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Abstract

Iodination of thyroglobulin is the key step of thyroid hormone biosynthesis. It is catalyzed by thyroid peroxi-
dase and occurs within the follicular space at the apical plasma membrane. Hydrogen peroxide produced by
thyrocytes as an oxidant for iodide may compromise cellular and genomic integrity of the surrounding cells,
unless these are sufficiently protected by peroxidases. Thus, peroxidases play two opposing roles in thyroid bi-
ology. Both aspects of peroxide biology in the thyroid are separated in space and time and respond to the dif-
ferent physiological states of the thyrocytes. Redox-protective peroxidases in the thyroid are peroxiredoxins,
glutathione peroxidases, and catalase. Glutathione peroxidases are selenoenzymes, whereas selenium-inde-
pendent peroxiredoxins are functionally linked to the selenoenzymes of the thioredoxin reductase family
through their thioredoxin cofactors. Thus, selenium impacts directly and indirectly on protective enzymes in
the thyroid, a link that has been supported by animal experiments and clinical observations. In view of this re-
lationship, it is remarkable that rather little is known about selenoprotein expression and their potential func-
tional roles in the thyroid. Moreover, selenium-dependent and -independent peroxidases have rarely been ex-
amined in the same studies. Therefore, we review the relevant literature and present expression data of both
selenium-dependent and -independent peroxidases in the murine thyroid. Antioxid. Redox Signal. 10, 1577-1592.

lodination of Thyroglobulin Requires the Production
of Hydrogen Peroxide by Duox

HE ACTIVE THYROID HORMONE 3,3’,5-triiodo-L-thyronine

(T3) binds as specific ligand to T3-receptors (TR), which
act as transcription factors and regulate gene expression in
a permissive manner. T3 can be secreted directly by the thy-
roid gland or is formed from the prohormone thyroxine (T4,
3,3',5,5'-tetraiodo-L-thyronine) by iodothyronine 5'-deiodi-
nases. Thyroid hormones control development, growth, dif-
ferentiation, and basal metabolic rate, and influence virtu-
ally all anabolic and catabolic pathways of intermediary and
structural metabolism. Thyroidal biosynthesis of iodothyro-
nine hormones has evolved concomitant with the functional
unit of the thyroid, the follicle, and represents a key step in
the evolution of vertebrates (50) . Thyroid follicles are formed
by a monolayer of highly polarized epithelial cuboidal cells,
the thyrocytes (Fig. 1a), that are the only cells in vertebrates
known to synthesize thyroid hormones by iodination of spe-
cific tyrosyl residues of thyroglobulin (Tg) using hydrogen
peroxide (H>O,) as oxidizing agent for the co-substrate io-
dide. H,O, is generated by thyroxidases (also called ThOx),

the Ca?" and NADPH-dependent dual function oxidases
(DUOX1, DUOX2). The multifunctional hemoprotein thy-
roperoxidase (TPO) catalyzes both the iodination of tyrosyl
residues of Tg by oxidation of iodide under reduction of
H,0; and the subsequent, again H,O,-dependent, head-to-
tail coupling of iodinated tyrosyl residues, forming the
diphenylether bond of iodothyronines that are still part of
the polypeptide chain of Tg. The complete sequence of re-
actions of thyroid hormone biosynthesis occurs extracellu-
larly at the apical inner surface of the follicular lumen. Iod-
inated Tg is stored there as polymerized colloid, until
proteolysis by cathepsins liberates T3 and T4 molecules from
the Tg protein backbone and the hormones are released to
the blood stream (Fig 1b). Synthesis and secretion of thyroid
hormones and functional organization of the intact follicu-
lar structure, which is essential for thyroid hormone syn-
thesis, is controlled by the pituitary hormones thyrotropin
(TSH) and thyrostimulin, and during pregnancy by the struc-
turally related placental glycoproteohormone human chori-
onic gonadotropin (hCG). These hormones address a G-pro-
tein coupled receptor (GPCR), the TSH receptor (TSHR),
which transduces its signals both via the Gs,, adenylate cy-
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FIG. 1. Schematic illustration of the organi-
zation of thyroid follicles, thyroid hormone
synthesis, storage, and secretion. (A) The
highly vascularized thyroid gland is composed
of follicles formed by a polarized tight epithe-
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lial monolayer of thyrocytes that enclose the col-
loid. Each follicle and its thyrocytes have access
to the microcapillary network for accumulation
of the essential trace element iodide and nutri-
ents from the blood and secretion of thyroid
hormones T4 and T3 by thyrocytes into the cir-
culation. (B) Schematic illustration of the indi-
vidual steps of iodide uptake and transport,
thyroid hormone biosynthesis and secretion un-
der control of the pituitary hormone TSH, that
acts via a G-protein coupled receptor. 1. Baso-
lateral iodide uptake by NIS; 2. apical export by
pendrin (PDS); 3. synthesis and apical secretion
of thyroglobulin (Tg); 4. synthesis and apical in-
sertion of thyroperoxidase (TPO) and dual oxi-
dase (DUOX) NADPH-dependent production
of H,O, by DUOX; 5. iodide oxidation, iodina-
tion of Tg-tyrosyl residues, and coupling of Tg
iodtyrosine residues to iodothyronines is cat-
alyzed by TPO using H,O, as cosubstrate; 6.
polymerization and deposition of iodinated Tg
in colloid; 7. micropinocytosis, reduction, and
cathepsin-catalyzed proteoloysis of Tg in sec-
ondary lysosomes release of thyroid hormones
T4 and T3 into the blood by the transporter
MCTS; 8. dehalogenation of DIT and MIT and
reutilization of iodide for thyroid hormone
biosynthesis; 9. secretion of pGPx (GPx-3) into
the colloidal space for degradation of excess
H202.

clase, protein kinase A pathway, and via G4/Gi1, phospho-
lipase C, inositol phosphate Ca?* signaling. lodide uptake
into thyrocytes against a concentration gradient is mediated
by the basolateral sodium-iodide symporter (NIS), whose ex-
pression and activity is the most sensitive TSH-dependent
process in the thyrocytes coupled to Gs, signaling of TSH.
The same signaling cascade also regulates stimulation of cell
differentiation to functional thyrocytes expressing TPO and
Tg, and at elevated TSH levels stimulates hypertrophy of
thyrocytes. Mutations of the human TSHr, as well as thyro-
cyte-specific genetic inactivation of specific G proteins in
mice, revealed that DUOX-dependent H,O, production, Tg
iodination, and iodothyronine coupling, macropinocytosis of
iodinated Tg, thyroid hormone release, apical secretion of
glutathione peroxidase 3 (GPx3) into the colloid space, hy-
perplasia and proliferative response to goitrogens, as well as
vascularization of follicles is under TSH control via the
Gq/ G11-PLC-IP-Ca?" signaling pathway (15, 36, 44, 47).

These observations indicate a key role of G4/Gy; signaling
for thyroid hormone formation and release, including the
TSH-dependent adaptive growth of the gland in iodine de-
ficiency during exposure to goitrogens or due to genetic or
functional defects in the regulation of the thyroid axis. In
contrast, the adenylate cyclase-cAMP-PKA pathway of
TSHR signaling appears to control iodide uptake, expression
of NIS, Tg, TPO, and maintenance of the differentiated state
of thyrocytes and follicular structure. These dual TSHr-de-
pendent regulation pathways warrant an efficient and fine
tuned balance between appropriate thyrocyte function and
necessary proliferation under the life-long influence of con-
tinuous production of the cytotoxic agent H,O,, which is es-
sential for thyroid hormone biosynthesis.

In the following, the processes involved in H,O, genera-
tion by DUOX and its utilization by TPO for iodide oxida-
tion, tyrosyl residue iodination, and coupling will be dis-
cussed. H,O, availability is the rate limiting step in thyroid
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hormone biosynthesis (16). NADPH-dependent DUOX en-
zymes are Ca?"-regulated via their cytosolic located EF-hand
motive and attain activity only after their integration into the
apical membrane with their active site and H,O, release ori-
ented towards the luminal colloid space. The DUOX flavo-
protein enzymes 1 and 2 belong to the NOX family of
NADPH-dependent oxidases and have a C-terminal domain
related to the gp917M% protein of leukocyte NADPH oxidase.
The TPO-like extracellular N-terminal domain of DUOX
probably mediates their association with TPO already along
the post-translational maturation and trans-Golgi transport
towards the apical thyrocyte membrane. There they remain
located in enzymatically inactive submembraneous vesicu-
lar structures as a granule pool until TSH-induced Ca?" sig-
naling activates DUOX to its fully glycosylated form com-
petent to build the H,O, generating “thyroxisome” (81). This

occurs by vesicle fusion with the apical plasma membrane
of thyrocytes integrating mature DUOX into a functional do-
main, which also contains the DUOX-specific quality con-
trolling maturation chaperones DUOXA1 and DUOXA2.
These are five transmembrane helix N-glycosylated proteins
allowing rapid ER exit of correctly folded DUOX into the
trans-Golgi network (36). This apical functional domain also
harbors TPO, caveolin, and a further thioredoxin-related
EFP1 DUOKX associated protein (81, 87). This DUOX activa-
tion and translocation mechanism warrants both that no in-
tracellular generation of H>O, occurs, that might be cytotoxic
for the thyrocytes, and that H,O, generated by DUOX is re-
leased directly “hand to mouth” (76) to the active TPO re-
ducing it for iodide oxidation, tyrosyl iodination, and
iodophenoxy—ether coupling. This relay-type of reaction
might keep H,O, concentrations as low as possible and as
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effective as required for thyroid hormone biosynthesis. Cur-
rently available information of regulation of expression and
function of DUOX and TPO would indicate that TPO ex-
pression and thus activity is mainly regulated at the tran-
scriptional level, whereas DUOX activation and thus activ-
ity of the H,O, reducing “thyroxisome” are under rapid
TSHr-PLC-IP-Ca?* control of DUOX maturation and less by
transcriptional control of DUOX expression. The exact mech-
anism of Ca?* and NADPH-dependent generation of H,O»
by DUOKX is not yet known. Either direct H,O, formation
from O, or reduction of O, into superoxide anion O, ~ and
its further metabolism by superoxide dismutase to yield
H,0, have been proposed (18, 71).

Song et al. very recently reviewed the implications of their
“thyroxisome” concept (76), which would explain cellular lo-
gistics and efficient control of extracellular H,O, generation,
protection, and life-long maintenance of long-lived thyro-
cytes, their intact epithelial follicular structures, thyroid hor-
mone formation, storage, and secretion on demand, but also
the inhibitory actions of iodide excess or intoxication via the
“Wolff-Chaikoff mechanism.” This mechanism is the phys-
iological response to excess iodide, leading to transient in-
hibition of NIS-mediated basolateral uptake of iodide, inhi-
bition of DUOX, and block of thyroid hormone synthesis and
release, probably mediated by intracellular iodolipid species
such as iodolactone or iodohexadecanal (84). Cellular ac-
cumulation of iodolipids might in addition impair TPO
function and lead to “cellular stress” and other side reac-
tions, especially if cellular Se-dependent redox active and an-
tioxidative defense reactions (e.g., catalyzed by TrxR, GPx,
see below) are not adequate due to insufficient Se supply of
the gland, goitrogen exposure, or concomitant excessive
stimulation by TSH or TSHr-stimulating antibodies. Of clin-
ical and epidemiological relevance is also the NO/cGMP sig-
naling-induced inhibition of TPO and Tg expression and
thus thyroid hormone biosynthesis. The latter effect is prob-
ably causative for the adverse effects of smoking, known to
be the major risk factor contributing to autoimmune thyroid
disease, especially Graves’ disease, apart from direct stimu-
latory NO effects on production of proinflammatory cyto-
kines (4, 24, 30). Defects in Tg, TPO, DUOX, and DUOXA2
genes are known to impair thyroid hormone biosynthesis
and H,O, metabolism, and are involved in goitrogenesis, de-
velopment of congenital hypothyroidism, as well as benign
and malignant thyroid diseases.

In the absence of iodide, TPO appears to have catalase-
like H,O, degrading activity (60, 81), but can also oxidize
several goitrogens and other oxidizable pharmaceuticals in-
terfering with thyroid hormone biosynthesis via inhibition
of TPO, that can be relieved by increasing iodide supply to
the apical luminal surface.

Thyroperoxidase Is a Multifunctional Enzyme
Essential for lodination and Ring Coupling

TPO, the key enzyme of thyroid hormone biosynthesis,
has been identified for a long time (84), but still the mecha-
nisms of reactions involved in the three steps of its catalytic
activity remain unclear. TPO mutations lead to goitrogene-
sis, TPO inhibition is the key principle of pharmacological
treatment of hyperthyroidism by thiourea compounds, and
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“microsomal” autoantibodies directed against TPO repre-
sent the diagnostic parameter for Hashimoto’s thyroiditis.
This destructive autoimmune thyroid disease preferentially
affects females in their reproductive age and later on. Treat-
ment requires life-long thyroid hormone substitution, the
main cause for thyroid hormone prescriptions world wide.
TPO belongs to the myelo/lactoperoxidase family of hemo-
proteins and occurs in two forms of 105/110 kDa as a strictly
thyrocyte-specific integral membrane protein of the apical
membrane. TPO enzyme activity in the “thyroxisome” es-
sentially depends on the presence of its prosthetic ferripro-
toporphyrin IX group covalently bound to a Glu and an Asp
residue in a histidine-rich domain of the apoprotein, facing
the luminal colloid space of the follicle (84). The C-terminal
sequence represents a membrane anchor. TPO gene expres-
sion is regulated by the same thyrocyte-specific combination
of the three transcription factors TTF1, TTF2 (Nkx2.1), and
Pax8 as Tg expression. For its catalytic activity, TPO requires
H,0, produced by DUOX after TSH-Ca?*-dependent stim-
ulation.

At least three schemes for iodide oxidation, iodination,
and coupling (Fig. 1c) have been proposed, either involving
one or two electron transfers, a free radical mechanism, a
version where the iodonium cation I+ is the iodinating in-
termediate, and one mechanism with hypoiodite (IO-) as io-
dinating intermediate. In hypoiodite, the oxidation state of
iodine is the same as in the iodonium cation. Missing infor-
mation on the true chemical nature of the iodinating species
X-I and a lacking consensus whether one electron or two elec-
tron mechanisms are involved, still complicate our picture
of thyroid hormone biosynthesis (84).

Figure 1d summarizes the most favored mechanism where
TPO reacts with one equivalent of H,O, yielding compound
I, a porphyrin 7-cation radical containing oxyferryl (FelV =
). In this two-electron oxidation/reduction reaction, H,O,
is reduced to water and TPO is oxidized. Compound I oxi-
dizes the substrate A to a radical (-AH). A second one-elec-
tron oxidation reaction results in the neutral compound II.
This oxyferryl center is coordinated to the porphyrin ligand.
The native ferric state of TPO is regenerated from compound
II in a one-electron substrate oxidation.

In the initially proposed free radical mechanism, two sub-
strates interacting with the compound I form of TPO un-
dergo one-electron oxidations to yield the radicals I- and
Tyr-, which then readily form MIT, and in similar way DIT.
The concept for I* as iodinating agent is compatible with the
favored two-electron transfer of the reaction between iodide
and compound I of TPO, generating TPO-I* as intermedi-
ate. The hypoiodite (IO~) mechanism also involves a two-
electron transfer for oxidation of iodide to hypoiodite bound
to the compound I state of TPO, with [EOI]™ as iodinating
species:

E + H202—>EO + Hzo
EO +1~ — [EQI]
[EOI] =~ + Hy O, - O, + HO + 17 + E

Apart from TPO, lactoperoxidase and myeloperoxidase also
catalyze this type of iodination reactions, which might ex-
plain occurrence of monoiodotyrosine residues in proteins
other than Tg in nonthyrocyte cell and tissues. However, the
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highly efficient follicular thyroid hormone biosynthesis re-
quires both the specialized hormonogenic sites in Tg and the
unique spatial organization of the H,O,-generating DUOX
and the H,O,-consuming TPO on the apical extracellular sur-
face of thyrocytes.

Protection of Thyrocytes by Antioxidative Enzymes
and Their Regulation

Thyrocytes are long-lived cells and proliferation of nor-
mal thyroid cells is normally a rare event with three to five
cell divisions per life time in humans (81). Thus, unlike other
ROS-releasing cell types (e.g., neutrophils), thyrocytes need
protective mechanisms that limit the oxidative damage by
life-long hydrogen peroxide production to cellular proteins,
lipids, or nucleic acids (5, 53). Here, we provide a synopsis
of the major redox-controlling enzyme systems in the thy-
roid in health and disease. For the purpose of this review
and in order to simplify the presentation, we will sometimes
call the enzymes discussed here “redox-protective enzymes,”
knowing that this term is an oversimplification. After a com-
pilation of expression data, we will summarize what is
known on the regulation of redox-protective enzymes in thy-
roid physiology and pathology.

Peroxiredoxin expression in the thyroid

In the peroxiredoxin (Prdx) family, three classes of en-
zymes are distinguished based on differences in structure
and catalytic mechanism. Typical Prdxs are homodimeric
and contain two catalytic Cys residues (Prdx 1,2, and 3).
Atypical Prdx 4 is a monomer, and Prdx 5 and 6 contain only
one reactive cystein (1-Cys Prdx). With time, Prdxs have ac-
cumulated a plethora of alternative names, complicating lit-
erature searches. Therefore, we have included in Table 1 all
alternative names of Prdx and stay with the current system-
atic nomenclature. Table 1 also summarizes what we found
on the expression of Prdxs in mammalian thyroid, with a fo-
cus on human, mouse, and rat. Often there are only data on
mRNA expression obtained by Northern blot analysis or real
time-PCR. Evidence of protein expression, such as Western
blot analysis or activity measurements, is rather rare for the
thyroid. In general, Prdx expression is reported ubiquitous
and probably owing to redundancy of function among
Prdxs, knockout mice for single Prdx genes have often mild
phenotypes, sometimes resulting, however, in hemolytic
anemia. On the contrary, specific roles for single Prdxs have
been identified, for example, Prdx 2 associates with PDGF
receptor and regulates signaling downstream of the recep-
tor (14). We are not aware of a report on thyroid phenotypes
in Prdx knockout mice. In an attempt to provide a system-
atic analysis of Prdx expression in the thyroid, we selected
the mouse as a popular and genetically modifiable model or-
ganism and tested for Prdx expression by RT-PCR and West-
ern blot (Fig. 2). The related glutaredoxins (Grx, Glrx) are
subsumed in this paragraph, since we were not able to find
any data on their function in the thyroid. In general, Glrxs
are small thiol transferases that are involved in the regula-
tion of proteins through glutathionylation (32), displaying
strong anti-apoptotic activity in vitro (17, 58) and in vivo (45,
46). There exists a Glrx1 knockout mouse, the phenotype of
which has not been reported (75).
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Selenoprotein expression in the thyroid

During their catalytic cycle, Prdxs are reduced by thiore-
doxins (Txn), and in the case of Prdx6, also by 7GST-cat-
alyzed glutathionylation (62). Cytosolic Txn1 is reduced by
thioredoxin reductase (TrxR1, TR1, Txnrd1), and mitochon-
drial Txn2 is reduced by Txnrd2 (57). Both Txn-Txnrd pairs
are ubiquitously expressed in the thyroid (Table 2, Fig. 3).
Unlike bacterial TrxR, mammalian Txnrds are selenoen-
zymes [i.e., they contain the rare amino acid selenocysteine
(Sec) in their polypeptide chain]. The Sec residues are located
at the penultimate positions in Txnrds and are required for
catalysis (37-39). Thus, ultimately “selenium-independent”
Prdxs are dependent on the expression of selenoproteins. The
first mammalian selenoprotein discovered was cytosolic glu-
tathione peroxidase (GPx1, (25, 76)). Upon cloning of its
c¢DNA, a TGA codon was found at the position occupied by
Sec. How the STOP codon TGA was interpreted as a Sec
codon during translation, became clear after the identifica-
tion and cloning of the next mammalian selenoprotein, type
I iodothyronine deiodinase (Diol) (1, 6, 8).

A hairpin structure in the 3’-UTR of the Diol mRNA es-
sential for Sec incorporation at the UGA codon was identi-
fied and named selenocysteine insertion sequence [SECIS
element; (8)]. Later more biosynthetic cofactors for seleno-
protein translation were identified (41).

GPx1 is a ubiquitous enzyme capable of degrading hy-
drogen peroxide in a GSH-dependent reaction. Its mRNA,
protein, and activity have been found in the thyroid and ex-
pression depends on dietary selenium status (7, 68) (Table 2,
Fig. 3). GPx2 is the gastrointestinal GPx that was not detected
in the thyroid. GPx3 is also known as plasma GPx or extra-
cellular GPx. As a secreted protein expressed by epithelia, it
may play a role in the protection of these epithelia against
oxidative damage (2). GPx3 mRNA is highly expressed in
the thyroid (78) and induced by TSH in vitro (44). Recently,
GPx3 protein has been demonstrated in colloid isolated from
human thyroid (78). Since oxidative iodination and coupling
of thyroglobulin takes place in the follicular lumen, GPx3
may play a role in returning the follicular lumen back to a
more reducing environment in which cysteine proteinases of
the cathepsin family are required for the degradation of Tg
and liberation of T4 and T3 (28). GPx4 is called the phos-
pholipid hypdroperoxide-specific GPx. It can reduce lipid
hydroperoxides and exerts anti-apoptotic effects in cultured
cells (77) and in vivo (89). Its role in the thyroid is currently
under investigation (Chiu and Schweizer, unpublished
work). GPx5 and GPx6 have not been demonstrated in the
thyroid. The iodothyronine deiodinases are central to thy-
roid hormone metabolism (52). Although they probably do
not play a role in the redox protection of the thyroid, they
are discussed here owing to their dependence on selenium,
since any manipulation of thyroidal selenium content not
only compromises GPx1 expression, but may also impact on
other selenoproteins, including Dios (1, 6). In rodents, only
Diol has been demonstrated in the thyroid; in human thy-
roid both Diol and Dio2 have been found (9). Comparative
modeling of Dio structures suggest that these enzymes con-
tain a thioredoxin fold motive which might be involved in
the reductive deiodination of thyroid hormones (12). Se-de-
pendent Dio activity of thyrocytes contributes to local T3
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THYROID PEROXIDES AND PEROXIDE-DEGRADING ENZYMES 1585
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FIG.2. Expression of Se-independent redox systems in the thyroid gland of WT mice. (A) Total RNA preparations from
single murine thyroid glands and murine brain were reverse transcribed and used as templates for PCR amplification with
specific primers for superoxide dismutases 1 and 2 (Sodland Sod2), catalase (Cat), peroxiredoxins (Prdx1, Prdx3, Prdx6),
glutathione reductase (GR), and thioredoxin-like 1 (TrxL1); the products were separated by agarose-gel electrophoresis. (B)
Immunoblots were performed using protein homogenates of single thyroid glands or brain from C57BL/6 adult male mice.
Proteins were resolved by SDS-polyacrylamide gel electrophoresis and targets were detected with anti Sod1, Sod2, Cat,
Prdx1, Prdx3, and Prdx6 antibodies.
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FIG. 3. Expression of selenoproteins in the thyroid gland of WT mice. (A) Total RNA preparations from single murine
thyroid glands and murine brain were reverse transcribed and used as templates for PCR amplification with primers spe-
cific for thioredoxin reductases 1, 2, and 3 (TrxR1, TrxR2, TrxR3), glutathione peroxidases 1 and 4 (GPx1, Gpx4), deiodi-
nases 1 and 2 (Diol, Dio2), selenoproteins P, S, M (SePP, SelS, SelM) and Sep15. The products were separated by agarose-
gel electrophoresis. (B) Western blot analysis was performed using protein homogenates of single thyroid glands or brain
from C57BL/6 adult male mice. Proteins were resolved by SDS-polyacrylamide gel electrophoresis and targets were de-
tected with anti GPx1, Gpx4, SelM, SelS, TrxnR1 and TrxnR2 specific mono- and polyclonal antibodies.
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formation, which is required for hormonal regulation of their
function and differentiation, and is in involved in systemic
production of T3 secreted into the blood (48).

Based on structural similarity around the Sec residues and
since many selenoproteins have Cys homologs, it has been
assumed that selenoproteins likely are redox enzymes (26,
27, 55) that may potentially protect the cells from oxidative
damage. However, of the 24 rodent selenoproteins, many are
expressed in the thyroid, but the functions of many of those
are not known (Table 2).

Catalase and superoxide dismutases

These enzymes are all expressed in human and rodent thy-
roid (Table 1, Fig. 2). Catalase (Cat) is a hydrogen peroxide-
degrading enzyme located in peroxisomes. Since the bio-
chemical pathways of peroxisomes are of lesser importance in
the thyroid, Cat is rather weakly expressed in this organ, but
stronger than in brain. The Ky value of Cat for H,O, is much
higher than intracellular H,O, concentrations reported for thy-
rocytes, and H,O, degradation in the thyroid appears to be
handled primarily by the GPx family (81). Superoxide dismu-
tases (Sod1-3) are not reducing, but rather producing, hydro-
gen peroxide from the more reactive superoxide radical. Cat
has been knocked out in mice, but no defects were reported in
their thyroids, although they were also not excluded (42). In
humans, a catalase-deficient condition, acatalasemia, exists, but
no thyroid phenotype has been demonstrated (see Ref. 81).
While Sod1-deficient mice do not show an overt phenotype
until at least 6 months of age (74), Sod2-deficient mice die from
dilated heart failure (66). In both models, thyroid pathology
has not been reported. Sod3-deficient mice are apparently
healthy under normal conditions until at least 14 months, likely
excluding major pathology of the thyroid (13).

Regulation of Redox-Protective Enzymes in Different
States of Thyroid Physiology and Pathology

A survey of expression changes of redox protective en-
zymes in the thyroid under different conditions is, at times,
confusing, since conceptually different physiological states
(e.g., primary, secondary, or pharmacologically induced hypo-
or hyperthyroidism) are sometimes lumped together in the lit-
erature. For example, hyperthyroidism may result from in-
creased endogenous TSH signaling, representing increased
thyroidal activity. In contrast, animals are sometimes called
hyperthyroid after application of thyroid hormones, although
then the activity of the thyroid (as well as TSH) are sup-
pressed. With respect to “peripheral” organs such as the liver,
heart, gastrointestinal tract, or bone, it may not matter whether
thyroidal activity is induced or repressed, as long as there is
increased thyroid hormone action in the tissue under investi-
gation. However, it should be clear from this discussion that
there is a big difference between both models with regard to
the thyroid. Thus, one has to be very careful interpreting ex-
pression data of redox protective enzymes in hyper- or hy-
pothyroidism. What we found on the regulation of redox pro-
tective enzymes in summarized in Tables 1 and 2.

Hyperthyroidism/increased TSH signaling/Graves’
disease/low iodine diet

GPx activity is induced by TSH in cultured FRTL-5 cells,
but not in cultured porcine follicular cells (10). In these cells,

SCHWEIZER ET AL.

Prdx2 was also induced by TSH, suggesting that increased
peroxidase-mediated protection may be required to cope
with TSH-induced thyroid hormone synthesis (49). Simi-
larly, low iodine diet stimulated mRNA expression of Prxn
3 and 5 (61). In fact, increased Prdx 5 expression was also
shown in Graves’ disease by immunohistochemistry and
Western blot analysis (31). Both Sod1 and Sod?2 are induced
by TSH (73, 80, 86). Unexpectedly, catalase activity was re-
duced in Graves’ disease (63). Accordingly, selenium sup-
plementation may be beneficial in Graves’ disease as an ad-
juvant therapy (3). Secreted Sod 3 mRNA was elevated
transiently in mice maintained on Sod 3 iodine-deficient diet
for 2-3 months (61).

Hashimoto’s thyroiditis, Graves disease, and inflammatory
thyroid disease

M. Hashimoto is characterized by continuous progressive
autoimmune destruction of thyroid follicles and thyrocytes.
TPO autoantibodies are widely used in diagnostics and may
be involved in pathology. With progressive destruction of
their thyroids, patients become hypothyroid and require life-
long T4 replacement therapy. Recently, several prospective,
double-blind controlled clinical studies reported beneficial
effects of administration of various selenium compounds (se-
lenite, selenomethionine, selenium yeast), as illustrated by
decreased autoantibody titers and improved clinical scores
of treated patients (22,29, 85). However, the molecular mech-
anisms of selenium action in this disease is not known (21)
and, apart from improved selenium status as indicated by
blood Se or GPx activity, no data are available on altered se-
lenoprotein expression in the thyroid gland of affected pa-
tients. Since beneficial effects of Se treatment have also been
found in postpartum thyroiditis (72) and De Quervain’s thy-
roiditis (20), the pertinent question is whether the therapeu-
tic principle is altered selenoprotein expression in thyrocytes,
stromal, endothelial, or immune cells infiltrating the thyroid
gland, or combinations of these. Whether Se treatment is also
beneficial in Graves’ disease of the thyroid, caused by TSHr
stimulating autoimmune antibodies, is currently under in-
vestigation in multicentric clinical studies.

Thyroid adenoma and cancer

The number of studies in this subject is too small to pro-
vide a basis for the separate treatment of adenoma and fol-
licular, anaplastic, or papillary thyroid cancer. Thus, we will
refer to the exact type of cancer only in the tables. Prdx1 ex-
pression was increased in thyroid cancer (88). Whether this
is a common feature of Prdxs is not known, since they have
not been systematically analyzed in thyroid cancers. Simi-
larly, there is too little data on the regulation of selenopro-
teins in thyroid cancers: Schmutzler demonstrated that GPx3
mRNA was downregulated in thyroid cancer samples, as
compared to matched normal controls. In addition, in situ
hybridization revealed that GPx3 mRNA was exclusively lo-
calized to the thyrocytes, and Northern blot analysis showed
the highest expression level for GPx3 among selenoproteins
in normal thyroid tissue. Moreover, GPx3 mRNA was abun-
dant in a human multiple tissue expression array, and a can-
cer profiling array indicated decreased transcript levels (78).
GPx-3, downregulated in thyroid cancer tissue compared to
normal paired samples, has thus been proposed as a bio-
marker for papillary thyroid cancer (11, 75, 83). Similarly,
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two reports demonstrated a decrease of catalase in thyroid
cancer (40, 63). Depending on the type of cancer, Sod1l ac-
tivity is either unchanged or decreased (40, 63). In contrast,
Sod2 was either unchanged or increased (40, 63) This first
descriptive information on expression of redox-related pro-
teins in thyroid cancer does not yet allow to draw conclu-
sions on their pathogenic implications, and more studies are
clearly needed.

Summary

There is good evidence that stimulation of the thyroid by
TSH or TSHr stimulating antibodies induces the production
of hydrogen peroxide, which is at the same time counter-
acted by increased expression of redox-protective enzymes.
However, “at the same time” may be a premature conclu-
sion. Maybe protection follows hormone biosynthesis with
a lag phase allowing for efficient iodination. We know that
not all thyroid follicles are simultaneously active, and even
within one follicle the functional states of individual thyro-
cytes differ. The fact that the thyroid is a highly perfused
and vascularized tissue containing probably more endothe-
lial cells than thyrocytes is usually neglected, as is its regu-
lation by innervation. It may thus be that the values of en-
zymatic activity or gene expression data of redox-protective
enzymes determined by grinding up the whole gland may
not exactly reflect the cell biology of individual thyroid cells,
but rather represent a crude average over many follicles and
different cell types. In addition, we have to admit that much
more, and ultimately systematic, research is needed to as-
sess fully the roles of redox-protective enzymes in the thy-
roid, and appreciate their interplay with peroxide-generat-
ing systems. Moreover, there is some evidence both from
animal and clinical studies that demonstrate beneficial ef-
fects of selenium supplementation in settings of autoimmune
inflammatory thyroid disease. To date, these effects are still
tentatively explained by increased GPx expression, which
implies the traditional concept of antioxidative protection
against oxidative stress, an interpretation probably falling
too short. However, even this hypothesis is highly specula-
tive and based only on association, since selenoprotein
knockout animals, with the exception of selenoprotein P,
have not been analyzed in this respect. Given the high preva-
lence of thyroid disorders in the population and lacking ra-
tional therapeutic alternatives, it may be worth exploring this
topic, perhaps with approaches considering the cell biology
and functional diversity of the thyroid gland. Such system-
atic studies, combining expression analyses and genetic tools
may thus ultimately help produce the solid ground of data
required for designing models and devising therapeutic
strategies.
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