor size, cm (<0.001) (0.022)

<2.0 1 (reference) 1 (reference)

>2.0 and <4.0 1.85 (0.90-3.82) 0.095 0.53 (0.23-1.18) 0.119

>4.0 5.90 (2.71-12.84) <0.001 1.78 (0.78-4.09) 0177
Central LN metastasis

no 1 (reference) 1 (reference)

yes 5.30 (2.54-11.03) <0.001 1.42 (0.52-3.86) 0.497
Lateral LN metastasis

no 1 (reference) 1 (reference)

yes 7.35 (3.47-15.59) <0.001 3.70 (1.61-8.51) 0.002
Extrathyroidal extension

none/micro 1 (reference) 1 (reference)

Gross 4.72 (2.33-9.55) <0.001 1.50 (0.64-3.54) 0.353
Resection margin

negative 1 (reference) 1 (reference)

positive 8.78 (3.82-20.18) <0.001 3.57 (1.44-8.88) 0.006
Calcitonin cut-off value, pg/mL

<309 1 (reference) 1 (reference)

>309 9.53 (3.39-26.84) <0.001 5.33 (1.67-16.96) 0.005

*Non-estimable because all recurred patients underwent total thyroidectomy. CND, central lymph node dissection; LN, lymph node; HR, hazard ratio; 95% Cl, 95% confidential interval.
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statistical methodology for assessment of biomarker in survival
endpoints (14, 16, 38). This study has several limitations. First is its
retrospective design. Second, although this study included a
relatively large number of patients with medullary thyroid
carcinoma, patients were recruited from a single tertiary referral
hospital. Thus, the study population may be prone to selection
bias. Because of the rarity of medullary thyroid carcinoma, a
multicenter prospective study is needed to validate to our findings.
Third, we tried to evaluate the preoperative carcinoembryonic
antigen (CEA) level concurrently, however we could not get
enough information about preoperative CEA level in this cohort.

In conclusion, this study defined a preoperative serum
calcitonin level of 309 pg/mL as a useful threshold for
predicting disease recurrence. It also has clinical implications
for long-term cancer-specific survival.
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Anti TSH receptor antibodies (TSHrAb) are a family of antibodies with different activity,
some of them stimulating thyroid function (TSAb), others with blocking properties (TBAD),
it is a common finding that antibodies with different function might coexist in the same
patient and can modulate the function of the thyroid. However, most of the labs routinely
detect all antibodies binding to the TSH receptor (TRAD, i.e. TSH-receptor antibodies
detected by binding assay without definition of functional property). Classical use of TSHr-
Ab assay is in Graves’ disease where they are tested for diagnostic and prognostic issues;
however, they can be used in specific settings of chronic autoimmune thyroiditis (CAT) as
well. Aim of the present paper is to highlight these conditions where detection of TSHr-Ab
can be of clinical relevance. Prevalence of TSHrAb is different in in the 2 main form of CAT,
i.e. classical Hashimoto’s thyroiditis and in atrophic thyroiditis, where TBAb play a major
role. Simultaneous presence of both TSAb and TBAb in the serum of the same patient
might have clinical implication and cause the shift from hyperthyroidism to hypothyroidism
and vice versa. Evaluation of TRAb is recommended in case of patients with Thyroid
Associated Orbitopathy not associated with hyperthyroidism. At present, however, the
most relevant recommendation for the use of TRAb assay is in patients with CAT
secondary to a known agent; in particular, after treatment with alemtuzumab for
multiple sclerosis. In conclusion, the routine use of anti-TSH receptor antibodies (either
TRADb or TSAb/TBAb) assay cannot be suggested at the present for diagnosis/follow up of
patients affected by CAT; there are, however, several conditions where their detection can
be clinically relevant.

Keywords: chronic autoimmune thyroiditis, TSH-receptor blocking antibodies, TSH-receptor stimulating
antibodies, Hashimoto’s thyroiditis (HT), atrophic thyroiditis

INTRODUCTION

Hashimoto’s thyroiditis is a chronic autoimmune disorder that has been described for the first time
by Hakaru Hashimoto in 1912 (1). His description: “a massive growth of lymphatic elements,
primarily lymphoid follicles™ .... “this condition was a ‘destructive affectation of the thyroid ... here
and there infiltrated with clumps of cells ... which are found to be composed of leucocytes” depicts the
spectrum of the chronic lymphocytic thyroiditis which is the most common type of chronic
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autoimmune thyroiditis (CAT). Nowadays the term Hashimoto’s
thyroiditis (HT) is commonly and erroneously used to identify
all forms of CAT and is considered the most common cause of
hypothyroidism as well as the most common autoimmune and
endocrine disease (2). However at least one different form of
disease is classified within the CAT, i.e. the atrophic thyroiditis
(AT). In 1873 Sir William Withney Gull in his seminal study “On
a cretinoid state supervening in adult life in women” illustrated
the following picture: “Her face altering from oval to round ... the
tongue broad and thick, voice guttural, and the pronunciation as
if the tongue were too large for the mouth (cretinoid)... In the
cretinoid condition in adults which I have seen, the thyroid was
not enlarged ... at a first hasty glance there might be supposed to
be a general slight oedema of it.” (3) which is considered the first
description of the atrophic form of CAT.

Distinction of the two main forms of CAT has not relevance
only for a proper categorization of the disease, but also because
the role of the anti TSH receptor antibodies (TSHrADb) is various
and has a different weight in the two forms. Recognizing the 2
forms might be difficult, the most distinctive clinical feature
being thyroid atrophy which appears at the clinical onset in AT
while it appears after a long-standing disease in HT. Of course, it
might be difficult to notice this temporal distinction in
clinical practice.

The first evidence for a serum thyroid-stimulating factor has
been described in 1956 by Adams and Purves (4) and in 1958 by
Mc Kenzie (5). Much work has been done from then, particularly
in the last 2-3 decades; it is a major improvement that
measurement of TSHrAb is suggested in the management of
Graves’ disease according to the 2016 American Thyroid
Association (6) while only in the 2011 version it was
recommended TSHrAb measurement only as “an alternative
means to diagnose GD”, to be used when a thyroid scan and
uptake is unavailable or contraindicated (7). Moreover, in the

“2019 European Thyroid Association guidelines on the
Management of Thyroid Dysfunction following Immune
Reconstitution Therapy” (8) TSHrAb assay is considered a
cornerstone both of diagnosis and follow up. After the cloning
and sequencing of the TSH receptor (TSHr) (9-11) we now
know that TSHrAb are a family of antibodies with different
activity, some of them stimulating thyroid function (TSAb),
others with blocking properties (TBAb) and finally some
neutral, i.e. with no effect on TSH binding and no effect on
cAMP levels [TBII (12-14)], which are also called “cleavage” Abs
because they recognize linear epitopes within the hinge region of
the TSH receptor and might be involved in several signalling
processes also including thyroid cell apoptosis (15, 16). For the
purposes of this review, this last family of Abs have a minimal
role. It is also of little clinical interest to know if a proportion of
TBAD are indeed “weak” TSAD and their blocking activity is only
due to preventing the binding of more potent TSH receptor
agonist, like TSH or “potent” TSAb, as suggested by some
Authors (17); from a clinical point of view they exert a
blocking effect.

However, a major problem in interpretation of the role of
TSHrAb arises from the observation that most of the labs
routinely detect all antibodies binding to the TSH receptor
without distinction of the functional properties.

Indeed, two types of assays have been historically used in the
clinical setting: assays only measuring TSHrAb binding to the
TSHr without functional discrimination (usually termed TRADb)
and bioassays measuring functional activity of TSHrAb (12-14)
(Figure 1). While the former, during decades, have been based
on the inhibition by TSHR antibodies of radiolabeled/fluorescent
TSH binding to thyroid membranes, human TSHr or known
monoclonal human TSHR autoantibody, the latter measures the
activation of transduction pathways after the binding of a ligand
to the TSHr (17, 18). A further clarification is needed for the
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FIGURE 1 | Different methods of TSHrAb assay. (A) Assays employing competition by TRAb for binding of a ligand (TSH or monoclonal antibody) to the TSHR.
(B) Bioassays involving cultured thyroid cells or nonthyroidal cells expressing the TSH receptor. Binding of TSAb or TBAb modulate cAMP production. In the
depicted assay cell lines lacking TSHR are double transfected with a luciferase reporter gene under the transcriptional control of cAMP-responsive elements
(CRE-Luc) and the TSH receptor. TSAb/TBAD levels in patient sera are determined by measuring the production of luciferase.
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functional assay: it can reflect a net sum of TSAb and TBADb
activities (and therefore give an estimate of the stimulus present
on thyroid cell at the time of the blood test) or differentiate (by
using different cells or protocols) between TSAb or TBAb
activities (12, 19). Differently from Thyroglobulin antibodies
(TgAb) and Thryroid peroxidase antibodies (TPOAD), which
have no major role in the pathogenesis of autoimmune thyroid
diseases, TSHrAbs are directly causative of Graves’ disease and
are also involved in the pathogenesis of CAT. It is therefore
obvious that an assay which gives a quantitative measure of the
stimulus/inhibition performed on thyroid cells has more clinical
advantages than an assay just measuring the Abs binding to the
TSH receptor. Indeed, bioassay have clinical advantages in
Graves’ disease because they have prognostic value (20) and
are helpful and predictive in Graves’ patients during pregnancy/
postpartum, as well as for extrathyroidal manifestations (21). It is
beyond the aims of the present review to discuss advantages/
disadvantages of the two different types of assays; a recent review
(18) is exhaustively summarizing this issue. It is fair to admit,
however, that binding assays are easier to handle also because
commercially automated assays are available, and this is
probably the main reason for their predominance (12-14, 18).

While the presence of TSAb in Graves patient is clearly
causative and the amount of TSAb is correlated to the clinical
entity of the disease, the role of TSHrAb (both TSAb and TBAB)
in CAT is less defined. Marked lymphocytic infiltration (mainly
T lymphocytes) of the thyroid is the hallmark of Hashimoto’s
thyroiditis and apoptotic destruction and cell death of thyroid
cells are probably the main mechanisms of damage leading to
hypothyroidism. A minor contribution can also be attributed to
TPOADb and TgAb which can be able to fix the complement and
induce antibody-mediated complement-dependent cytotoxicity
(ACDC) [revised in (18)]. A role for TSHrAb, and especially for
TBAD which can block the TSH receptor and therefore inhibit
both thyroid hormone synthesis and production and cell growth
has been proposed especially for the atrophic form of thyroiditis.
More speculative, as discussed later, is the role of TSADb.

CLINICAL USES OF TSHr Ab IN CAT

Aiming to better understand the role of TSHr Ab in chronic
autoimmune thyroiditis, however, the impossibility to know in
many studies whether TSAb or TBAb are involved, because

binding assays have been used, it’s a major limit. It is a common
finding that antibodies with different function might coexist in
the same patient and can modulate the function of the thyroid
(15-18, 22, 23). The final evidence for the contemporaneous
presence of both kind of Abs has been obtained by the cloning of
a stimulating (K1-18) and a blocking (K1-70) monoclonal Ab in
the serum of the same patient (24).

According to an extensive review about the role of TSH
receptor in clinical settings published in the year 2000 (14),
mean prevalence of TRAb varies was 9% in HT and 12% in AT.
However, when TBAD are separately evaluated mean prevalence
was 12% and 33% in HT and AT respectively (Table 1). In a
study by Cho et al. (25) TRAb were detected in 6.3% and in 48%
and TBAD in 10.5% and 59% in goitrous and atrophic form
respectively. More recent data have shown 9% and 25% TBADb
positivity in adults patients with HT and AT, respectively (26),
and a positive rate for TBAb of 38% in children with AT (27).
Finally, a study from Kahaly (28), evaluating patients with
autoimmune thyroiditis without distinguishing between the 2
two main subgroups, showed TRADb positivity in 9.4% of sera and
TBAD positivity in 9.3%; interestingly TSAb and TBAD positivity
has been registered in 6/67 sera, thus meaning that
contemporaneous presence of both TSAb and TBADb can be
found not only in Graves’ disease but also in CAT.

Hashitoxicosis is usually referred to a transient phase of
hyperthyroidism in patients with chronic autoimmune
thyroiditis; it is usually attributed to destruction of thyroid
cells and the release of stored hormones within the
bloodstream. However, in 1971 Fatourechi et al. (29) described
patients with hyperthyroidism indistinguishable from Graves’
disease (including elevated radioiodine uptake and TRAD
positivity) but with histological features of Hashimoto’s
thyroiditis; the hyperthyroidism was lasting few months and
the patients later became hypothyroid. It has been therefore
supposed that hyperthyroidism was attributable to the presence
of TSAD. From then it has been generally accepted that a small
percentage of hyperthyroid presentation of chronic autoimmune
thyroiditis is due to the presence of TSAb. Contemporaneous
presence of both TSAb and TBAb has been advocated as a
mechanism by which euthyroidism can be maintained in a small
subset of patients (28). Presence of TSAb during Hashimoto’s
thyroiditis has also relevance in newborns and in pediatric age.
Indeed, thyrotoxicosis in a newborn from a mother with chronic
autoimmune thyroiditis treated with L-T4 has been described

TABLE 1 | Nomenclature of TSH-receptor antibodies and Prevalence of TRAb and TBADb in Hashimoto’s thyroiditis and atrophic thyroiditis according to previous studies.

Nomenclature

Definition

TSHr-Ab All TSH receptor antibodies without definition of assay method or functional properties
TRAb TSH-receptor antibodies detected by binding assay without definition of functional property
TSAb TSH-receptor stimulating antibodies which act as agonists by stimulating thyroid growth and thyroid hormone synthesis
TBAb TSH receptor blocking antibodies which act as antagonists, by blocking the action of the TSH
Orgiazzi J et al. (14) Cho BJ et al. (25) Takasu N et al. (26)

HT AT HT AT HT AT
TRAb % (range) 9 (0-44) 12 (0-54) 6.3 48 - -
TBAb % (range) 12 (0-44) 33 (0-62) 10.5 59 9 25

HT, Hashimoto’s thyroiditis; AT, atrophic thyroidlitis.
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(30); the presence of TSAD has been documented and it was the
cause of hyperthyroidism lasting only until TSAb normalized.
Transient central hypothyroidism, possibly due to TSH
suppression, then developed and the newborn required L-
T4 treatment.

TBAb have a clearer role in CAT; as previously briefly
disclosed, TBAb are supposed to have a central role in the
etiology of the atrophic form of chronic autoimmune
thyroiditis. They inhibit the metabolic pathways activated by
the interaction of TSH with its receptor and then prevent both
growth and hormone synthesis. It is therefore easily
comprehensible that their presence is associated to a more
severe form of hypothyroidism, especially in children (28, 31).
In a population of patients with subclinical hypothyroidism,
overt hypothyroidism and atrophic thyroiditis TBAb positivity
has been detected in 12.5, 23.3 and 34% of sera, respectively (32).
The same group of Authors, by using a different assay, also
reported TBAb positivity in 46, 3, 9.4 and 36% of sera from
patients with atrophic thyroiditis, euthyroid, subclinical or overt
hypothyroid Hashimoto’s thyroiditis, respectively (33). In
pediatric population presence of TBAb may be even more
relevant, if 9% of children with CAT had TBADb posititvity
which was corelated to higher values of TSH (31, 34). It is
surprisingly interesting, however, to note that TBAb are also
linked to a transient form of CAT, with spontaneous remission of
hypothyroidism. Indeed, in a 11-years follow up in sera from
Hashimoto’s thyroiditis the disappearance (35) of TBAb was
linked to recovery of euthyroidism in about 40% of patients; it
was only detected in patients with the goitrous form of CAT,
while all the patients showing features of the atrophic form of
thyroiditis remain hypothyroid. It is therefore accepted that in a
small amount of patients with CAT and positivity for TRAb a
spontaneous recovery from hypothyroidism can occur (36) and
that TBAD in this small subset of patients are causative of the
transient hypothyroidism (37). Of course, the small number of
patients occurring this eventuality does not grant systematic
assay of TBAb in all patients with Hashimoto’s thyroiditis.
Transient positivity of TBAb has also relevance in congenital
hypothyroidism. In 1980 Matsuura et al. described the first
report of neonatal transient hypothyroidism correlated to the
presence of maternal TBADb (38). Prevalence of congenital
hypothyroidism due to the presence of TBAD is supposed to be
approximately 1:180000 newborns (36) and reviewed in (39).

An intriguing, although infrequent phenomenon is the shift
from hypothyroidism to hyperthyroidism and vice versa. It is
supposed to be, at least partially, correlated to a shift of TBAD to
TSAD or vice versa and has been matter of an extensive review
(17). The evolution from hyperthyroidism to hypothyroidism is
somehow a more frequent phenomenon which can be attributed
to different causes; contemporaneous presence of Graves’ disease
and Hashimoto’s thyroiditis is not difficult to understand,
whether we keep in mind that these are the two far ends of the
same disease called thyroid autoimmunity. It is therefore
conceivable to imagine that, while TSADb stimulate thyrocytes
to overwork, slower mechanisms of thyroid destruction can take
place and with time prevail, especially when amount of TSAb

decreases either spontaneously or due to anti-thyroid drugs
(ATD). Shift from TSAb to TBAb can therefore be only a
minority phenomenon in the evolution from hyperthyroidism
to hypothyroidism. The opposite (i.e. the evolution from
hypothyroidism to hyperthyroidism) is a very sporadic
phenomenon which requires the development of TSAb acting
on an already damaged thyroid or the shift from TBAb to TSAb.
Both mechanisms have been described; in 2012 (26) Takasu and
Matsushita reported the development of TSAb positivity in 2/34
(5.9%) of patients with TBAD positivity over a 10 years follow up.
On the opposite few patients developed hyperthyroidism
following the appearance of TSAb (40, 41) [and reviewed in
(17)] without a previous TBAD presence; this phenomenon was
accompanied by an increase of TgAb and TPOAD titer. There is
no difference in age or sex ratio, most of the patients have been
described in Japan, possibly due to the more common use of
TRAb assay. The common feature of all patients developing
TSAD is the long time, up to 20 years (41), treatment with L-T4.
A possible link to TSAb development is difficult to imagine; a
decrease of TBAb amount similarly to what happen for TgAb
and TPOAb in long-time L-T4 treated patients (42), can be
supposed but it remains difficult to understand why TSAb should
behave oppositely to TBADb. Easier to understand is the
phenomenon by which a newborn from a mother with chronic
autoimmune thyroiditis should initially be hypothyroid and then
develop hyperthyroidism. In 1983 Zakarjia et al. (43) described
delayed onset of hyperthyroidism in a newborn from a mother
with both TBADb and TSAD. The phenomenon has been attributed
to the earlier disappearance of TBAb from the serum with the
longer lasting presence of TSAb causing hyperthyroidism.

Thyroid Associated Orbitopathy (TAO) generally occurs in
patients with hyperthyroidism due to Graves™ disease, and it
sometimes occurs in euthyroid and hypothyroid patients. Mild
orbitopathy, mainly consisting in mild upper eyelid retraction,
has been reported to be common in chronic autoimmune
thyroiditis (44), while severe ophthalmopathy was considered
very infrequent. However, a recent study (45) evaluating 700
patients with CAT revealed that 44 (6%) of them had TAO, and
15/44 (34% of this subset and 2.1% of the whole CAT
population) had an active/severe disease. Interestingly 30/44
(68.2%) of patients with CAT and TAO had TSAb positive
values, while only 36/656 (5,5%) of patients with CAT and no
TAO were TSAb positive; even more significant, all the 15
patients with active/severe disease had positive TSAb values.
Although cases of severe thyroid-associated orbitopathy have
been documented in Hashimoto’s thyroiditis (46), the recently
published Guidelines for the medical management of TAO (47)
suggest the opportunity to assay TRAbD in all patients with TAO
and either Graves’ disease or Hashimoto’s thyroiditis for
diagnostic and prognostic purposes.

In a very unusual scenario CAT is associated with
encephalopathy and this association, later defined “steroid-
responsive encephalopathy associated with autoimmune
thyroiditis (SREAT)” (48) has been described for the first time
in 1966 (49). A serological distinctive feature of the disease is the
contemporary presence of one or more thyroid antibodies
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(TgAb, TPOAb and TRAb) and antibodies against brain-
expressed autoantigens; amongst the latter anti-alpha-enolase
antibodies are the most frequent (50). Interestingly a recent study
(50) has shown homologies between TSH-R and alpha-enolase;
keeping in mind that main thyroid antigens (Tg, TPO and TSHr)
are also expressed in the central nervous system and that alpha-
enolase is expressed also in the thyroid, a pathogenic
contribution of TRAb might be speculated.

Secondary CAT is a quite new clinical entity where onset of
CAT is secondary to a known agent; interferon alpha or beta,
interleukin-2, thalidomide, amiodarone, radiation therapy,
lithium, immune checkpoint inhibitors, and thyrosine kinases
inhibitors are some examples (2, 8). Central to the topic of this
review is the onset of thyroid autoimmunity caused by immune
reconstitution therapy, i.e., the restoration of immune cells after
a depletion phase. This is particularly the case for three different
therapies, i.e. following alemtuzumab, after highly active
antiretroviral therapy (HAART) and finally after bone marrow
transplantation (BMT) or hematopoietic stem cell
transplantation (HSCT) (8). Of particular interest is the case of
alemtuzumab treatment in patients with multiple sclerosis (MS);
indeed, the first peculiarity to be noted is that high prevalence of
thyroid dysfunction has only been observed in patients affected
by MS (51, 52) but not when alemtuzumab has been used for
rheumatoid arthritis, B-cell chronic lymphocytic leukaemia or
transplantation (53-55). Therefore, a common genetic
background can be postulated. Mechanism of action of
alemtuzumab is based on its binding to CD52 antigen which is
expressed on almost all T and B lymphocytes; after binding a
rapid cell lysis is induced and lymphocytes almost disappear
from the bloodstream. Then a quicker recovery of B cells (3-12
months) is observed while CD8+ and CD4+ T lymphocytes
recover later (within 20 and 36 months respectively) [reviewed in
(56)]; this gap might explain the onset of B-cell related thyroid
autoimmunity. Interestingly, no onset of autoimmune disorders
has been observed after B-cell only depleting immunomodulatory
agent, such as rituximab (57). Aside from mechanistic
explanation, a huge number (34 to 41%) of patients treated
with alemtuzumab for MS (8, 56, 58) develop thyroid
autoimmunity, mainly hyperthyroidism (from 4,7 to 33%), but
also hypothyroidism (5 to 13,8%) and destructive thyroiditis (4%)
as well. These data are even more impressive if compared with
those observed in MS patients treated with interferon-beta (6.5%).
Two sets of data have particular relevance to the topic of these
review: 1) 70% of patients developing thyroid dysfunction had
positive TRAb values and this value rose up to 76.7% in patients
with hypothyroidism, thus suggesting the presence of TBAD,
which has been confirmed by following studies showing TBAb
as the cause of hypothyroidism in 50% of MS patients (59). 2)
there is a high possibility to observe a shift from hyperthyroidism
to hypothyroidism and vice versa (19 to 52%) and this change
very often (up to 70%) occurs when TRADb are present. For these
reasons the European Thyroid Association in its guidelines (8)
does not recommend TRADb assay before alemtuzumab treatment
or during routine follow up, but strongly recommend its use when
thyroid dysfunction is disclosed (recommendations 11 and 14).

It is also suggested that TRADb assay might be performed in
hypothyroid patients with a previous detection of Abs-positivity,
because of the possible transitory presence of TBAb thus resulting
in recovery from hypothyroidism.

CONCLUDING REMARKS

The routine use of anti-TSH receptor antibodies (either TRAb or
TSAb/TBAb) assay cannot be suggested at the present for
diagnosis/follow up of patients affected by CAT. Indeed,
prevalence of TRAD is too low in CAT to be a useful tool for
diagnosis; moreover, even when detected they do not modify the
strategy of treatment. There are, however, several conditions
where their detection can be relevant: 1) due to the possibility of
disappearance of TBAb which can be causative of transient
hypothyroidism in goitrous form of CAT (35), HT patients with
long standing stability of low dose L-T4 treatment might deserve
evaluation of TBAD because of the high rate of recovery (40%) in
patients whose hypothyroidism was originally due to the presence
of TBAD. It has to be noted, however, that commercial test of
TBAD is hard to find [revised in (18)]; 2) when a shift from
hypothyroidism to hyperthyroidism is observed in a patient with
long time treatment with L-T4; 3) in patients with alternating
hyper/hypothyroidism phases; 4) in a newborn from a mother
with CAT and a contradictory clinical setting; 5) in patients with
CAT and suspected TAO. Assay of TSHrAB (either TRAb or,
better, TSAb/TBAb) is, on the contrary, mandatory when
treatment with immune reconstitution therapy (especially in MS
patients) is performed and thyroid dysfunction is detected.

Finally, it must be noted that studies on the clinical role of
TSHrAb in CAT are scarce and available data are very rarely
based on studies on numerous population; therefore, assay of
TSADb and particularly of TBAB should deserve more clinical
studies to better understand their role.
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Effect of Thyroid-Stimulating
Hormone Suppression on Muscle
Function After Total Thyroidectomy
in Patients With Thyroid Cancer

Jun Choul Lee ', Byong-Sop Song?*, Young Mi Kang', Yu-Ri Kim', Yea Eun Kang’,
Ju Hee Lee’, Minho Shong' and Hyon-Seung Yi'2*

7 Research Center for Endocrine and Metabolic Diseases, Chungnam National University School of Medicine,
Daejeon, South Korea, 2 Department of Core Laboratory of Translational Research, Biomedical Convergence Research
Center, Chungnam National University Hospital, Dagjeon, South Korea

Context: Thyroid-stimulating hormone (TSH) suppression is recommended to reduce
tumor recurrence following surgery for differentiated thyroid cancer (DTC). However,
prolonged subclinical hyperthyroidism caused by levothyroxine treatment has deleterious
effects on various organs.

Objective: To evaluate the relationships of TSH concentration with muscle mass, muscle
strength, and physical performance related to sarcopenia in patients with DTC undergoing
TSH suppression following surgery.

Methods: We studied 134 patients of >60 years who were undergoing TSH suppression
therapy following surgery for DTC. We evaluated muscle mass and muscle function-
related parameters and diagnosed sarcopenia using the threshold for Asian people.

Results: The participants were 68.3 + 7.2 years old and 36/134 (26.9%) were diagnosed
with sarcopenia. They were allocated to high-TSH and low-TSH groups using a threshold
concentration of 0.40 uU/mL, and grip strength was significantly lower in the low-TSH
group. The data were further analyzed according to age and sex, and in the low-TSH
group, male participants and those of <70 years were found to have significantly lower grip
strength.

Conclusions: Low-TSH concentrations is associated with low grip strength, and this is
most pronounced in individuals of <70 years of age. Therefore, muscle function should be
considered an adverse effect of TSH suppression in patients with DTC who undergo TSH
suppression therapy, especially in men of <70 years.

Keywords: thyroid-stimulating hormone, sarcopenia, thyroidectomy, thyroid cancer, muscle function and
physical activity
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INTRODUCTION

The standard treatment for differentiated thyroid cancer (DTC)
consists of thyroid surgery, with or without postoperative
radioiodine therapy and thyroid-stimulating hormone (TSH)
suppression therapy, according to the estimated risk of recurrence
(1-3). For those treated using thyroidectomy and for some who
undergo thyroid lobectomy alone, TSH suppression therapy, usually
conducted alongside levothyroxine administration, is necessary to
restore euthyroidism and is used to inhibit cancer recurrence, which
suggests that DTCs are TSH-dependent tumors (4-6). Because
aggressive TSH suppression therapy is of little or no benefit to
most patients with DTC, levothyroxine is not routinely
administered following unilateral lobectomy. Furthermore, clinical
guidelines recommend that the oncologic benefits of TSH
suppression are weighed against the cardiovascular and
musculoskeletal risks (7).

Sarcopenia is defined as an age-related, involuntary, progressive
loss of muscle mass and strength, and it affects approximately 50%
of adults aged >80 years (8). Sarcopenia is frequently accompanied
by long-standing physiologic consequences of metabolic disorders
and malignancies in patients, and together these have various
adverse sequelae, including physical disability, poor quality of life,
and death (9, 10). Patients with advanced thyroid cancer who are
treated using molecularly targeted therapies often experience a
significant loss of skeletal muscle mass, irrespective of the rate of
disease progression (11), but no previous studies have evaluated the
relationships of thyroid hormone or TSH concentration with
sarcopenia in patients with indolent DTC.

Hyperthyroidism and hypothyroidism affect multiple body
systems, including skeletal muscle, because this is a principal
target tissue of thyroid hormones. Although thyroid hormone
excess in overt hyperthyroidism induces osteoporosis and
myopathy, and impairs physical performance, subclinical
hyperthyroidism, defined as a TSH concentration below the
normal range, alongside normal serum thyroxine concentration, is
also associated with bone loss and a higher risk of fracture (12, 13).
Although most studies have shown the effects of overt or subclinical
hyperthyroidism on the heart or bone tissue, there is no research on
the effects of subclinical hyperthyroidism on physical and functional
muscle profiles and sarcopenia incidence in patients with DTC.
Furthermore, it remains to be elucidated how excessive T4
supplementation-induced subclinical hyperthyroidism affects
muscle mass and function after total thyroidectomy in
differentiated thyroid cancer patients. In addition, recent studies
have shown that the TSH receptor is expressed in skeletal muscle
cells (14, 15). TSH also directly modulates muscle metabolism,
independently of thyroid hormone, as has been demonstrated with
respect to bone remodeling (16). Therefore, we hypothesized that,
even though the role of TSH receptor signaling in skeletal muscle is
poorly understood, TSH suppression may be associated with higher
risks of the loss and/or dysfunction of muscle in patients with DTC
who are administering levothyroxine. In the present study, we
aimed to evaluate the relationship of TSH concentration with
muscle mass, muscle strength, and physical performance in older
patients with DTC.

MATERIALS AND METHODS
Study Participants

We performed a cross-sectional study of a sample of Korean
patients of >60 years of age who were undergoing TSH
suppression therapy following surgery for DTC between April
2019 and April 2020. These participants were attending the
Outpatient department of the hospital for the management of
DTC and TSH suppression therapy. Anthropometric
measurements were made after an overnight fast. Height (in
centimeters) and body mass (in kilograms) were measured, and
body mass index (BMI) was calculated as body mass divided by
the square of height (kg/m?). Individuals with liver cirrhosis,
renal failure, stroke sequelae, myocardial infarction, or angina
were excluded because these may affect muscle metabolism. After
the exclusion of ineligible individuals, 134 eligible participants
were enrolled.

Ethical Considerations

The Institutional Review Board (2019-06-063) of Chungnam
National University Hospital approved the research protocol.
Written informed consent was obtained from all the participants.
The interviews and examinations were performed in accordance
with the principles of the Declaration of Helsinki. The authors
certify their compliance with the ethical guidelines for
authorship and publishing in the journal.

Assessment of Sarcopenia
Information regarding the demographic characteristics and
medical and surgical histories of the participants was collected
through detailed interviews and reviews of medical records by
experienced nurses. Body composition, including muscle mass
(whole-body lean mass minus bone mineral content), was
evaluated using a bioelectrical impedance analyzer (InBody
S10; InBody, Seoul, Korea) at frequencies of 1, 5, 50, 250, 500,
and 1,000 kHz (17). Appendicular skeletal muscle mass (ASM)
was calculated as the sum of the muscle mass of all four limbs.
Skeletal muscle mass index (SMI) was calculated as ASM/height2
(kg/mz) (18). Hand-grip strength on the dominant side was
measured using a Jamar hydraulic hand dynamometer
(Patterson Medical, Warrenville, IL, USA) (19). Participants
were instructed to sit comfortably, bend their elbow to 90°,
and grip the dynamometer as firmly as possible. The maximum
value was recorded after all the tests were conducted twice at 1
min intervals or more. We also measured gait speed over a 4 m
distance and the time taken to complete five chair-stands (20).
The participants also underwent a short physical performance
battery (SPPB), which consisted of repeated chair-stands, and
assessments of balance when standing and gait speed (21). In
the standing balance test, which comprised side-by-side,
semi-tandem, and tandem stances, the participants were
instructed to stand for up to 10 sec. Higher SPPB scores (range
0 to 12 points) are indicative of superior function of the
lower extremities.

Sarcopenia was diagnosed using the 2019 Consensus
Guidelines of the Asian Working Group for Sarcopenia (22).
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Briefly, older patients with low muscle mass (SMI <7.0 kg/m? for
men and <5.7 kg/m” for women) and low muscle strength (hand-
grip strength <28 kg for men and <18 kg for women), and/or
poor physical performance (gait speed <1.0 m/s, five-time chair-
stand test 212 s, or SPPB score <9 points) were diagnosed as
having sarcopenia.

Thyroid Function and Biochemical
Measurements

Blood samples were collected from an antecubital vein and
centrifuged at 400 g for 5 min at 4°C, and then the supernatants
were carefully collected. Samples showing hemolysis or clotting
were discarded. The serum samples were stored at —80°C until
analyzed. Serum TSH and free T4 (FT4) concentrations were
measured using electrochemiluminescence immunoassays (Roche
Diagnostics, Mannheim, Germany) 24 h after sampling. Serum TSH
was measured using an E-TSH kit (Roche Diagnostics; reference
range: 0.35-5.50 mIU/L) and serum FT4 was measured using an E-
Free T4 kit (Roche Diagnostics; reference range: 0.89-1.76 ng/mL).

Statistical Analysis
Clinical data are presented as means + standard deviations (SDs)
or as numbers and percentages unless otherwise specified. The
chi-square and Fischer’s exact tests were used to analyze
categorical data. The normality of continuous variables was
assessed using the Shapiro-Wilk test, and homogeneity of
variance was assessed using Levene’s test. If the normality and
homogeneity of variance assumptions were satisfied, then
independent f-tests were used to compare the means of two
groups and ANOVA was used to compare the means of three
groups. If the normality assumption but not the homogeneity of
variance assumption was satisfied, unpaired ¢-tests and Kruskal-
Wallis tests were substituted. If neither assumption was satisfied,
Mann-Whitney U-tests and Kruskal-Wallis tests were used for
continuous clinical and biochemical data, as appropriate. A two-
tailed p < 0.05 was considered to represent statistical significance.
Statistical analyses were performed using R software version
4.0.4 (R Project for Statistical Computing, Vienna, Austria).

RESULTS

Baseline Characteristics of the

Study Participants

Supplementary Table 1 lists the baseline characteristics of the 134
study participants, of whom 109 (81.3%) were women, and the
mean + SD age was 68.33 + 7.19 years. Their mean serum free T4
concentration was 1.42 + 0.25 ng/mL and their mean TSH
concentration was 0.84 + 0.98 WIU/mL during thyroid function
testing. Their mean BMI was 24.32 + 3.24 kg/m”, their mean skeletal
muscle mass was 21.54 + 4.53 kg, and their mean SMI was 8.68 +
1.15 kg/m>. According to the 2019 Consensus Guidelines of the
Asian Working Group for Sarcopenia, 36 of the 134 (26.9%)
participants were diagnosed with sarcopenia. Their mean grip
strength, an index of muscle strength, was 21.54 + 540 kg.
With respect to indices of physical performance, their mean gait

speed was 4.34 + 1.38 m/s, their mean five-time chair-stand test
result was 8.57 £ 3.52 s, and their mean SPPB score was 11.04 +
1.75 points.

Effects of Age on Muscle Function in Older
Patients Undergoing Total Thyroidectomy

We allocated the participants to two groups on the basis of age
(Table 1): an over-70s group (n=55) and an under-70s group
(n=79). There were 66 (83.5%) and 43 (78.2%) women in each
group, respectively (P = 0.433). The mean FT4 concentrations
were 1.38 + 0.26 ng/mL in the over-70s group and 1.45 + 0.23 ng/
mL in the under-70s group (P = 0.059). The mean TSH
concentrations were 0.74 + 0.96 uIU/mL in the over-70s group
and 0.91 * 0.99 uIU/mL in the under-70s group (P = 0.530).
Twenty-three participants (41.8%) were diagnosed with
sarcopenia in the over-70s group and 13 (16.5%) in the under-
70s group (P = 0.001). However, there were no differences in
skeletal muscle mass or SMI between the two groups (P = 0.095
and 0.212, respectively). Moreover, there were no differences in
grip strength or the five-time chair-stand test result between the
two groups (P = 0.325 and 0.115, respectively), but the gait speed
in the over-70s group (4.78 + 1.33 s) was higher than that in the
under-70s group (4.03 + 1.34 s) (P = 0.002). There was also a
lower SPPB score in the over-70s group (10.40 + 2.20 points)
than in the under-70s group (11.49 + 1.18 points) (P = 0.001).

Relationship Between Serum TSH
Concentration and Muscle Function

in Older Patients Undergoing Total
Thyroidectomy

Next, we allocated the participants to a high-TSH group (0.40-
4.0 uU/mL; n = 69) and a low-TSH group (<0.40 pU/mL; n = 65)
(Table 2). There was no significant differences in the sex ratio or
the prevalence of sarcopenia between the high-TSH (73.9%) and
low-TSH groups (72.3%) (P = 0.988). In addition, there were no
differences between the groups with respect to the results of the
five-time chair-stand test, gait speed, or SPPB score (P = 0.295,
0.297, and 0.612, respectively). However, hand-grip strength was
significantly lower in the low-TSH group (20.30 + 3.96 kg) than
in the high-TSH group (22.72 *+ 6.27 kg) (P = 0.007). Logistic
regression analysis was performed to confirm the relationship
between hand-grip strength and TSH, and the Akaike
information criterion (AIC) was used to assess a model’s
maximum likelihood estimation. The AIC of the logistic model
was 172.9. There was an odds ratio of 1.1563 for grip strength for
the high-TSH group, meaning that the probability of being in the
high-TSH group increased 1.1563 times for each increase of 1 in
grip strength (Table 3). However, there was no relationships of
free T4 or T3 concentrations with muscle function or physical
performance in older patients who had undergone total
thyroidectomy (Supplementary Tables 2, 3).

Subgroup Analyses of the Data on the
Bases of Age and Sex

As shown in Figure 1, we calculated correlations to characterize
the relationships among all the clinical variables. Grip strength
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TABLE 1 | Clinical characteristics of the study sample, categorized according to age (N = 134).

Parameter 60-70 years (N = 79)
Sex

Male 13 (16.5)

Female 66 (83.5)
Sarcopenia

Absent 66 (83.5)

Present 13 (16.5)
Body mass index (kg/m?) 24.22 + 3.39
Skeletal muscle mass (kg) 21.92 + 4.66
Skeletal muscle index (kg/m?) 8.75+1.22
Free T4 (ng/mL) 1.45 +0.23
T3 (ng/mL) 1.39 £ 0.19
TSH (uIU/mL) 0.91 + 0.99
Grip strength (kg) 21.99 + 5.48
Chair-stand test result (s) 8.17 + 3.47
B-score 3.99 + 0.11
Chair score 3.76 + 0.69
Gait speed (s) 4.03 + 1.34
Gait speed score 3.84 £ 0.52
SPPB score 11.49 + 1.18

>70 years (N = 55) P-value

0.577

12 (21.8)

43 (78.2)
0.002

32 (58.2)

23 (41.8)
24.47 + 3.02 0.502
20.98 + 4.31 0.095
8.59 + 1.04 0.212
1.38 £ 0.26 0.059
1.36 £ 0.19 0.664
0.74 + 0.96 0.530
20.91 +5.25 0.325
9.21 +3.52 0.115
3.91 +0.35 0.113
3.62 +0.74 0.269
4.78 + 1.33 0.002
3.46 + 0.79 0.003
10.40 £ 2.20 0.001

Data are mean + SD or number (%). The chi-square or t-tests were used to compare the groups, as appropriate. Significant differences between the age groups are highlighted in bold.
TSH, thyroid stimulating hormone; BUN, blood urea nitrogen; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; SPPB, short physical performance battery.

tended to be lower in participants of <70 years and in men with a
low-TSH concentration. The correlation coefficient for the
relationship between TSH concentration and grip strength was
0.19, implying a weak positive correlation between the two
variables (Figure 1). We next determined whether grip
strength is related to age or sex in participants with a low-TSH
concentration. First, we allocated the participants to two groups
on the basis of being <70 or >70 years old, and then further
allocated them to high- and low-TSH groups. In the over-70s
group, there was no difference in hand-grip strength between the
high- and low-TSH groups, but in the under-70s group, grip
strength was significantly lower in participants with low-TSH

concentration than in those with high-TSH (Figure 2). However,
there were no relationships between five-time chair-stand
test performance and serum TSH concentration in either the
over-70s or under-70s groups. Next, the participants were
categorized according to sex and the muscle function of each
sex was compared between low- and high-TSH groups. There
was no difference in grip strength according to TSH
concentration in women, but it was significantly lower in men
with a low-TSH concentration. As for the results of the analysis
according to age, there was no relationship between five-time
chair-stand performance or TSH concentration in either men or
women (Figure 3).

TABLE 2 | Clinical characteristics of the study sample, categorized according to serum TSH concentration (N = 134).

Parameter <0.40 pU/ml (N = 65)
Sex

Male 9(13.8)

Female 56 (86.2)
Sarcopenia

Absent 47 (72.3)

Present 18 (27.7)
Age (years) 68.42 + 7.45
Body mass index (kg/m?) 24.24 + 3.07
Skeletal muscle mass (kg) 21.09 + 3.81
Skeletal muscle index (kg/m?) 8.59 + 0.92
Free T4 (ng/mL) 1.62 +0.27
T3 (ng/mL) 1.42 + 0.21
Grip strength 20.30 + 3.96
Chair-stand test result (s) 8.91 + 3.44
B-score 3.95 +0.28
Chair score 3.67 £ 0.73
Gait speed (s) 4.21 £1.07
Gait speed score 3.68 + 0.64
SPPB score 11.02 + 1.74

>0.40 pU/ml (N = 69) P-value

0.244

16 (23.2)

53 (76.8)
0.988

51 (73.9)

18 (26.1)
68.25 + 6.99 0.641
24.40 + 3.41 0.780
21.96 + 5.10 0.428
8.77 + 1.33 0.423
1.33+0.19 0.000
1.34 + 0.16 0.126
22.72 £ 6.27 0.007
8.24 + 3.58 0.295
3.96 + 0.21 0.949
3.756+0.70 0.538
4.46 + 1.62 0.297
3.69 +0.70 0.903
11.07 £ 1.78 0.612

Data are mean + SD or number (%). The chi-square or t-tests were used to compare the groups, as appropriate. Significant differences between the TSH groups are highlighted in bold.
TSH, thyroid stimulating hormone; BUN, blood urea nitrogen; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; SPPB, short physical performance battery.
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TABLE 3 | Results of the logistic regression analysis of potential predictors of serum TSH concentration.

No interaction (AIC = 172.9)

Parameter OR

(Intercept) 1.4385
Sarcopenia 1.4095
Grip strength (kg) 1.1563
Age (years) 0.4897
Free T4 (ng/mL) 0.1646
Skeletal muscle (kg) 1.1047
SPPB score 0.9153
Skeletal muscle index (kg/m?) 0.6526

SPPB, short physical performance battery.

DISCUSSION

In the present study, we have compared the prevalence of
sarcopenia, muscle strength, and physical performance in
patients with DTC who had high or low serum TSH
concentrations. We found that those with low-TSH
concentrations who were 60-70 years old had lower grip
strength than those who were > 70 years old.

The degree of TSH suppression in patients with DTC should
be optimized to reduce tumor recurrence while minimizing the
risk of toxicity associated with subclinical hyperthyroidism. TSH
suppression significantly increases the postoperative risks of
atrial fibrillation and osteoporosis in patients with DTC (23),
and subclinical hyperthyroidism is associated with higher
cardiovascular morbidity and mortality in older patients with
DTC (24, 25). Furthermore, postmenopausal women with DTC
and subclinical hyperthyroidism are at higher risk of
osteoporosis, whereas the risks for men and premenopausal
women are not affected by this (26). Therefore, we believe that
measurement of bone mineral density should be recommended
for postmenopausal women with DTC when TSH is being
suppressed. The American Thyroid Association recommends
that serum TSH should be suppressed to low concentrations
(0.1-0.5mU/L) for 5-10 years in high-risk groups only (3).
However, although the major academic societies have made
recommendations regarding TSH suppression-related adverse

A Male B Female
s50- P =0037
-
5 ' s
€ 30 2
2204 | s a
o * 5
2 2
5 10 H
T T

2.50% 97.50%
0.0066 328.5889
0.4244 4.7348
1.0444 1.2945
0.2105 1.1024
0.0657 0.3818
0.8679 1.4087
0.6653 1.2496
0.2744 1.6235

effects on heart and bone, on the basis of published evidence,
the optimal maintenance TSH concentration for the preservation
of muscle strength and physical performance in patients with
DTC has not been determined. Therefore, our finding that TSH
suppression may have adverse effects on skeletal muscle function
in elderly patients with DTC is of great relevance. Moreover, we
suggest that subclinical hyperthyroidism may be implicated as a
modifier of muscle function in individuals with total
thyroidectomy of <70 years of age.

Sarcopenia, which is associated with both low absolute muscle
mass and poor muscle function, is a problem in elderly patients
and increases in prevalence with age. Moreover, the prevalence of
DTC also increases with age. Therefore, the effects of
postoperative thyroid function on muscle function and
physical performance in our aging societies are important. We
have studied older adults with DTC (age 68.33 + 7.19 years) and
found a prevalence of sarcopenia of 26.9%, according to the
diagnostic criteria of the Asian Working Group (22). This
prevalence of sarcopenia in older patients of DTC is
comparable with that of community-dwelling individuals of
>65 years when SMI (ASM/heightz) is used as an index of
sarcopenia, with thresholds of 7.09 kg/m” for men and 5.27 kg/
m? for women (27). To evaluate the relationship of age with TSH
suppression-related muscle function, we further allocated the
participants to 60-70 years old and > 70 years old groups. As
expected, the prevalence of sarcopenia in the latter group (41.8%)

C Male Female

o

25 P =0.389

5 times chair stand test (s)
5 times chair stand test (s)

FIGURE 1 | Relationships of grip strength and chair-stand test result with serum TSH concentration and sex. (A) We allocated the participants to two groups on the
basis of sex. Grip strength in men was significantly lower in the low-TSH group than in the high-TSH group. (B) However, grip strength in women was similar in the
high-TSH and low-TSH groups. (C) The results of the chair-stand test were analyzed in the same way. The results of the test were similar in men in the high-TSH
and low-TSH groups. (D) The results of the test were also similar in women in the high-TSH and low-TSH groups. ** in the figure indicates p-value < 0.01.
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Age <70 years Age 270 years

40 P = 0.605

Handgrip strength (Kg)
Handgrip strength (Kg)

TSH-Lo TSH-Hi TSH-Lo TSH-Hi

the figure indicates p-value < 0.01.

was higher than that in the former group (16.5%). Intriguingly,
we found that TSH suppression was associated with low hand-
grip strength in the 60-70-year-old participants but not in the
older participants. This suggests that the frailty of the older
patients may conceal or prevent TSH suppression-related muscle
deterioration. Therefore, we further considered the roles of
potential risk factors for frailty: age, sex, ethnicity, nutritional
status, polypharmacy, educational level, cognitive function,
marital status, living status, drinking and smoking status,
regular exercise, and self-reported health. We found that more
marked TSH suppression was associated with lower hand-grip
strength, but only in men. Serum TSH concentrations are
considered the most reliable indicator of thyroid function

(o]

Age < 70 years Age 270 years

2 P =0.348

5 times chair stand test (s)
5 times chair stand test (s)

TSH-Lo TSH-Hi TSH-Lo TSH-Hi

FIGURE 2 | Relationships of grip strength and chair-stand test results with serum TSH concentration and age. (A) Participants were allocated to two groups on the
basis of age: <70 years and >70 years. Grip strength in the under-70s was significantly lower in the low-TSH group (TSH-Lo, <0.40 uU/mL). (B) Grip strength in the
over-70s was similar in the high- (TSH-Hi, 0.40-4.0 nU/mL) and low-TSH groups. (C) The chair-stand test results were similarly analyzed. Among the under-70s,

there was no difference between the low- and high-TSH groups. (D) Among the over-70s, there was also no difference between the low- and high-TSH groups. ** in

abnormalities, and TSH analysis stands as the primary means
of studying thyroid function (28). In contrast, free T4 assays
often fail to be reliable due to variable TBG and albumin levels
(29-31). This may explain why only low TSH concentrations,
not free T4 or free T3, were associated with low grip strength in
this study. However, these findings need to be confirmed in a
large cohort study using methods that take into account the
effects of confounding factors.

Grip strength is a measure of the maximum static force
that the hand can exert on a dynamometer and is a reliable
index of overall muscle strength (32, 33). Low grip strength
is associated with comorbidities such as hypertension,
diabetes, cardiovascular disease, stroke, and chronic obstructive

GS
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SM 0.14
SMI -0.01
BMI 0.63 0.39 -0.07
Age 0.05 -017 = -0.21 -0.08
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blue, respectively.

0.31
0.19 0.02
-0.24 0 -0.04
G 043 59 52 Correlation
k -0. K k 10
. 05
00
-0.03 0.06 043 045 e
B9
-0.01 0.09 03 0.29
0.07 0.07 0.12 0.03
-0.06 -0.01 =0 -0.31
T3 TSH GS SPPB

FIGURE 3 | Correlation coefficients for the relationships between explanatory variables and the response variable for the participants with thyroid cancer. In the
corrgram, the depth of shading at the correlation matrices indicates the magnitude of the correlation. Positive and negative correlations are represented in red and
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pulmonary disease, as well as high all-cause mortality (34-39).
Therefore, grip strength has been suggested to represent a
“biomarker of aging” across the lifespan (40, 41). Importantly,
low grip strength is a clinical marker of poor mobility and a
better predictor of clinical outcomes than low muscle mass (42,
43). Moreover, muscle strength is not solely dependent on
muscle mass, and the relationship between muscle strength
and mass is not always linear (44, 45). Therefore, careful
consideration of the importance of muscle strength per se and
muscle mass is necessary in research studies and in the clinic to
better understand the effects of particular factors on muscle
health. In the present study, we have shown that a low-TSH
concentration is associated with low grip strength in older
patients with DTC. Although we believe that TSH may
regulate the biogenesis and molecular function of skeletal
muscle cells (14), further experimental studies are required to
define the effects of TSH on muscle physiology and pathology in
the context of aging.

The present study had several limitations. First, because most of
the participants were elderly, there are likely to be various factors
that would have affected their muscle metabolism and function;
therefore, it was not possible to assess the pure relationship between
TSH and muscle function. Given the potential limitations of the
observational studies and the marginally statistically significant
association, it is difficult to determine between TSH and muscle
parameters using the conclusion of this study. Moreover, our study
population was exclusively South Korean, and we cannot be certain
that our results apply to other populations. Furthermore, we
excluded the participants with liver cirrhosis, renal failure, stroke
sequelae, myocardial infarction, or angina in the current study, but
other confounders, such as respiratory disease, autoimmune disease,
uncontrolled diabetes, low calcium intake and vitamin D level, sex
hormone level, and statin use, should also be excluded to enhance
statistical significance. In addition, we studied a relatively small
number of patients in a single institution. Therefore, further studies
should be conducted using a larger sample size and over a
wider area.

In conclusion, we have shown that a low TSH concentration
is associated with low grip strength, especially in individuals of
<70 years of age and in men. Therefore, clinicians should be
aware of the adverse effects of TSH suppression on muscle
function in patients with DTC who undergo TSH suppression
therapy, especially if they are male and under 70 years old.

SUPPLEMENTAL METHODS

Statistical analysis

To identify factors affecting TSH concentration, logistic
regression analysis was performed using age, sex, SMI, free T4,
T3, sarcopenia, grip strength, SPPB score, gait speed, and skeletal
muscle mass as explanatory variables. Because low-TSH and
high-TSH represent a binary response variable, we used the
Logit-model. Finally, Akaike’s information criterion and
multicollinearity among the explanatory variables were
considered in the selection of the final model.
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In previous studies we have demonstrated that the expression of the Major
Histocompatibility Complex (MHC) class | gene in thyrocytes is controlled by several
hormones, growth factors, and drugs. These substances mainly act on two regions of the
MHC class | promoter a “tissue-specific” region (-800 to —676 bp) and a “hormone/
cytokines-sensitive” region (=500 to —68 bp). In a previous study, we have shown that the
role of the “tissue-specific” region in the MHC class | gene expression is dominant
compared to that of the “hormone/cytokines-sensitive” region. In the present report we
further investigate the dominant role of the “tissue-specific” region evaluating the effect of
thyroid stimulating hormone (TSH), methimazole (MMI), phenylmethimazole (C10),
glucose and thymosin-o1. By performing experiments of electrophoretic mobility shift
assays (EMSAs) we show that TSH, MMI and C10, which inhibit MHC class | expression,
act on the “tissue-specific” region increasing the formation of a silencer complex. Glucose
and thymosin-o.1, which stimulate MHC class | expression, act decreasing the formation
of this complex. We further show that the silencer complex is formed by two distinct
members of the transcription factors families activator protein-1 (AP-1) and nuclear factor-
kB (NF-kB), c-jun and p65, respectively. These observations are important in order to
understand the regulation of MHC class | gene expression in thyroid cells and its
involvement in the development of thyroid autoimmunity.

Keywords: major histocompatibility complex class | (MHC-1), NF-kB, AP-1, thyroid, c-jun, p65, hormonal regulation

INTRODUCTION

Several studies have demonstrated that Major histocompatibility complex (MHC) class I as well as
class II overexpression on non-immune cells are important in the development of autoimmune
diseases and thyroid autoimmunity (1-9). Thus, there is an increased expression of MHC class I and
IT molecules in pancreatic 3 islet cells of patients with type 1 diabetes mellitus, in muscle biopsies of
patients with inflammatory myopathies, and in thyrocytes from patients with autoimmune thyroid
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diseases (3, 5, 7). MHC class I overexpression is an early feature
of the experimental-induced thyroiditis and this suggests its
pathogenetic role in the autoimmune process (10, 11).
Furthermore, MHC class I expression is necessary for the
induction of systemic lupus erythematosus (SLE) and type 1
diabetes mellitus in experimental models of these diseases (1, 2).
Indeed, down-regulation or absence of MHC class I expression is
considered the hallmark of tissue immune privilege (4, 12).
Regarding the thyroid, previous studies have demonstrated that
hormones and growth factors that regulate thyroid cell growth
and function, such as thyroid stimulating hormone (TSH),
hydrocortisone, insulin and insulin-like growth factor-I (IGF-I)
decrease MHC class I expression in a coordinate and specific way
(7, 13, 14). Of note is that MHC class I expression is also
decreased by iodide, phorbol esters, transforming growth factor
(TGF)-B1, and methimazole (MMI), whereas it is increased by
o-and 7y-interferons (IFNs), thymosin-al, and high levels of
glucose (15-21). The specific regulation of MHC class I gene
by these substances is particularly intriguing since the level of
expression of MHC class I molecules differs between tissues, with
the highest expression in lymphoid tissues and lower expression
in some tissues as endocrine glands, skeletal muscle,
myocardium, or gastric mucosa (22, 23). We believe that the
levels of MHC class I molecules are lower in tissues that have
potential autoantigens. Regarding the thyroid, we have
hypothesized that the decrease of MHC class I molecules on
the surface of thyrocytes by several hormones and factors, may
be an important mechanism to preserve thyroid self-tolerance
and prevent autoimmune thyroid disease. Indeed, the same
hormones and factors increase the transcription of thyroid
specific genes that can act as potential autoantigens (7, 16, 17).
These data assume a particular importance considering the
possibility that innate immune activation can lead to an
autoimmune response. Pivotal studies have demonstrated that
thyroid cells have functional pattern recognition receptors
(PRRs), such as toll-like receptors (TLRs) and retinoic acid-
inducible gene (RIG)-like receptors, that respond to various
pathogen-associated molecular patterns (PAMPs) or damage-
associated molecular patterns (DAMPs) (8, 24). Therefore, it has
been hypothesized that the presence of PAMPs or DAMPs into
thyroid cells can trigger an innate immune response, and
eventually make thyrocytes to behave as antigen-presenting
cells and to initiate an autoimmune response (25, 26).
Experiments conducted in FRTL-5 cells have shown that the
release of genomic ds DNA by injury activate several genes
involved in the immune response including the MHC class I gene
(26). We think that this mechanism is also true for other tissues
expressing normally low levels of MHC class I molecules. Indeed,
in patients with type 1 diabetes MHC class I overexpression is
associated with pancreatic islets infiltration by cytotoxic T
lymphocytes specific for autoantigens (27). Moreover, some
further studies suggest that MHC class I overexpression is the
trigger of immune-mediated myopathies (28, 29).

Given these data, we believe it is noteworthy that we know the
regulation of MHC class I expression in thyroid cells to better
understand the pathogenesis of autoimmune thyroid diseases

and to detect how hormones and drugs can modulate the
gene expression.

Previous studies have defined the 5 flanking region of the
PD1 gene a swine classical MHC Class I gene whose properties
are maintained when it is transfected into cells from different
species (13-15, 17-20, 24, 30-32). It has got two main regions
that control the expression of MHC class I gene in a particular
cell (Figure 1). The “tissue-specific” region, with overlapping
enhancer and silencer elements, is -800 to -676 bp from the start
of transcription; it sets the constitutive level of Class I expression
in each tissue. The “hormone/cytokines-sensitive” region,” -500
to -68 bp, is responsible for the regulation of class I expression
within each tissue and is modulated by the hormones,
growth factors, drugs and cytokines mentioned above (6, 16).
Table 1 shows the effects of different hormones, growth
factors, cytokines and drugs on the MHC class I promoter
activity in the thyroid cell line FRTL-5, as described in
previous studies (13-15, 17-20, 30). For all these compounds,

MHC PD1 promoter

TSR HSR -
Entvsil == [Ja [ b [c CORE [REPORTER
-800 -700 -500 l -180 -170-161-150  -107-100 -68

-1100 =203

RT1-A1 promoter

—sihom— [ |

712 684 .500 -221 -190
-196-168

c CORE

-124 93 -80

“TISSUE-SPECIFIC” REGION OF MHC PD1

$1(-736 to -704) [+]
S2 (-725 to -689) [++]
$3 (-703 to -680) [-]
E9 (-771 to -754) []
E1 (-771 to -737) [1]

=772 -637

Fragment140

FIGURE 1 | Diagrammatic representation of the MHC class | gene
promoters. (A), diagrammatic representation of the pig MHC class | PD1
promoter (6, 16). TSR: “tissue-Specific” Region including an overlapping
enhancer and silencer (enh/sil) elements; HSR: “hormones/cytokines-sensitive’
region including: the enhancer A (a), the interferon response element (b), the
CRE-like element (c), the core promoter containing CAAT and TATAA-like
elements (CORE); REPORTER: indicate the reporter gene used in previous
studies for functional analysis by CAT or luciferase assays. (B), diagrammatic
representation of the rat MHC class | RT1-A1 gene promoter (Ensembl gene
accession number: ENSRNOG00000038999). Sil-hom: a region homologous
to the PD1 silencer of the “tissue-Specific” region; a: enhancer A, b: an
overlapping interferon response element, c: enhancer B containing a CRE-like
element, CORE: a region containing CAAT and TATAA elements; the arrow
indicates the start of transcription. (C), detailed diagram of the “tissue -specific”
region of the MHC class | PD1 promoter, the relative positions of the
oligonucleotides used as competitors in are indicated, as well as that of the
140 fragment used as labeled probe. [+] and [-] indicate presence or absence
of competition, respectively.

”

Frontiers in Endocrinology | www.frontiersin.org

18

December 2021 | Volume 12 | Article 749609


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Giuliani et al.

MHC-I Regulation in Thyroid Cells

TABLE 1 | Effects of the indicated compounds on the MHC class | promoter activity.

Compound p (-1100)
TSH Decrease
Hydrocortisone Decrease
Insulin/IGF-1 Decrease
a-and y-Interferons Increase

lodide Decrease
TGF-B1 Decrease
Thymosin-a1 Increase

Glucose Increase

Methimazole Decrease
Phenylmethimazole Decrease

p (-203) Reference
Decrease (13)
Decrease (14)
Increase (30)
Increase (14, 18)
Decrease (15)
Decrease (19
Increase (20)
Increase (18)
Decrease (17)
Decrease (17)

p(-1100) and p(-203) indicate a reporter vector containing respectively the full length (-1100 bp) or the deleted mutant (-203 bp) of the MHC class | promoter PD1. Data are from previous

studies (13-15, 17-20, 30).

except insulin and IGF-1, there is a similar effect both in the full
length promoter -1100 bp from the start of transcription and in
the deleted mutant -203 bp from the start of transcription, which
lacks the “tissue-specific” region but retains the “hormone/
cytokines-sensitive” region (see Figure 1A). Experiments
performed with reporter vectors containing mutations of one
of the responsive elements of the “hormone/cytokines-sensitive”
region [the enhancer A, the Interferon response element or the
cyclic-AMP response (CRE)-like element], showed a loss of the
effect of the related compounds and allowed the identification of
this region (13-15, 17-20, 30). Furthermore, the disparate
response of insulin and IGF-1 between the full length
promoter and the deleted mutant p(-203) bp, have shown a
dominant role of the upstream “tissue-specific” region in
regulating the MHC class I gene transcription (30). The
functional relationship between these two regulatory regions
has been confirmed by the observation that insulin and IGF-1
lose their inhibitory effect on the activity of a full length MHC
class I promoter that lacks the enhancer A element. Furthermore,
electrophoretic mobility shift assays (EMSAs) have shown that
both the “tissue-specific” region and the “hormone/cytokines-
sensitive” region (particularly the enhancer A and the interferon
response elements) interact with different members of the same
family of transcription factors, nuclear factor-kB (NF-kB) and
activator protein-1 (AP-1) (13-20, 30). In detail, the silencer
element of the “tissue-specific” region interacts with the p65
subunit of NF-kB and c-jun, whereas the enhancer A element
binds a protein complex named Mod-1 consisting of the p50
subunit of NF-kB and fra-2.

As shown in Table 1, the MHC class I gene expression is
decreased by TSH, MMI and C10, whereas it is increased by
glucose and thymosin-ol. These compounds act on the
“hormone/cytokines-sensitive” region of the MHC class I
promoter. In more detail, TSH, MMI and C10 induce the
formation of specific protein/DNA complexes with a silencer
sequence between -127 and -90 bp containing a CRE-like site
(13, 17), whereas glucose and thymosin-oul induce the formation
of a protein/DNA complex, named Mod-1, with the Enhancer A
sequence between -180 and -170 bp (18, 20). Since we have
previously observed that the upstream “tissue-specific” region
has got a dominant role in the regulation of MHC class I gene
expression by insulin and IGF-1 (30), we have planned to

evaluate the effects of TSH, MMI, C10, glucose and thymosin-
ol on this region.

In the present manuscript we illustrate that TSH, MMI, C10,
glucose and thymosin-ol act on the “tissue-specific” region of
the MHC class I promoter modifying the formation of the
silencer complex made up of two distinct members of the
transcription factors families AP-1 and NF-kB, c-jun and p65
respectively. The effects of the aforementioned compounds on
the silencer complex formation is consistent with those
produced on the MHC class I gene expression. This
observation further suggests that in the FRTL-5 cells the
“tissue-specific” region acts as a dominant regulatory element
of MHC class I promoter.

MATERIALS AND METHODS

Materials

C10 was a gift from Intherthyr Research Corporation (Marietta,
OH, USA) (17). Thymosin-ol was kindly provided by SciClone
Pharmaceuticals Inc (Foster City, CA, USA). [y-**P]ATP (3000
Ci/mmol) and [0t->?P]-dCTP (3000 Ci/mmol) were from Perkin
Elmer Italia (Monza, Italy). Heat-treated, mycoplasma-free calf
serum was from Life Technologies Europe (Monza, Italy). For
EMSAs we used antibodies against the p65 (sc-8008) and p50
(sc-8414) subunits of NF-kB, c-jun (sc74543), and normal mouse
IgG (sc-2025) as negative control (Santa Cruz Biotechnology
Inc,, Santa Cruz, CA, USA). The oligonucleotides S1, S2, S3, E1
and E9 were kindly provided by Dr. Dinah S. Singer (National
Cancer Institute, NIH, Bethesda, MD, USA). Chromatin
immunoprecipitation was carried out by using the following
antibodies: NF-kB p65 (L8F6) mouse mAb, NF-kB p105/50
(D4P4D) rabbit mAb, c-Jun (60A8) rabbit mAb and normal
rabbit or mouse IgG as negative control (Cell Signaling
Technology Inc., Danvers, MA, USA). The source of all other
materials was the Sigma Aldrich Co. (St. Louis, MO, USA),
unless otherwise specified.

Cell Culture

The F1 subclone of FRTL-5 rat thyroid cells (American Type
Culture Collection, CRL-8305) was a gift from the Interthyr
Research Foundation (Marietta, OH, USA). Cells were grown in
6H5% medium consisting of Coon’s modified Ham’s F-12
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medium supplemented with 5% calf serum, 2 mM glutamine,
1 mM nonessential amino acids, and a six-hormone (6H)
mixture: 1 mU/mL bovine TSH, 10 ug/mL insulin, 0.4 ng/mL
cortisol, 5 mg/mL transferrin, 10 ng/mL glycyl-L-histidyl-L-
lysine acetate, and 10 ng/mL somatostatin. These cells were
diploid, between the 5™ and 25™ passage, and had all of the
functional properties described previously (13-15, 17-21, 24, 30,
33-38). Fresh 6H5% medium was added to the cells every 2 to 3
days, and they were passaged every 7 days. In individual
experiments, cells were grown to 60% confluence in 6H5%
medium and then shifted to the appropriate treatment
condition as previously reported (17, 18, 30). For the insulin
treatment, cells were shifted to a three-hormone (3H) medium
(i.e., with no TSH, insulin, or hydrocortisone) with only 0.2% calf
serum (3H0.2%) + insulin 10 pg/ml for 7 days. For the treatment
with MMI, C10 and TSH, cells were shifted to a five-hormone
(5H) medium (i.e., without TSH) with 5% calf serum (5H5%
medium) for 7 days to become quiescent, and then treated with
MMI 5 mM, C10 0.5 mM, or TSH 0.1 nM for 36 hours. In the
experiments performed with thymosin-otl and glucose, cells
were shifted to 5H5% medium for 7 days to become quiescent,
then they were cultured in 6H5% medium + thymosin-oi1 1 pg/
mL for 12 hours, or 6H0.2% medium + glucose 30 mM for 48
hours. The latter low serum medium was chosen to avoid a
potential effect by variable concentrations of the glucose
contained in the calf serum.

Cell Extracts

Cellular extracts were prepared by a modification of described
methods (39). In brief, cells were washed twice in cold PBS, pH
7.4, scraped, and centrifuged (500xg). The cell pellet was
resuspended in 2 volumes of Dignam buffer C [25% glycerol,
20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES-KOH), pH 7.9, 1.5 mM MgCl2, 0.42 M NaCl, 0.5 mM
dithiothreitol, 1 plg/ml leupeptin, 1 pg/ml pepstatin and 0.5 mM
phenylmethylsulfonyl fluoride]. The final NaCl concentration
was adjusted based on cell pellet volume to 0.42 M. Cells were
lysed by repeated cycles of freezing and thawing. The extracts
were centrifuged (100,000xg) at 4°C for 20 minutes. The
supernatant was recovered, aliquoted and stored at -70°C.

EMSAs

The generation and preparation of the -140 bp probe and of the
S1, S2, 3, E1 and E9 oligonucleotides were previously described
(30, 31). Their sequences are reported in Table 2. The -140 bp
probe was labeled with [y-**P]JATP using T4 polynucleotide
kinase (New England Biolabs, Ipswich, MA, USA), then
purified on an 8% native polyacrylamide gel. EMSAs were
performed as previously described (14, 30). Binding reactions
in low salts and no detergent included 1.5 fmol [**P]DNA, 3 ug
cell extract and 3 pg poly(dI-dC) in 10 mM Tris-Cl, pH 7.9, 1
mM MgCl2, 1 mM dithiothreitol (DTT), 1 mM
ethylendiaminotetraacetic acid (EDTA), and 5% glycerol in a
20 ul total volume. Incubations were performed at room
temperature for 30 min. Where indicated unlabeled
oligonucleotides or antibodies were added to the binding
reaction and incubated with the extracts for 20 minutes prior

TABLE 2 | Sequences (5'-3’) of the MHC class | PD1 promoter 140 fragment
and of oligonucleotides S1, S2, E1 and E9 used as competitors in the EMSAs.

140 fragment (-772 -637)
GGTCCACATTCAAAATAACCTTTGAGAAATTACCATAATGATAGCATCCAAAATT
ATCTGAAAAGGTTATTAAAAATACATGTCCTACATGTGTGCGGGGCTTTTACATT
TCATAGATGTCAGCCACCAAAAGGAG

S1 oligonucleotide (-740 -700)
CGCGAATGATAGCATCCAAAATTATCTGAAAAGGTTAGCGC

S2 oligonucleotide (-727 -687)
GGCCAAAATTATCTGAAAAGGTTATTAAAAATACATGTCGG

E1 oligonucleotide (-772 -733)
GGTCCACATTCAAAATAACCTTTGAGAAATTACCATCGCG

E9 oligonucleotide (-772 -746)

GGTCCACATTCAAAATAACAGGAGCGC

In blue the region -772 -732 spanning the enhancer element, in red the region -731 -676
spanning the silencer element. In italic and underlined are mutated nucleotides. See also
ref. 31.

the addition of labeled DNA. Following incubations, reaction
mixtures were electrophoresed on 4.5% native polyacrylamide
gels at 160 V in 0.5x TBE at room temperature. Gels were dried
and autoradiographed. Binding activity was quantified by optical
densitometry using a STORM 860 Imager (Molecular Dynamics,
GE Healthcare Italy, Milan, Italy) and data are shown in Table 3.

RNA Isolation and Northern Analysis

RNA was prepared using a RNeasy Mini kits (Qiagen Inc,
Valencia, CA, USA). Twenty pg of the different RNA samples
were run on denaturing agarose gels, capillary blotted on Nytran
membranes (Schleicher & Schuell-Whatman, Florrham Park, NJ,
USA), UV cross-linked, and hybridized by using QuickHyb
Hybridization Solution (Stratagene, La Jolla, CA, USA),
following the manufacturer protocol. The probes were labeled
with [0-32P]-dCTP using Ladderman Labeling kits (Takara
Mirus Bio, Madison, WI, USA). The MHC class I probe was a
1.0 kb Hpal fragment of the MHC class-I pH 7 clone spanning
the entire cDNA insert (40). The B-actin probe was as described
previously (40). Quantitation was performed using the STORM
860 Imager (Molecular Dynamics).

Chromatin Immunoprecipitation

(ChIP) Assay

ChIP was performed using SimpleChIP enzymatic chromatin IP
kit (Cell Signaling Technology Inc.) following the manufacturer

TABLE 3 | Densitometric analysis of the EMSAs shown in Figure 2A and
Figures 3A, B, C.

Treatment Band intensity (arbitrary unit)
Control 3H0.2% 100

+ Insulin 289 +7.2*
Control 5H5% 100

+ MMI 267 + 8.4*
+C10 269 + 6.6*
+ TSH 233 +9.1*
Control 6H5% 100

+ Thymosin-a1 58 + 5.0*
Control 6H0.2% 100

+ Glucose 44 + 6.9*

The intensity of each relative control is set to 100. Data are means + S.D from three
independent experiments. *p < 0.05 compared to relevant control.
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instructions. In brief, FRTL-5 cells cultured in 3H0.2% =+
insulin 10 pg/ml for 7 days, as described above, were
crosslinked for 10 min at room temperature by 1%
formaldehyde. Nuclear DNA was digested by Micrococcal
nuclease and nuclei were lysed by ultrasonic homogenizer. The
complexes were purified by ChIP grade protein G agarose and
the crosslinks were reversed incubating the samples with 200
mM NaCl and 120 pg of Proteinase K for 2 hours at 65°C.
Chromatin immunoprecipitation was performed with the
antibodies indicated above, DNA was purified and analyzed
using real-time quantitative PCR (qPCR).

qPCR Analysis

qPCR was performed using SimpleChIP Universal qPCR
master mix (Cell Signaling Technology Inc.) and a primer pair
(forward: 5-TCAAGGCCAGCTTGGTCTAC-3’; reverse: 5-
CAGCAGCCCAGCAGCCTC-3) flanking a region of the rat
MHC class I gene RT1.A1 (Ensembl gene accession number:
ENSRNOG00000038999) homologous to the silencer element of
the “tissue-specific” region of the PD1 promoter used in the
EMSAs. Each sample was run, in triplicate, in a QuantStudio 7
PRO Real-Time PCR System (Applied Biosystem, ThermoFisher
Scientific, Waltham, MA, USA) and the immunoprecipitation
efficiency was calculated using the percent input method.

Other Assays

Protein concentrations were determined using BCA protein
assay kits (Pierce Biotechnology Inc., Rockford, IL, USA), with
crystalline BSA as standard.

Statistical Analysis

All experiments were repeated at least three times with independent
batches of cells. The quantitative data obtained by optical
densitometry were evaluated as means + S.D. The significance
between experimental values was determined by unpaired two-
tailed t-test or two-way ANOVA, with p < 0.05 or better when the
data from all of the experiments were considered.

RESULTS

EMSAs Indicate That the Functional
Effects of TSH, Glucose, Thymosin o-1,
MMI and C10 on MHC Class | Gene
Expression Correlate With Changes in
Binding of DNA/Protein Complexes to the
“Tissue-Specific” Region of the PD1
Promoter

We have performed EMSA experiments using a radiolabeled
probe with a sequence encompassing the MHC class I promoter
between -772 to -637 bp, termed 140 fragment because of its total
length (including nucleotides from restriction sites on either
end). This fragment encloses the overlapping enhancer and
silencer elements of the “tissue-specific” region previously
described (31, 32). As previously showed (30), the addition of
insulin 10 pg/ml to the FRTL-5 cells maintained in a 3H medium

culture (i.e., no TSH, insulin, or hydrocortisone and containing
only 0.2% calf serum) increased the formation of a slowing
complex (Figure 2A lane 3, arrow; Table 3) similar to a previous
identified silencer of the promoter transcription (31, 32). This
treatment decreased the MHC class I RNA level (Figure 2B) as
already observed in previous studies (41).

The identification of this complex with the silencer element
previously described (30, 31) was confirmed by competition
experiments. Indeed, the preincubation of the cellular extracts
with unlabeled double-strand oligonucleotides, spanning the
functional silencer element previously identified and named S1
and S2 (30, 31) (Figure 1C) inhibited its formation (Figure 2Clanes
2 and 3 vs. 1, respectively). This inhibition was specific since two
oligonucleotides, corresponding to the enhancer portion of the
“tissue-specific” regions (Figure 1C), named E1 and E9 (31) did not
decrease the complex (Figure 2Clanes 4 and 5 vs. 1, respectively). It
must be emphasized that high levels of this silencer complex are
associated with low levels of MHC class I expression (6, 30-32).
EMSAs experiments performed by using extracts from cells treated
with TSH, MMI, C10, glucose and thymosin-ct1, confirmed the
consistency between the silencer formation and the expression of
the MHC class I gene (Figure 3). Indeed, cellular extracts from cells
cultured in 5H medium (i.e. without TSH) and 5% calf serum
treated with compounds that cause a decrease of MHC class I
expression, as MMI 5 mM, or C10 0.5 mM, or TSH 0.1 nM, showed
an increase of the silencer complex (Figure 3A lanes 2, 3,4 vs. 1,
respectively; Table 3). Conversely, cellular extracts from cells
treated with compounds that cause an increase of MHC class I
expression, as thymosin-c1 1 pug/mL or glucose 30 mM, showed a
decrease of the silencer complex (Figure 3B lane 2 vs. 1 and
Figure 3C lane 2 vs. 1, respectively; Table 3). The choice of
treatment conditions is based on our previous experiments (17,
18, 20) and are detailed in the Materials and Methods section.
Figure 3D shows the effect of these treatments on the MHC class I
RNA level, which confirm our previous studies

Cell extracts from FRTL-5 cells maintained in 6H5% medium
were then preincubated with antibodies against the p65 subunit
of NF-kB and c-jun. This experiment has shown a decrease of the
silencer complex (Figure 4, lanes 2 and 3 respectively), whereas
no effect was seen using antibodies against the p50 subunit of
NE-kB (Figure 4, lane 4 vs. 1). This decrease indicates an
involvement of c-jun and p65 in the formation of the silencer
complex as previously observed using extracts from FRTL-5 cells
treated with IGF-1 or insulin (30).

ChIP Assay Confirms the Binding of c-jun
and the p65 Subunit of NF-kB to the
“Tissue-Specific” Region of the Rat MHC
Class | Promoter

EMSAs, although very useful for analyzing the interaction
between transcription factors and specific DNA sequences, it
has the limit of carrying out the reaction in a test tube. Therefore,
we have evaluated in vivo using ChIP assay the interaction
between c-jun and the p65 subunit of NF-kB with a region of
the promoter of the rat MHC class I (RT1-A1 gene) homologous
to the silencer element of the “tissue-specific” region of the MHC
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FIGURE 2 | Representative EMSAs showing the effect of insulin on the formation of the silencer element. (A), EMSAs were performed, as detailed in Material and
Methods, using cellular extracts from FRTL-5 and the —140 bp probe that spans the region between -772 to -637 bp from the transcription start site (this fragment
encloses the overlapping enhancer and silencer elements of the “tissue-specific” region). Lane 1, radioactive probe alone; lane 2 is the incubation of radioactive
probe with extracts from control cells (3H 0.2% medium); lane 3 is the incubation of radioactive probe with extracts from cells in 3H 0.2% medium + insulin 10 ug/
ml. The arrow indicates the protein-DNA complex identified as the silencer element. (B), effect of insulin treatment on MHC class | RNA levels. FRTL-5 cells were
grown and treated as in the EMSAs shown in (A). Data are means MHC class-I/B-actin + S.D. expressed as percentages of control from three separate experiments,
*p < 0.05 compared to control. INS, cells in 3H 0.2% medium + insulin 10 ug/ml. (C), EMSAs were performed, as detailed in Material and Methods, using cellular
extracts from FRTL-5 and the =140 bp probe that spans the region between —772 to -637 bp from the transcription start site. Lane 1 is the incubation of radioactive
probe with extracts from cells maintained in 3H 0.2% medium + insulin 10 pug/ml; lanes 2 to 5 show the effect of the unlabeled oligonucleotides S1, S2, E1 and E9
(1000 fold excess) on the complex formation. Data are from a representative experiment repeated three times with similar results.

class I PD1 promoter. The cross-linked chromatin complex was
obtained from FRTL-5 cells treated with 3H 0.2% =+ insulin 10
pg/ml for 7 days and immunoprecipitation was performed using
antibodies against the rat c-jun and the rat p65 subunit of NF-kB.
The purified DNA was then analyzed by qPCR using primers
flanking the rat homologous silencer element. As shown in
Figure 5 the experiment confirmed the binding of the
transcription factors c-jun and the p65 subunit of NF-kB with
this region and the treatment with insulin increased the protein-
DNA interaction as observed with EMSAs. No effect was seen in
using antibodies against the rat p50 subunit of NF-kB.

DISCUSSION

Several studies performed in the past have demonstrated the
effects of various hormones, growth factors, cytokines and drugs

on MHC class I gene expression. They have also shown that these
compounds act on a region between -500 to -68 bp, therefore
called “hormone/cytokines-sensitive” region. This region has got
several enhancer and silencer elements as illustrated in Figure 1.
In more details, those studies have shown that some compounds
such as TSH, MMI and C10 act inducing the formation of two
protein-DNA complexes on a region that includes the
constitutive 38 bp silencer of the MHC class-I promoter, which
contains a CRE-like sequence (11, 15). Other compounds as
hydrocortisone, insulin/IGF-1, TGF-B1, thym and glucose act
regulating the binding of the Mod-1 complex with the enhancer
A element (12, 16-18, 22). In most cases, an increase in Mod-1
binding stimulates the gene transcription, while a decrease
inhibits it. However, we have previously observed (22) that
although insulin or IGF-1 makes Mod-1 binding increase it
leads the transcription of the MHC class I gene to be reduced.
This discrepancy was explained by the observation that insulin
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FIGURE 3 | Representative EMSAs showing the effect of different compounds on the formation of the silencer element. EMSAs were performed, as detailed in
Material and Methods, using cellular extracts from FRTL-5 and the —140 bp probe that spans the region between —772 to -637 bp from the transcription start site
(this fragment encloses the overlapping enhancer and silencer elements of the “tissue-specific” region). (A), Lane 1 is the incubation of the radioactive probe with
extracts from control cells (5H 5% medium, i.e. without TSH); lanes 2 to 4 show the effect of MMI 5 mM, C10 0.5 mM, and TSH 0.1 nM, respectively, on the

complex formation after 36 hours of treatment. (B), lane 1 is the incubation of radioactive probe with extracts from control cells (BH 5% medium); lanes 2 show the
effect of thymosin-a1 1 pg/mL on the complex formation after 12 hours of treatment. (C), lane 1 is the incubation of radioactive probe with extracts from control cells
(6H 0.2% medium); lanes 2 show the effect of glucose 30 mM on the complex formation after 48 hours of treatment. Data are from a representative experiment
repeated three times with similar results. Differences are statistically significant, p < 0.05. (D), effect of the treatments performed in EMSAs on the MHC class | RNA
levels. FRTL-5 cells were grown and prepared as detailed in Materials and Methods. Data are means MHC class-I/B-actin + S.D. expressed as percentages of
control from three separate experiments, *p < 0.05 compared to the relative control 5H5%; **p < 0.05 compared to the relative control 6H5%; ***p < 0.05 compared

to the relative control 6H0.2%.

and IGF-1 also increased the binding of a protein complex to a
silencer element located upstream on the promoter in the “tissue-
specific” region. From these results, which have highlighted a
dominant role of this region in the MHC class I gene regulation,
we were prompted to evaluate the effects of other factors on it.
As a first attempt we have chosen to evaluate the effect of
either compounds that decrease the MHC class I gene
expression, such as TSH, MMI and C10, or compounds that
increase it, such as thymosin-ol and glucose. TSH was chosen

since it is the main regulator of thyroid growth and function.
MMI is a drug widely used to treat hyperthyroidism that, beside
an antithyroid effect, also has anti-inflammatory and
immunosuppressive effects (42-44). C10, a phenyl derivative of
MMI (17), is a more potent anti-inflammatory agent both
in vitro and in vivo (17, 45). Thymosin-ol is a drug used to
stimulate the immune response (46) and one of its mechanisms
of action is the increase of MHC class I expression (20, 47). The
increased expression of MHC class I molecules on thyroid cells
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FIGURE 4 | Representative EMSAs showing the ability of antisera specific for
the p65 subunit of NF-kB or ¢-jun to inhibit the formation of the silencer
complex. EMSAs were performed, as detailed in Material and Methods, using
cellular extracts from FRTL-5 and the =140 bp probe that spans the region
between 772 to —637 bp from the transcription start site. Lane 1 is the
incubation of the radioactive probe with extracts from control cells (6H 5%);
lanes 2 to 6 are the incubation of the radioactive probe with extracts from
control cells after preincubation with antibodies directed against the p65
subunits of NF-kB, c-jun and the p50 subunit of NF-kB respectively; lane 5
refers to preincubation with normal polyclonal mouse IgGs as negative
control. Data are from a representative experiment repeated three times with
similar results. Differences are statistically significant, p < 0.05.

induced by the high glucose levels can be involved in the higher
incidence of thyroid autoimmunity associated with
hyperglycemia (48, 49). Furthermore, an increased expression
of MHC class I molecules in endothelial cells has been associated
with coronary artery disease (50) and this can be related with the
vascular complications induced by hyperglycemia.

In the present study we have demonstrated that in addition to
insulin and IGF-1, even TSH, MMI, C10, thymosin-o.1 and
glucose regulate the silencer complex in the “tissue-specific”
region and their effects on this site are in tune with the effects
they have on the downstream “hormone/cytokines-sensitive”
region. These data further suggest that in FRTL-5 cells the
“tissue-specific” region acts as a dominant regulatory element.
They also show that for most of the compounds tested the two
regulatory regions of the MHC class I promoter act in concert
with each other and the only exception observed so far is for
insulin and IGF-1. The functional relationship between the
“tissue-specific” region and the “hormone/cytokines-sensitive”
region has been observed in a previous study where we evaluated
the effect of insulin and IGF-1 on a reporter vector containing the

full length of the MHC class I promoter with a deletion of the
enhancer A element (30). The deletion of the enhancer A site
resulted in the loss of the insulin/IGF-1 effect on the promoter
activity. A weakness of the present work is the lack of
information on the effects of other compounds involved in the
autoimmune process. Further studies need to be performed in
order to find whether other compounds, particularly cytokines,
have a disparate response between these two regulatory regions.
Moreover, further studies should evaluate the regulation of MHC
class I by hormones, growth factors and cytokines in other tissues
beside thyroid.

In the present study, we have also noticed that in FRTL-5 cells
the transcription factors involved in the upstream silencer
complex formation are the p65 subunit of NF-kB and the AP-
1 family member c-jun. It must be underlined that the two
primary regions that regulate MHC class I transcription in
thyroid cells, that are the “tissue-specific” region and the
“hormone/cytokines-sensitive” region, interact with different
members of the same family of transcription factors. Indeed,
the upstream silencer interact with the p65 subunit of NF-kB and
c-jun, whereas the downstream enhancer A element binds either
the complex Mod-1 (formed by the heterodimer p50/fra-2) or
the classic NF-kB dimer p50/p65, which has an opposite effect
compared to Mod-1 (14, 15). Thus, it is possible that a regulatory
effect in one subunit can affect the other and alter the way in
which these factors regulate the promoter. Further studies are
needed to deepen our knowledge on the functional interactions
between these transcription factors and the promoter regions, as
well as to evaluate if other transcription factors are involved.

Of particular interest is also the observation that MHC class I
expression in thyroid cells is controlled by several hormones and
growth factors. This hormonal regulation is considered
important for the suppression of autoimmunity during
hormonally induced changes in thyroid cell function, which
results in an enhanced expression of potential thyroid
autoantigens, such as thyroglobulin, thyroid peroxidase, and
the TSH receptor (7, 8). Indeed, several observations suggest
that the overexpression of HLA molecules on nonimmune cells
has an important role in the pathogenesis of autoimmune
diseases. It has been hypothesized that several insults to
nonimmune cells of target tissues (such as viral infections,
dsRNA, ds DNA or tissue injury) can activate the innate
immune response through PRRs such as TLRs and RIG-like
receptors, and induce the secretion of .-, 3- or y-IFN. This would
result in an overexpression of MHC molecules and cytokines by
the target cells, which would then recruit and activate
lymphocytes and hence initiate an autoimmune response (7, 8,
24-26, 51). Therefore, we think it is very important to know of
the mechanisms that regulate the MHC class I gene as well as the
compounds that can modify them. Indeed, it is of remarkable
importance to underline is the selective regulation of the distinct
members of NF-kB and AP-1 by several hormones and growth
factors. The hormonal regulation of the NF-kB dimers in thyroid
cells is not restricted to the MHC gene. Studies performed in the
FRTL-5 cells have shown that TSH can modify the composition
of the NF-kB dimers activated by TNF-c. In the absence of TSH,
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FIGURE 5 | gPCR analysis of purified DNA from ChIP performed using antibodies against the p65 subunit of NF-kB and c-jun. 3H, control cells (3H 0.2% medium);
3H + INS (3H 0.2% medium + insulin 10 ug/mi). Normal rabbit or mouse IgG were used as negative control in the ChIP assay. The amount of immunoprecipitated
DNA in each sample is represented as signal relative to the total amount of input chromatin. Data are means + SD for three independent experiments. *p < 0.05
versus relevant control.

TNF-a treatment activates only the p50 homodimers, whereas in
the presence of TSH there is also the activation of the p50/p65
heterodimers, which results in the modification of the IL-6 gene
expression (52).

The data presented herein suggest that the “tissue-specific”
region represents the primary regulator of the MHC class I gene
transcription in thyroid cells. They further suggest that some drugs
such as MM], its derivative C10 and thymosin-al regulate the
binding of c-jun and the p65 subunit of NF-kB to this region. This
can have an impact on the therapy of autoimmune and
inflammatory diseases as well as on the treatment of cancer.
Indeed, we speculate that the effectiveness of MMI in the
treatment of autoimmune thyroid diseases is not only due to its
antithyroid effect but also to its ability to suppress the inflammatory
and immune processes. For this reason, we and other groups have
studied MMI derivatives characterized by a high anti-inflammatory
and immunosuppressive potency and a low or no effect on thyroid
function (17, 45, 53, 54). C10 is one of these derivatives and several
studies suggest its potential use in severe inflammatory diseases
(45). On the other hand, the information obtained on the
mechanism of action of thymosin-ou1 are important for its use in
cancer immunotherapy and to stimulate the research of new drugs
with the same mechanism of action, considering that the loss of
MHC class I expression is a feature of several tumors including
papillary thyroid cancer (55-59).

The present study, as well as most of the studies discussed
here, has been performed in the FRTL-5 cells. They are a non-
transformed rat thyroid cell line in continuous culture that
represents a well-defined and reproducible in-vitro model of
thyroid function (13-15, 17-21, 24, 30, 33-38). The reliability of
the FRTL-5 cells as a model to study MHC gene regulation has
been validated by studies conducted in animal models and in
human tissues (1, 7, 8, 54, 60, 61).

In summary, our data show that the “tissue-specific” region of
the MHC class I promoter is the target of several hormones and
growth factors that regulate the gene expression. Future research
directions should be performed to deepen the knowledge about
MHC class I promoter activity in thyroid and in other tissues,
either nonimmune and immune and to understand its role in
autoimmune diseases and cancer.
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The regulation of the female reproductive system is one of the most relevant actions of
thyroid hormones. Adequate thyroid hormones production is essential for normal
menstrual function and fertility as well as for the successful maintenance of pregnancy.
The relationship between reproductive failure and thyroid disorders is particularly relevant
and attracts attention worldwide. Thyroid autoimmunity (TAl), defined by the presence of
circulating antithyroid antibodies targeting thyroid peroxidase (TPOAb) and thyroglobulin
(TgAb), is prevalent among women of reproductive age and is the most frequent cause of
thyroid dysfunction. Several studies addressed the association between TAI, thyroid
function, and fertility as well as pregnancy outcome after spontaneous or assisted
conception. Infertility, miscarriages, and fetal-maternal complications are described in
overt autoimmune hypothyroidism. More debatable is the role of mild thyroid dysfunction,
mainly subclinical hypothyroidism (SCH), and TAl in the absence of thyroid dysfunction in
infertility and reproductive outcome. Assisted reproductive technology (ART) has become
an integral element of care for infertility. Women with TAI undergoing ART are of particular
interest since they carry a higher risk of developing hypothyroidism after the ovarian
stimulation but whether TAI, in absence of thyroid dysfunction, adversely affects ART
outcome is still controversial. Likewise, the role of levothyroxine (LT4) in improving fertility
and the success of ART in euthyroid women with TAl is unclear. This review discusses the
role of TAI, in the absence of thyroid dysfunction, in infertility and in ART outcome.

Keywords: thyroid autoimmunity, female infertility, assisted conception, assisted reproduction technology,
pregnancy outcome, miscarriage, thyroid peroxidase antibodies, thyroglobulin antibodies

INTRODUCTION

The definition of infertility is the failure to achieve clinical pregnancy after 12 months or more of
regular unprotected sexual intercourse (1). Female factors (ovulatory disorders, endometriosis,
pelvic adhesions, tubal blockage/abnormalities, and hyperprolactinemia) account for 35%, male
factors for 30%, and combined factors for 20%. In 15% of the cases the cause remains unknown
(idiopathic or unexplained infertility). The prevalence of infertility varies worldwide and is
estimated to affect between 8 and 12% of reproductive-aged couples (2). Multiple elements can
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contribute to infertility affecting the female, the male, or both
partners and many studies have been dedicated to identifying
treatable risk factors that contribute to infertility. Among these
risk factors are the presence of thyroid dysfunction and/or TAI
Therefore, screening for TSH and TPOADb is generally part of the
initial work-up of infertile women. Indeed, thyroid hormones
(TH) regulate the hypothalamic-pituitary-ovarian axis. A role of
TH on luteinizing hormone (LH) secretion, on granulosa cell
functions, LH/hCG receptor expression, and follicle
development has been demonstrated (3). Therefore, ovulatory
dysfunction and infertility are common in untreated thyroid
dysfunction (4). Moreover, TH plays a critical role in
implantation and early fetal development through actions on
the placenta and endometrium (5). If adequate TH is necessary
to avoid reducing the chances of conception and implantation,
the same is true for the maintenance and outcome of pregnancy
as well as for fetal brain development. In pregnancy significant
adaptations of thyroid function are required, and the maternal
thyroid must increase the hormone production by approximately
50% (6, 7). These pregnancy related adaptations cannot be
accomplished in women with undiagnosed or uncontrolled
hypothyroidism. The adaptation is even more difficult in
assisted conception since the controlled ovarian stimulation
protocols of ART anticipate the strain on thyroid function
observed only after conception in spontaneous pregnancy (8).
Thyroid disorders are more prevalent in females and are
frequently encountered as a new diagnosis in women seeking
pregnancy or during pregnancy. TAI is characterized by the
presence of circulating antithyroid antibodies targeting thyroid
peroxidase (TPOAD) and thyroglobulin (TgAb). Indeed, also
circulating antibodies targeting TSH receptor, that are hallmarks
of Graves’ disease, have significant implications in reproductive
age women and in pregnancy but their discussion is beyond the
scope of this work and has been reviewed elsewhere (9). TAI is
the leading cause of thyroid dysfunction and comprises a
spectrum of conditions ranging from euthyroid thyroiditis to
subclinical or overt hypothyroidism and, less frequently, to
transient thyrotoxicosis. There is evidence that TAI-related
thyroid dysfunction (mainly overt and subclinical
hypothyroidism) adversely affects conception and pregnancy
outcomes (10). Rather, it is unclear what impact TAI has with
normal thyroid function in infertility, and in the outcome of
pregnancy especially in women undergoing ART; clinical studies
as well as meta-analyses report discrepant results (11). Despite a
multitude of studies, a clear pathophysiological link connecting
TAI and reproductive failure has not been identified. It is
challenging to distinguish the effect of TAI per se from the
changes it can induce in thyroid function, that is, TSH levels at
the high end of the normal range or compatible with subclinical
and overt hypothyroidism. When looking at studies addressing
the role of TAl-related thyroid dysfunction in reproductive
failure it must be remembered that the serum TSH level cut-off
used to define normal thyroid function in pregnancy has been
changed over time. The upper limit of serum TSH was set at 2.5
mlIU/L according to the American Thyroid Association (ATA)
guidelines published in 2011 (12). In the newest guidelines

published in 2017, the need for trimester specific and local
population TSH reference is strongly reaffirmed and, if this is
not available, the upper limit of TSH in the first trimester is set at
4.0 mIU/L (13). Recently, guidelines specifically addressing
thyroid dysfunction prior to or during ART have been
published by the European Thyroid Association (ETA) (14). In
searching a thyroid function independent pathogenic role of TAI
in reproductive failure, several studies have been dedicated to
potential immune-dependent direct effect on the ovary, on the
endometrium, and on the feto-maternal unit. The findings are
interesting but merely speculative and need confirmation (15).
There remain unanswered questions on the relationship between
TAI and reproductive outcome; several fields of research are
open (11, 16). Increasing knowledge on the pathophysiological
link between TAI and reproductive failure would improve the
management and treatment of infertile women with TAIL The
treatment of infertile euthyroid women with TAI remains
the greatest areas of uncertainty, some studies demonstrate
that LT4 reduces the risk of adverse pregnancy outcome while
others do not (17). In this work we reviewed the epidemiological,
clinical, and pathophysiological data addressing the relationship
of TAI, without thyroid dysfunction, with infertility and
ART outcome.

PREVALENCE OF THYROID
AUTOIMMUNITY IN INFERTILE PATIENTS

The prevalence of TAI differs with races, age, iodine supply, and
smoking, and is estimated as high as 5-16% in women aged 20-
45 years in Europe (18, 19). Many studies have investigated the
prevalence of TAI in infertile women. The studies are
heterogeneous for design (frequently cross-sectional or
retrospective), sample size, subjects (women with different
causes of infertility or with a selected cause) and controls
(unselected, age matched fertile, healthy non-pregnant) and for
different methods of autoantibodies assay. In studies published
until the early 2000s the prevalence of TAI in infertile women
ranged from 6.8 to 14.5% but without significant differences
compared to controls (20, 21). Only in two studies the prevalence
was higher than the control population in women with
anovulation (26%), in women with idiopathic infertility, and,
mostly, with endometriosis (30%) compared to the unselected
population (22, 23). However pooling the result of the studies the
prevalence of TAI among women attending infertility clinics has
been estimated higher compared to the general population with a
relative risk of 2.1 (24). In more recent studies a prevalence of
TAI in infertile women between 13% and 19% has been reported
(25-27). In a large observational cohort study of 19,213 women
with a history of miscarriage or infertility trying for a pregnancy,
TPOAD was found in 9.5% of asymptomatic women (28). TAI
was found in 5.9% of women at the first intra-uterine
insemination and in 25% of women undergoing ART (17, 29).
The secondary analysis of data from two multicenter,
randomized, controlled trials reported that 8.6% infertile
women had TPOAD (30). In one study not showing significant
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difference of TAI prevalence between the whole infertile
population and the controls, higher prevalence was observed in
women with female causes and, the highest, in women with
endometriosis (29%) (31). This association was not confirmed in
a subsequent study showing TPOAD in 14.9% of women with
endometriosis and in 22.2% of the control group (32). An
increased prevalence of TAI has also been reported in women
with polycystic ovary syndrome (PCOS). In a prospective study
TPOAb/TgAb or hypoechoic pattern at thyroid ultrasound was
significantly higher in PCOS women compared to controls (26.9
vs. 8.3% and 42.3% vs. 6.5% respectively). PCOS patients had a
higher mean TSH level and a higher incidence of TSH levels
above the upper limit of normal (22). Again these findings were
not confirmed in a recent study on 210 women with PCOS and
343 age matched controls: no differences were found in the
prevalence of TPOAb and/or hypohecoic pattern at thyroid
ultrasound between patient and controls (4.8% and 7.6% and
9.3% and 12.3%, respectively) but subjects with TAI showed
significantly higher adiposity and insulin resistance index than
those without (33). Finally, in a meta-analysis pooling four
studies, TAI was more prevalent in euthyroid women with
idiopathic infertility with an odds ratio of 1.5 (34). It is worth
remembering that in most of the cited studies TAI is defined
based on the presence of TPOAb. In a prospective study both
TPOAD and TgAb were present in 8% of the cases but isolated
TgAb prevalence was close to that of isolated TPOAb (4% vs.
5%). Interestingly women with TgAb had significantly higher
serum TSH levels compared with women without TAIL The
study also showed a higher prevalence of TAI in infertile patients
(35). In 436 women attending a fertility center, TPOAb and
TgAb were detected in 10.6% and 9.2%, respectively, overlap was
found in 4.6% (36). Therefore, up to 5% of TAI women can be

missed if only TPOADb is measured. On the other hand, it is well
known that circulating thyroid autoantibodies could wane in
pregnancy or be absent, outside pregnancy, in the so-called
“seronegative chronic autoimmune thyroiditis” (37). Table 1
summarizes some of the studies on the prevalence of TAI in
infertile women.

In conclusion, a higher prevalence of TAI cannot be
demonstrated in all infertile women, but it is plausible in
women with PCOS and with unexplained infertility. In the case
of PCOS TAI might further affect fertility, being also associated to
higher TSH levels and to a worse metabolic phenotype.

PATHOPHYSIOLOGY

A clear pathophysiological link connecting TAI to infertility and
to pregnancy outcome after spontaneous conception or ART has
not been identified. There are several hypotheses and potential
points of action have been proposed. Thyroid hormone-
dependent as well as thyroid hormone-independent
immunological effect of TAI on the ovary, on the uterus, and
on fetoplacental unit have all been implicated. Moreover, TAI
could represent a peripheral marker of a general immune
imbalance affecting fertilization, implantation, and pregnancy
maintenance (15-17). The most relevant hypotheses are
briefly illustrated.

Thyroid Antibodies Are Directly
Pathogenic to the Reproductive Organs

In searching a potential target of TAI in infertility and ART
outcome, antithyroid antibodies direct binding and damage to
the reproductive organs has been investigated. Interestingly it has

TABLE 1 | Prevalence of thyroid autoimmunity in infertile women.

Author, year Patients’ characteristics Hallmark of Percentage of Conclusion
TAI TAl+
Karakan, 2013 (25) 253 women undergoing ART for male/female TPOADb, TgAb 13.4% No difference in causes of infertility between TAI+
causes of infertility and TAI-
Dhillon-Smith, 2020 (28) 19,350 women, miscarriage/infertility TPOAb 9.5% Higher prevalence of TAl in obese women
Hamad, 2021 (29) 584 women undergoing ART for female/male/ TPOAD, TgAb 25.3% TAI more prevalent in women with combined
combined infertility infertility factors
Percentage of
TAI+
Patients Controls
Poppe, 2002 (31) 438 women with various causes of infertility, 100 TPOAb 14% 8% Higher prevalence of TAl in women with female
age-matched healthy parous controls causes (the highest in endometriosis)
Petta, 2007 (32) 148 women with endometriosis TPOADb, TgAb 14.9% 22.2%  No difference in TAI prevalence

158 without
175 patients with PCOS,
168 age-matched without PCOS

Janssen, 2004 (22)

TPOADb, TgAb 26%. 8.3%
Hypoechoic

Threefold higher prevalence of TAIlin patients

42.3% 6.5%  with PCOS

pattern at T-US

Kim, 2020 (33) 210 women with PCOS,

343 age-matched controls

TPOADL 4.8% 7.6%
Hypoechoic 9.3%

No difference in TAI prevalence
12.3%

pattern at T-US

Unuane, 2013 (35) 356 women, female infertility, 458 not consulting

for infertility/male infertility

TPOADb, TgAb 19% 13%

Higher prevalence of TAl in infertile women

TAI, thyroid autoimmunity; ART, assisted reproductive technology; TPOAb, thyroperoxidase antibody; TgAb, thyroglobulin antibody; PCOS, polycystic ovary syndrome; T-US,

thyroid ultrasound.
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been demonstrated that antithyroid antibodies can pass through
the blood-follicle barrier during the maturation period. In a
study of 31 women undergoing IVF, TPOADb and TgAb were
measurable in the follicular fluid, on the day of oocyte retrieval,
in 14 patients with TAI and in none of the negative control. The
follicular fluid concentrations of antithyroid antibodies were
approximately half with respect to those in the serum thus
indicating that they pass the blood-follicle barrier and reach
concentration proportional to their blood levels. In this study
oocyte fertilization, good quality embryos, and pregnancy rates
were lower in women with TAI than in negative controls, while
early miscarriage rate was higher. This “follicle hypothesis”
suggests that presence of antithyroid antibodies may create a
cytotoxic environment that damages the maturing oocyte
reducing its quality and fertilization potential (38). A recent
study confirmed the association of antithyroid antibodies in
follicular fluid and ART outcome. In 52 women undergoing
ART a statistically significant correlation was found between the
levels of TPOAb and TgAb in serum and follicular fluid.
Pregnancy rates per initiated cycle and per embryo transfer
cycle were lower in TAI women thus suggesting a negative
effect on the post-implantation embryo development (39).
Although only in three patients, thyroid peroxidase has been
demonstrated, by immunocytochemistry, in the granulosa
cumulus cells of the human ovarian follicle, thereby supporting
the hypothesis that TPOAb could target their antigen directly at
the level of the ovary (40). In an autoimmune thyroiditis animal
model antithyroid antibodies were evidenced on the surface of
pre-implantation embryos (41). Also, it has been shown that
human anti-zona pellucida antibodies recognize antigens within
the murine thyroid tissue. It can be speculated that the zona
pellucida, which has an important functional role in the
interaction between the oocyte and the sperm cell and in pre-
implantation, may be a target for antithyroid antibodies (42).
Although the evidence is limited, a role of a hostile immune
environment at the level of the ovary, with TPO as the direct
antigen, has been proposed as one of the non-thyroid hormone
dependent mechanisms at least in the early stage of autoimmune
process in infertility (16). These antibodies may generate an
inflammatory response that alters the milieu of the maturing
oocyte affecting ovarian reserve and embryo quality.

Thyroid Autoantibodies Are an
Epiphenomenon of a Generalized Immune
Dysfunction

An alternative pathogenetic hypothesis considers that TAI might
be a marker of both generalized humoral and cellular immune
dysfunction. Polyclonal lymphocyte B activation is more
frequent in TAI and is associated with the increased levels of
non-organ-specific antibodies, such as antinuclear antibodies
(ANA), anti-dsDNA, anti-ssDNA, and antiphospholipid
antibodies (aPL). Indeed, most of these autoantibodies are
associated with reproductive failure; aPL can cross-react with
trophoblast-placental tissue thus reducing trophoblast viability,
syncytialization and invasion (43). An increased rate of recurrent
miscarriage is reported in patients with poly-autoimmune

disorders as compared with patients affected by isolated TAI
(44). An increased levels of antibodies against laminin-1 (LN-1),
that have been associated with reproductive failure, have been
demonstrated in serum and follicular fluid of infertile women
with TAL The serum levels of these antibodies were inversely
correlated with oocyte count, along with a significantly reduced
implantation rate and pregnancy rate (45). The concurrent
presence of anti-ovarian autoantibodies, hallmarks of
premature ovarian insufficiency (POF) obviously can affect the
immune homeostasis of oocytes and impair ovarian reserve. POF
can occur in isolation but is often associated with other
autoimmune conditions. Hypothyroidism, TAI, and Graves’
disease are the most seen associated disorders (46).
Lymphocyte T cells, T helper (Th)1/Th2 balance, and
regulatory T (Treg) cells play an important role in pregnancy;
an altered cellular immune status and increased secretion of
inflammatory cytokines is considered to contribute to adverse
pregnancy outcome such as miscarriage and pre-term birth
(PBT) (47). IL-2 and INF-y, produced by Thl cells, play
important roles for the induction of implantation failure and
abortion while the proinflammatory cytokine IL-17 is involved in
the pathogenesis of abortion and PTB (48). Animal models have
shown that an increased incidence of fetal loss and enhanced Th1
cell proliferation in Tg-immunized mice (49). Also natural killer
(NK) cells dysregulation in the peripheral blood, with a
prevalence of cytotoxic over immunoregulatory is closely
related to reproductive failures, including recurrent miscarriage
(RM) and infertility (50). Indeed, phenotypic and functional
analysis on peripheral blood mononuclear cells from healthy
donors and from TAI patients showed Th1 oriented changes of
innate immunity, elevated NK, and NKT-like cells ratios, and
enhanced natural cytotoxicity in TAI positive euthyroid women
(51). Proinflammatory cytokine such as IL-2 and IL-17 as well as
interferon gamma have been shown increased in the serum and/
or in the follicular fluid of patients with TAI along with a
quantitative and qualitative changes in endometrial T cells
with reduction of secretion of IL-4 and IL 10 (52-54). Also, an
increase in the percentage of cytotoxic NK cells in women with
TAI was associated with reproductive failures (51). These data,
although merely descriptive, suggest that cellular immune
dysfunction, with a proinflammatory Thl immune response
and excessive activation of NK cells and NKT-like cells might
induce the occurrence of infertility, miscarriage, and PTB in
women with TAI (15).

Thyroid Antibodies Cause a Relative
Hypothyroidism

The natural history of chronic autoimmune thyroiditis is a
progressive decline in the functional capacity of the thyroid
gland, leading to subclinical and, ultimately, to overt
hypothyroidism. A decreased functional capacity of the thyroid
gland may become apparent during early pregnancy since this
condition constitutes a state of extra demand of thyroid hormone
production. Indeed, it is well known that TAI increases the risk
of developing subclinical or overt hypothyroidism during
pregnancy. In the first half of spontaneous pregnancy women
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with TPOAb had an increased prevalence of subclinical and
overt hypothyroidism compared to controls (20.1 vs. 2.4% and
3.3 vs. 0.1%, respectively) (55). In women undergoing ART the
ovarian stimulation anticipates the extra demand of thyroid
hormone, which occurs only after conception during
spontaneous pregnancy, and therefore TSH levels can increase
significantly above 2.5 mIU/L before pregnancy in the presence
of TAI (8). In early pregnancy the human chorionic
gonadotropin (hCG), through its high homology with TSH,
stimulates the thyroid, thus helping to maximize thyroid
hormone secretion (6). An inappropriate thyroidal response to
hCG stimulation has been considered an early marker of
abnormal thyroid functional capacity in women with TAIL A
study gathering data from two large population-based
prospective cohorts showed that there was a positive
association of hCG with FT4 as well as a negative association
of hCG with TSH in TPOAb-negative women but not in
TPOADb-positive women during early pregnancy. Women with
TPOAb and lower FT4 than expected had a higher risk of
premature delivery. This study therefore links the adverse
pregnancy outcome to changes in thyroid function in TAI
(56). It is believed that women with TAI may not benefit from
the stimulation due to hCG aimed to meet the increased demand
of thyroid hormones in early pregnancy. A recent study showed
that TgAb also interferes with the thyroidal response to hCG. In
822 women at 7-20 weeks of gestation, when TSH was within the
pregnancy-specific reference range, high concentrations of
TPOAb and TgAb attenuated the FT4 stimulation and TSH
suppression induced by hCG. This effect was more pronounced
when both TPOAb and TgAb were present (57). Whether these
data can be extrapolated for the dose of hCG used for the
ovulation induction remains unknown and deserves further
investigation (11). The antithyroid antibodies-induced
impaired response of thyroid to hCG is not in contrast with
their action on the ovary. Indeed, a two-stage mechanism has
been recently proposed: at early stages of autoimmunity, when
TPOAD levels are low and thyroid function is normal, the main
effect of the antibodies is the creation of a hostile immune
environment at the level of the ovary; as the autoimmune
process progresses, the impaired response to hCG also
becomes apparent (16).

THYROID AUTOIMMUNITY AND
ASSISTED REPRODUCTIVE
TECHNOLOGY OUTCOME

Several studies addressed the effect of TAI on pregnancy
outcomes in euthyroid women who had conceived
spontaneously (58). Euthyroid women with TAI carried
twofold risk of miscarriage and were found to have slightly
higher age and TSH levels (59). A triple or double risk of
miscarriage or preterm birth, respectively, has also been
reported in women with TPOAb (60). In a recent study the
presence of TPOAb was also associated with preterm birth; the
association did not appear to be related to differences in thyroid

function, although the highest risk of preterm birth was observed
in women with TPOAb and TSH >4.0 mIU/L. No association of
TgAD positivity with preterm birth was found (61). In infertile
women the presence of TPOADb increased the risk of miscarriage
while a preconceptional TSH > 2.5 mIU/L did not (30). Likewise,
there has been intense interest in whether TAI may affect the
success of the infertility treatments. Whenever possible primary
approaches to female infertility are targeted to the identified
cause and include ovulation induction for women with ovulatory
dysfunction; endoscopic or surgical procedures to treat tubal
obstruction or endometriosis. Intrauterine insemination (IUT)
with donor or partner sperm is the first line treatment in couples
with unexplained infertility, cervical factor infertility, and male
infertility. When all these approaches fail ART is indicated. ART
comprises both in vitro fertilization (IVF) and intracytoplasmic
sperm injection (ICSI). Although the two main indicators of
ART success are the proportion of clinically pregnant women
and the proportion of miscarried women, there are several
parameters used to evaluate each step of the in vitro and in
vivo ART outcomes starting from the ovarian response to the
controlled hyperstimulation (COH), and the number of oocytes
retrieved (NOR) and going further to the fertilization rate (FR)
and to the implantation rate (IR). The most relevant outcome is
the pregnancy rate (PR), and, better, the clinical pregnancy rate
(CPR). Pregnancy indeed can be defined as either biochemical
(i.e., a transient rise in hCG concentration) or clinical (the
formation of a gestational sac and fetal heartbeat) and the
outcome can be defined as live birth rate (LBR), ending with a
miscarriage, miscarriage rate (MR), or with a pre-term birth
(PTBR). Also, infant/neonatal complications are of interest,
among these, above all, low birth weight (LBW).

Ovarian Reserve in Women With Thyroid
Autoimmunity

The term ovarian reserve (OR), that is, the complete follicle pool
and, mostly, the functional ovarian reserve (the number of
maturing growing follicles after recruitment), expresses the
woman’s reproductive potential. Several studies addressed the
effect of TAI on OR by evaluating its predictive markers such as
high basal follicle stimulating hormone (FSH) levels, antral
follicle count (AFC), and anti-Miillerian hormone
concentrations (AMH). In 30 adolescent patients with TAI,
AMH levels were comparable to controls. Serum AMH was
negatively correlated with TSH but not with TPOAb or TgAb
levels (62). Also in a case-control study 30 adolescent girls, newly
diagnosed with TAI, had normal ovarian reserve based on
measurements of AMH, inhibin B, FSH, LH/FSH ratio,
estradiol, and AFC (63). In 775 reproductive age women,
without any thyroid or ovarian dysfunction, those with AMH
levels in the lower quartile for age had higher levels of TPOAD at
baseline while there was no statistically significant difference in
thyroid hormones compared to women with AMH in the higher
quartiles. Over a 12-year follow up FT4 was decreased in all
quartiles whereas TPOAD increased only in women with AMH
in the low quartile (64). In a study involving 108 euthyroid TAI
patients with regular menstrual cycles, either treated or not with
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LT4, lower AMH levels were found in patients compared to the
age-matched healthy women (65). OR is one of the most
important determinants of downstream ART outcomes since it
can affect the ovarian response to the COH protocols. Indeed, in
288 infertile women (55 euthyroid with TAI and 233 without)
undergoing their first ART, higher levels of AMH were
associated with better COH outcome as reflected by the
estradiol/recombinant FSH ratio (E2/rFSH) and by the number
of oocytes reaching metaphase II (M II oocytes). Women with
TAI had lower AMH and higher FSH levels compared to TAI
negative, but a poorer COH outcome was observed also in
women with TAI and higher AMH levels. Thus, although
diminished OR impairs COH outcome independently from
TAI the latter reduces ovarian response in women with
preserved OR (66). The same group had previously also shown
the effect of thyroid function on the above-mentioned markers of
COH. In 262 women undergoing ART, those with TAI and TSH
levels below 2.5 mIU/L had better ovarian response
demonstrated by higher serum estradiol levels, higher E2/rFSH
ratio, and a greater number of M II oocytes compared with those
with TSH >2.5 mIU/L (67). In a study involving 1044 infertile
women eligible for IUI/IVF, TSH levels, TPOAb positivity, and
TgADb positivity were comparable between patients with variable
ovarian reserve according to AMH levels. However, after patients
with known causes of diminished ovarian reserve (i.e., genetic)
were excluded, TPOAD positivity was higher in patients with low
ovarian reserve thus indicating an association of TPOAb with
idiopathic low ovarian reserve in unexplained infertility (68). In a
study group of 436 women seeking fertility treatment, thyroid
function or TPOAb positivity was not associated with AFC,
while TgAb positivity was associated with a higher AFC.
However, among women with diminished ovarian reserve or
unexplained infertility, TPOAb and not TgAb, as well as lower
FT3, were associated with a lower AFC (36). On the contrary in a
large study including 5000 women no differences were found in
the prevalence of TAI as well as of overt or subclinical
hypothyroidism in women with low, normal, or high ovarian
reserve expressed by age-specific AMH values (69). Also in 225
infertile women TSH <3.0 mIU/L was associated with
significantly higher AMH compared to those with TSH >3.0
mlIU/L after adjustment for thyroid autoimmunity and age, thus
suggesting that thyroid function, even in the euthyroid range, has
a more significant impact than TAI in the ovarian reserve (70).

In Vitro and In Vivo ART Outcome in

Women With Thyroid Autoimmunity

Multiple clinical studies, systematic reviews, and metanalyses
have evaluated the impact of TAI in ART in vitro and in vivo
outcomes with conflicting conclusions. Indeed, the studies differ
for sample size, design, causes of infertility, and type of ART,
TSH level cut-off used to define euthyroidism as well as for the
endpoints. Embryo quality was assessed in 431 embryos in
euthyroid women with low ovarian reserve undergoing IVFE.
Comparable embryo quality was observed between women with
TSH low-normal or high normal TSH (cut off 2.5 mIU/L) but
impaired embryo quality was observed in women with TPOAb

and TSH < 2.5 mIU/L. Increasing TSH affected embryo quality
and a trend toward the same effect was observed in women with
TPOAD (71). Also, in a retrospective cohort study of 123
euthyroid women with or without TAI undergoing ART,
embryo quality was significantly impaired in women with at
least one autoantibody while no differences were found in AMH,
FSH, and in the number of oocytes picked up and fertilized as
well as in implantation rate and in pregnancy rate (72). Several
prospective cohort studies releveled lower LBR and increased
MR in euthyroid women with TPOAb undergoing IVF/ICSI. In
234 euthyroid women undergoing the first cycle of ART no
differences in pregnancy rate were observed but the TAI women
had threefold higher risk of miscarriage (73). No differences in
pregnancy rate were observed between 412 TPOAb negative
women and the 72 TPOAD positive that had been randomly
assigned to receive LT4 or placebo. Nevertheless, a twofold risk
of miscarriage was observed in euthyroid TPOAb positive
women not subjected to LT4 treatment. The risk of
miscarriage was not reduced by LT4 treatment in TPOADb
positive women. This links the miscarriage to an abnormal
immune response rather than to subsequent mild thyroid
failure (74). Also, in a prospective study involving 590 infertile
hypothyroid women treated with LT4, to maintain TSH levels
below 2.5 pIU/mL, higher TPOADb titer was one of the risk
factors for miscarriage, after IUI and IVF despite appropriate
treatment (75). Among 194 euthyroid women undergoing IVF,
the 60 with TPOAb/Tg Ab showed lower clinical pregnancy and
live birth rate when confronted with controls. The same
parameters were improved in 30 antithyroid antibodies-
positive women treated with prednisone (76). On the contrary
no effect on pregnancy outcome was observed in several
retrospective studies published in the last 20 years. In 416
euthyroid women no differences in pregnancy and delivery
rates were observed between women with and without TPOAD.
However, women with TPOAD who failed to become pregnant or
miscarried had high-normal TSH compared to the ones who
delivered and compared to women without TPOAb (77). In a
study enrolling 2406 women, analysis of cumulative delivery did
not show differences between TAI positive and negative women
after 6 IVF/ICSI cycles (78). Also, in more recent studies no
impact of TPOAb and TgAb was observed in the MR and on the
in vitro ART outcome such as NOR, FR, and embryo quality (26,
79, 80). In 584 women undergoing IVF/ICSI with TSH between
0.45 and 4.5 uIU/ml, NOR, FR, and CPR did not significantly
differ between TAI positive and TAI negative. Subgroup analysis
for only primary infertility patients showed a statistically
significant lower CPR in TAI positive compared to TAI
negative (29).

Also looking at meta-analysis studies conflicting results are
reported. A meta-analysis of prospective studies reporting data
on 1098 subfertile women undergoing IVF reported high
miscarriage risk in euthyroid TAI women undergoing IVF but
did not find significant difference in FR, CPR, and delivery rates
(81). Comparable results were reported in a further study
showing that TAI increased the risk of MR while it did not
affect NOR, implantation, and clinical pregnancy rate. The effect
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persisted after meta-regression analysis of age and TSH serum
levels although the authors do not exclude possible modifying
effects of these two variables (82). A more recent metanalysis
including 14 studies performed on euthyroid TAI women did not
show differences in in vitro and in vivo ART outcomes (CPR,
MR, LBR per cycle, number of embryos transferred, NOR)
neither for maternal age nor TSH levels when compared to
women without TAI (83). Thus, heterogeneous results are
reported and, also, the risk for adverse outcome is reported
lower in the more recent metanalysis studies than in the previous
ones (11). The explanation for the heterogeneity of these results
can be found in the study design, in the TSH threshold used to
define euthyroidism and as well as in the type of ART treatment
and ovulation induction protocols. The effect of preconception
TSH levels in the ART outcomes has been the subject of a recent
meta-analysis. The study reported that when the TSH cut-off
value for SCH was set at 2.5 mIU/L, no significant differences
were observed in ART-related outcomes between SCH patients
and normal women. On the contrary there was an increased risk
of MR in women with SCH when a TSH cut-off value of 3.5-5.0
mIU/L was used (84). Regarding the studies on ART procedure,
some have shown that the ICSI outcome was not affected by TAIL
Indeed, in the last years ICSI has become the most popular
insemination method worldwide. In a meta-analysis of studies
including 1855 ICSI cycles, women with and without TAI, not
differing for age, had comparable CPR, MR, and LBR. The
authors propose that the presence of TAI may become a new
indication for ICSI, independently of the cause of infertility, as it
may overcome the detrimental impact of autoimmunity on
fertilization and embryo quality (85). Indeed, previous
observations reported that ICSI, which requires no interaction
between the sperm cell and the zona pellucida, resulted in similar
PR in women with or without TAI undergoing ART for male
infertility (86). If this is true different outcomes are expected
between IVF/ICSI and IUL In a retrospective cohort study,
enrolling 3143 patients, no significant different outcomes (PR,
MR, LBR) were observed after IUT in euthyroid women with and
without TAI also when comparing subgroups according to TSH
level (TSH >2.5 mIU/L vs. TSH <2.5 mIU/L) (87). This latter
finding was confirmed in a study enrolling 726 euthyroid women
undergoing IUT for unexplained infertility. In this study, cycle
characteristics and pregnancy outcomes (CPR, MR, LBR) of
patients with serum TSH levels between 0.3-2.5 mIU/L and
2.5-4.5 mIU/L were compared and no statistically significant
differences could be detected (88). In conclusion, although ART
is an ideal model to analyze the effect of TAI on each stage of the
reproductive process, compared to spontaneous conception, the
multitude of variables present in the studies (age, causes of
infertility, protocols for ovarian stimulation, the type of ART
treatment, thyroid antibody levels, thyroid function) make it
difficult to attribute to TAI per se a role on adverse outcomes and
also to identify the TSH level threshold at which a negative
impact on ART is expected, keeping in mind that TSH above 2.5
mlIU/L is easily encountered after ovarian stimulation and even
more so in the presence of TAI (78, 84). In Table 2 are illustrated
the above-mentioned studies addressing the effect of TAI on the

prediction markers of ovarian reserve/response as well as on the
pregnancy outcome.

IMPLICATIONS FOR SCREENING AND
MANAGEMENT IN CLINICAL PRACTICE

Universal thyroid screening in pregnancy fulfills most criteria for
a beneficial and cost-effective screening program, aimed to
reduce fetal and maternal complications, but it is still a matter
of debate (89). Despite the discordant findings of the studies
regarding the association of antithyroid antibodies with
infertility and adverse outcome after ART, infertile women
constitute a selected group of patients for whom specific
recommendations for screening and management come from
the guidelines. According to ATA, women with infertility or with
a history of miscarriage are “at high risk” of developing thyroid
dysfunction and for them serum TSH concentration is
recommended as soon pregnancy is confirmed with reflex
TPOAb measurement if TSH is >2.5-10 mIU/L. Women
undergoing ART, instead, fulfill the criteria for TSH universal
screening (13). As per the very recent ETA guidelines, specifically
referring to ART, TSH and TPOAb should be measured in
women seeking medical advice for infertility; “the TgAb can be
added systematically according to the local regulatory authority
rules” while it should be measured when TSH levels are higher
than 2.5 mIU/L and TPOADb are absent (14). Thyroid ultrasound,
which is useful to calculate the gland volume as well as to detect
features compatible with autoimmune thyroiditis, is not
mentioned in ATA guidelines while is recommended by ETA
if TSH is >2.5 mIU/L and TPOAD is negative. Regarding the
treatment, there is not debate about the need to start LT4 in
women with overt hypothyroidism who undergo ART or become
pregnant spontaneously independently from their thyroid
antibodies status. For ATA the decision to treat women with
TSH >2.5 and 10 mIU/L is based on TSH level and on the
TPOAD status. Treatment is recommended in TPOAb-positive
women when TSH is above 4 mUI/mL (if trimester specific
ranges are not available) while it can be considered in TPOAb
positive women with TSH >2.5 < 4 mUI/L and in TPOAb
negative women with TSH >4 < 10 mUI/L. According to ATA,
for euthyroid women undergoing ART LT4 treatment, at low
starting dose of 25-50 ug “may be considered given its potential
benefits in comparison to its minimal risk”. Indeed the 2.5 mUI/
L TSH threshold still has value in women undergoing ART since
ATA states that it is prudent to recommend treatment for “any
TSH elevation over 2.5 mUI/L” before the procedure. On the
contrary, also in case of ART, for some authors, a TSH level of 4
mlIU/L is the cut-off for treatment since LT4 seems to increase
LBR only when TSH is >4.0 mIU/L and also taking into account
potential harmful effects of overtreatment (17, 90). The ETA
guidelines recommend that women with serum TSH >4.0 mIU/L
planning ART should be treated with LT4 independently of their
TPOAD status, Table 3. In women with TAI and TSH levels
>2.5<4 mIU/L, LT4 treatment at low starting dose of 25-50 ug
LT4, before ovarian stimulation, could be “initiated in a case-by-
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TABLE 2 | Studies addressing the effect of TAI on ovarian reserve/response and on assisted reproductive technology (ART) outcome.

Author, year Patients’ characteristics

Study outcomes

Thyroid Main conclusion

function

Polyzos, 2015 (69) 5000 women, infertility work up/other
reasons OR

Chen, 2017 (68) 1044 women eligible for IUI/IVF

TAIl prevalence in women with variable EU/SCH/

TAl prevalence in women with variable EU

No difference of TAl in women with variable OR
OH
Idiopathic low OR associated with TAI

OR
Korevar, 2018 (36) 436 women (46 TAI+) infertility work up Association of TAl with OR EU TAl associated with lower AFC in women with
unexplained infertility or diminished OR
Weghofer, 2016 225 women (25 TAl+) infertility work up Association of TAI/TSH with OR EU TSH <8.0 mlU/L associated with higher OR
(70)
Magri, 2015 (66) 288 women (55 TAI+), IVF Ovarian response to COH EU Poorer ovarian response in TAI
Weghofer, 2016 98 women (17 TAl+) with low OR, IVF EQ EU Poorer embryo quality in TAI
(70)
Andrisani, 2018 123 (29 TAl+), IVF/ICSI EQ, IR, PR EU Poorer EQ in TAI, no differences in IR and PR
(72)
Poppe, 2003 (73) 234 women (32 TAl+), IVF/ICSI LBR, CPR, MR EU No difference in CPR in TAI, higher MR in TAI
Negro, 2005 (74) 484 (72 TAl+), IVF/ICSI PR, MR EU No difference in PR, higher MR in TAI
Negro, 2007 (77)  416women (42 TAl+), IVF/ICSI NOR, LBR, CPR, MR EU No effect on CPR
Tan, 2014 (86) 835 women (110 TAl+), ICSI CPR, MR, PTB EU No effect of TAI
Litwicka, 2015 194 (60 TAl+), IVF NOR, LBR, CPR, MR, EU Lower LBR, higher MR in TAI
(76)
Lukasuk, 2015 573 (114 TAl+), ICSI NOR, LBR, PR, MR, EU No effect on PR, LBR, MR, lower NOR in TAI
(26)
Unuane, 2016 (78) 2406 women (33 TAl+), ICSI LBR EU No effect of TAI
Unuane, 2017 (87) 3143 women (187 TAI+), IUI LBR, CPR, MR EU No effect of TAI
Poppe, 2020 (79) 279 women, ART, IVF/ICSI NOR, FR, EQ EU/SCH No effect of TAI/SCH
Hamad, 2021 (29) 584 women (148 TAl+), IVF/ICSI CPR EU No effect of TAI

TAI, thyroid autoimmunity; OR, ovarian reserve; AFC, antral follicle count; EQ, embryo quality; NOR, number of oocytes retrieved; IR, implantation rate; CPR, clinical pregnancy rate; LBR,
live birth rate; MR, miscarriage rate; EU, euthyroidism; SCH, subclinical hypothyroidism;, IVF, in vitro fertilization, ICSI, intracytoplasmic sperm injection.

case manner” such as in women with recurrent miscarriage, in
women over 35 years of age, and with ovarian causes of infertility
(14). According to ETA, LT4 treatment of TAI women with TSH
levels >2.5<4 mIU/L could optimize ovarian reserve and improve
embryo quality while there is no definitive evidence of benefits
on pregnancy outcome. Several studies have addressed the
benefit of LT4 on ART outcome in euthyroid women with
TAI In one randomized clinical trial (RCT) previously
mentioned, pregnancy rate was not affected either by presence
of TPOAD or by treatment with LT4. Euthyroid women (TSH <
2.5 mIU/L) with TAI had high MR but LT4 treatment did not
improve the delivery rate (74). These findings were supported by
a recent large RCT. Treatment with LT4, 25-ug/d or 50-pg/d
according to the TSH <2.5 or >2.5 mIU/L, respectively, did not

reduce MR or increase CPR and LBR among 600 Chinese
euthyroid women with TAI undergoing IVF. The study
excluded women at high risk of miscarriage, and women
positive for antinuclear and anticardiolipin antibodies, or lupus
anticoagulant to eliminate other autoimmune confounding
factors. Moreover, although in a limited number of patients,
no benefits of therapy were observed in women with TSH>4
mIU/L (91). This study supports the conservative approach
expressed by the recent guidelines (14). Nevertheless, in a
meta-analysis, also including some studies, LT4 treatment had
no significant impact on live births in women with SCH or TAI
undergoing IVF; however, it decreased miscarriage rates. It is
worth remembering that in some studies patients characterized
by TPO-positivity and TSH levels 4.0 or 4.5 mIU/L were mixed

TABLE 3 | Recommendations for women with infertility and/or undergoing assisted reproductive technology (ART) according to the ETA 2021 guidelines (14).

Test/Treatment

TSH screening

Recommended TSH upper limits

TPOAb measurement

TgAb measurement

Thyroid ultrasound

L-T4 treatment in women undergoing ART

Fertilization preferred method in TAI

ETA 2021

Women seeking care for infertility

4.0 mlU/L or ULRR*

Women seeking care for infertility

If TSH>2.5 mIU/L and TPOAb negative

If TSH>2.5 mIU/L and TPOAb negative

Recommended in overt hypothyroidism

Recommended if TSH is >4 mIU/L with/without TAI

Suggested in TAl'if TSH is >2.5< 4 mIU/L on a case-by-case basis
ICSI suggested

TSH, thyroid stimulating hormone; ART, assisted reproductive technology; ULRR, Upper limit reference range. TAI, thyroid autoimmunity. TPOAb, thyroperoxidase antibody; TgAb,
thyroglobulin antibodly; L-T4, levothyroxine; OS, ovarian stimulation ICS, intracytoplasmic sperm injection. ART, assisted reproductive technology.

*If ULRR is >4.0 mUI/L.
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in data synthesis (92). The TABLET study, a randomized,
placebo-controlled trial, investigated the effect of a fixed dose
of LT4 50 pg daily, on LBR in TPOAD positive euthyroid women.
This very large study included women with a history of recurrent
miscarriage or receiving treatment for infertility. Prespecified
subgroup analyses were completed for the primary outcome
according to maternal age, the baseline TSH level (<2.5 mIU/L
or >2.5 mIU/L), and infertility treatment. LT4 treatment did not
result in a higher LBR compared with placebo (93). The studies
not showing a benefit of LT4 support the hypothesis that the
increased risk of miscarriage in TAI is linked to an abnormal
immune response rather than to mild thyroid failure. In this
regard ETA guidelines suggest ICSI as the preferred fertilization
method in women with TAI to overcome potential negative
effects of antithyroid antibodies on oocytes and embryos (14).
Currently no treatments have been shown to reduce thyroid
autoimmunity and this aspect continues to be studied (94). In a
previous study the use of glucocorticoids demonstrated an
increase in pregnancy rates with treatment compared with
placebo (76). In a more recent study it has been demonstrated
that glucocorticoid may improve the pregnancy outcomes of
ART women with antithyroid antibodies positive, but does not
reduce the risk of miscarriage (95). Selenium supplementation
decreases thyroid autoantibodies concentration during
pregnancy but with no benefit on fetal or maternal
outcomes (96).

CONCLUSIONS

Overt thyroid dysfunction leads to menstrual disturbances,
fertility problems, and pregnancy complications. Also, thyroid
autoimmunity, even in the setting of euthyroidism, might
adversely affect fertility and reproductive outcome by creating
a cytotoxic environment that damages the maturing oocyte
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