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Iodine
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Abstract Iodine is an essential micronutrient for health and maintenance of thyroid
function in humans and other vertebrates. Themajor effects of iodine in the organism
are mediated by its action as a structural constituent of thyroid hormones, thyroxine
and triiodothyronine, potent regulators of cellular metabolism and growth and devel-
opment processes. As a component of thyroid hormones, iodine has a crucial role in
prenatal and early postnatal ontogenesis due to its involvement in the regulation of
neurodevelopment, maturation of the musculoskeletal and respiratory systems and
the formation of cognitive function. The adequate iodine status is also an important
factor in preventing thyroid disorders and maintaining proper mental and physical
health in adulthood. Iodine exhibits some effects not mediated by its action in the
composition of thyroid hormones and can be involved in the prevention and inhi-
bition of tumour growth. Iodine deficiency in organism has multiple adverse health
consequences, including goitre, hypothyroidism and an increased risk of developing
several types of cancer. The activity of the thyroid gland changes with age, and alter-
ations in its function can be associated with longevity; thus, peculiarities of iodine
metabolism in older age are of particular interest.
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10.1 Introduction

Iodine (I) [Gr.�violet], a halogen of atomic number 53 and atomic mass 126.9 amu,
was discovered in 1811 by Bernard Courtois, who separated it from seaweed ash,
and was independently identified as a chemical element in 1813 by Joseph Louis
Gay-Lussac and Humphry Davy (Kendrick 2016). Along with the 200-year period
of fundamental research and practical use of iodine, this element has a thousand-
year history of application in medicine. Medications with iodine-rich brown algae
Sargassum and the thyroid gland of animals were used in ancient China and the ashes
of marine sponges were applied in medieval Europe, presumably for the treatment
of goitre (Langer 1960). Progress in biochemistry and endocrinology from the late
19th to the middle of the 20th century and subsequent advances in molecular biology
made it possible to clarify the biological role of iodine, its metabolism in human
organism and the health risks associated with iodine deficiency.

The thyroid gland, which can effectively concentrate iodine from the blood, pro-
vides the accumulation andorganificationof iodine in humans andvertebrate animals.
Thyroid tissue is unique among vertebrate tissues because of its ability to synthesize
3,5,3′,5′-tetraiodothyronine (thyroxine, T4) and 3,5,3′-triiodothyronine (T3), the only
known to date iodine-containing natural compounds that exhibit hormonal activity
(Felig et al. 1995; Nicola and Carrasco 2014). Thyroid hormones are involved in
the regulation of a wide range of metabolic and physiological processes and mediate
the main functions of iodine in human organism. These bioregulators are critical for
growth, development, differentiation and maintenance of metabolic balance (Cheng
et al. 2010). As an integral component of thyroid hormones, iodine is especially
required for development and proper activity of the nervous system and brain mat-
uration (Hetzel 2005; Bernal 2017), as well as for the maturation of the respiratory
and musculoskeletal systems during the prenatal and early postnatal periods (For-
head and Fowden 2014). Thyroid hormones are also important for the maturation of
the reproductive system and the maintenance of a healthy pregnancy (Krassas et al.
2010), for the functioning of cardiovascular (Klein and Danzi 2016), gastrointestinal
(Sirakov and Plateroti 2011) and other vital system throughout life. Iodine exhibits
some effects independently of its action in composition of thyroid hormones (such
as antioxidant effect) and participates in autoregulation of thyroid functions (Gaert-
ner 2009; Venturi and Venturi 2014). In addition, iodine exhibits an antiproliferative
effect and can be involved in prevention of certain types of cancer (Venturi et al.
2000; Brown et al. 2013; Rappaport 2017).

Iodine deficiency in humans leads to metabolic and functional disturbances as a
consequence of inadequate formation of thyroid hormones. The spectrum of these
disease states is collectively referred to as iodine deficiency disorders, widespread
in the world’s population (Hetzel 1983; Zimmermann 2009). Endemic goitre is the
most visible manifestation of iodine shortage in the organism; however, most severe
consequences of iodine deficiency include neurodevelopmental abnormalities and
infant mortality (Zimmermann 2016).
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Most metabolic disorders observed in conditions of iodine deficiency can be pre-
vented by normalizing iodine intake (Hetzel 2005; Zimmermann 2009). However,
the problem of iodine deficiency in population still remains unresolved in many
countries. Nearly 1.9 billion people worldwide have inadequate iodine consumption
and are at a risk for iodine deficiency disorders, with children, pregnant and lactat-
ing women being the most vulnerable groups (Andersson et al. 2012; Zimmermann
2007, 2016). Thus, iodine deficiency is one of the global health problems and attracts
considerable attention of the world’s scientific community.

In addition, iodine is an element associated with global environmental processes,
and its speciation in the atmosphere can contribute to the destruction of atmospheric
ozone (Saiz-Lopez et al. 2012). Studies on the global cycle of iodine, its evolutionary
significance and essentiality for living systems and various aspects of human health
are among actual issues in many areas of scientific research. The aim of this chapter
was to analyze the distribution of iodine in the environment, its metabolism in human
organism and its importance for human health.

10.2 Iodine Distribution in the Environment

Iodine is an ultra-trace element of the Earth’s crust (mean concentration is about
0.25 mg/kg) with an uneven and highly variable distribution in different compart-
ments of the natural environment (Fuge and Johnson 2015). Its concentration is
generally low in the lithosphere and reaches higher levels in seawater and in marine
and oceanic sediments. Iodine occurs in different oxidation states (from −1 to +7),
with I– (iodide), IO3

– (iodate) and organic iodine compounds being predominant in
the environment (Küpper and Kroneck 2015).

A key part of the global biogeochemical cycle of iodine is its volatilization from
the surface of the World Ocean to the atmosphere. Volatile iodine species include
molecular iodine (I2) and organic compounds (CH3I, CH2I2 and CH2ClI), produced
by macrophytic algae, phytoplankton and bacteria (Leblanc et al. 2006). Iodine con-
centration in the seawater amounts on average 45–60 μg/L, while most freshwater
systems contain it at a concentration of<20 μg/L with many values in the range
from 0.5 to 5 μg/L (Fuge and Johnson 1986). The total concentration of iodine in
the atmosphere is in the range of 10–20 ng/m3 and includes both the organic and
inorganic fractions. In wet and dry precipitation, iodine is transferred from the atmo-
sphere to the land surface and infiltrates the soils, where its concentration varies in
the wide range (0.5–50 mg/kg), depending on the soil type and location. The near-
coastal soils are enriched in iodine, while those located far from marine influence
are relatively depleted in this element (Fuge and Johnson 2015). Iodine is gener-
ally strongly adsorbed in soils due to its binding by organic matter and other soil
components, while only small amount of the total soil iodine is available for uptake
by plants. Heavy rainfalls, seasonal flooding, soil erosion and weathering, excessive
use of fertilizers deplete the soil content of iodine. Agricultural cultivation of iodine



268 H. Antonyak et al.

depleted soil results in the production of iodine deficient crops that increase risk of
iodine deficiency in the residents of such regions.

Iodine has a strong tendency to accumulate in the biosphere and is found in
all groups of terrestrial, soil and aquatic biota. Iodine content is usually low in
natural vegetation (less than 1 mg/kg), but in some agricultural plants it can be
significantly increased by using iodine-containing fertilizers (Medrano-Macías et al.
2016). Marine algae and invertebrates accumulate iodine in much larger quantities
than terrestrial biota, with brown algae (Phaeophyceae) being the most potent iodine
bioaccumulators among all living organisms. The highest iodine contents have been
reported in the species of the genusLaminariawith themaximum levels inLaminaria
digitata (up to 6.12–8.17 g/kg of dry weight) (Teas et al. 2004). To date, more
than a hundred iodine-containing natural products have been identified, most of
them derived from marine organisms (Küpper and Kroneck 2015). Many of recently
discovered compounds of marine origin were found to possess biological activities,
including anticancer and antibiotic properties (Gribble 2015).

Iodine is necessary for all classes of vertebrates for the synthesis of thyroid hor-
mones that control embryonic development, postnatal growth and metabolic rate
(Tata 2011; Mullur et al. 2014). In amphibians and teleost fishes, thyroid hormones
are involved in the control of metamorphosis (Tata 2011). In mammals, thyroid hor-
mones are closely related to the regulation of growth and development processes
(Forhead and Fowden 2014). In homeothermal organisms, thyroid hormones play an
important role in the regulation of basic metabolism and the processes of obligate
and adaptive thermogenesis.

10.3 Iodine in the Human Organism

Iodine is an essential micronutrient for normal growth, metabolism and thyroid func-
tion in humans and is primarily used as a substrate for the processes of hormono-
genesis in the thyroid gland (Kopp 2005). Total amount of iodine in the human body
ranges from 15 to 20 mg with 70–80% of it being stored in the thyroid (Hetzel and
Maberly 1987). The major part of iodine enters the human organism via the gastroin-
testinal tract, including more than 90% of iodine derived from food. Other routes of
iodine entry (inhalation, dermal absorption) have only a minor role in iodine intake
by humans.

10.3.1 Iodine Absorption in the Digestive Tract

The biologically available form of iodine for humans is an iodide anion that is readily
absorbed into the bloodstream from the small intestine, mostly from the duodenum
(Josefsson et al. 2002). Other forms of dietary iodine are converted into iodide in
the gastrointestinal tract prior to absorption. Iodine-containing organic compounds
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are usually decomposed during digestion of food with the release and subsequent
absorption of iodide.

Iodide uptake in the intestine is mediated mainly by sodium iodide symporter
(Na+/I− symporter, NIS) that is identical to the thyroidal NIS (Nicola et al. 2009,
2015). In the small intestinal epithelium, NIS is located in the brush border of ente-
rocytes and can mediate iodide active transport from the intestinal lumen to the cells.
Subsequently, iodide can reach the bloodstream, probably through the Cl− channels
(Nicola et al. 2009). Closely linked to NIS is Na+-multivitamin transporter (SMVT),
also capable of transferring iodide, but with a lower affinity. The SMVTmay provide
a complementary pathway for iodide uptake in the small intestine (de Carvalho and
Quick 2011). Iodide is transported via the blood, being weakly bound by plasma
proteins. A small fraction of the plasma iodide is in an ionic form.

10.3.2 Iodine Accumulation in the Thyroid Gland
and Extrathyroidal Tissues

Iodide is absorbed by thyroid cells in an amount necessary to maintain an adequate
thyroid function. In conditions of sufficient iodine intake, the adult human thyroid
gland contains 12–15 mg of this element (Hetzel and Maberly 1987). Under physi-
ological conditions, the thyroid absorbs about 60 μg of iodide per day; however, in
cases of iodine deficiency, the level of daily iodide uptake by the thyroid gland can
be reduced to 20 μg or less (DeGroot 1966). Iodide uptake by human foetal thyroid
begins around 10–12 weeks, but increases significantly after 22 weeks of prenatal
development until term. Thyroidal iodide uptake is higher in adolescents than in
adults and decreases progressively with age (Verger et al. 2001).

Iodide enters the thyroid cells via two routes: (1) active transport involving mem-
brane Na+/I– symporter and (2) diffusion through ion channels (McLanahan et al.
2008). The main stages of iodine metabolism in the thyroid are associated with
the oxidation of iodide and its subsequent organification followed by the formation
and release of thyroid hormones. The formation of iodolipids and deiodination of
iodothyronines with the release of iodide also take place in thyroid cells (Köhrle et al.
2005; Gaertner 2009).

In addition to the thyroid gland, a certain amount of iodine can accumulate in some
extrathyroidal tissues, mainly in the gastric mucosa, salivary glands and lactating
mammary gland (Spitzweg et al. 1998; Dohan et al. 2003; Angelousi et al. 2016). All
these cells express the Na+/I– symporter and form the major extrathyroidal iodide
pool, which can be maintained depending on the level of iodide intake and the
physiological status of the organism. In these tissues, as in the thyroid gland, NIS
is located in the basolateral membrane of epithelial cells and mediates the uptake of
iodide from the bloodstream (Nicola et al. 2009). However, unlike the thyroid gland,
nonthyroidal tissues do not possess the ability to organify accumulated iodide (with
the possible exception of the lactating mammary gland) (Carrasco 2005).
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Themammary gland during lactation concentrates iodide almost as actively as the
thyroid and secretes it into milk, providing a substrate for thyroid hormone synthesis
in newborns. NIS is present in the healthy breast exclusively during late pregnancy
and lactation, in contrast to its constitutive expression in the thyroid (Tazebay et al.
2000). Conversely, malignant cells of the non-lactating mammary gland have been
shown to express Na+/I– symporter and accumulate iodide (Tazebay et al. 2000;
Angelousi et al. 2016).

Iodide accumulation in the gastric mucosa and salivary glands may provide the
formation of its endogenous reserve, which can be reabsorbed in conditions of low
dietary iodine intake. From the gastric mucosa, iodide is released into the stomach
lumen, possibly through the Cl− channels (Josefsson et al. 2002). Iodide secreted in
the saliva and gastric juice can be reabsorbed in the small intestine along with newly
ingested iodide.

10.3.3 Excretion of Iodine from Human Organism

Iodine is removed from human body primarily through the excretory system in the
form of iodide. Renal excretion accounts for about two thirds of iodide cleared from
plasma, and urinary iodide concentration (UIC) is an indicator of recent dietary
iodine intake. The remaining part of iodine is excreted through the digestive tract
(about 1%), exocrine glands and in the exhaled air (Hetzel andMaberly 1987). Under
conditions of strenuous physical activity, iodine can be intensively excreted through
the sweat glands. In areas with low iodine intake, the loss of iodide in sweat can be
equal to that in urine and can partially contribute to iodine deficiency in people who
perform heavy workloads (Smyth and Duntas 2005).

The release of iodine into breast milk is an important route of iodine excretion
during lactation. Iodine inmilk is represented by iodide and thyroid hormones,mainly
thyroxine. Breast milk iodine concentration (BMIC) is closely related to the level
of iodine intake and, together with iodine concentration in urine, is considered a
biomarker of iodine nutrition in lactating women (Dold et al. 2017). In conditions of
iodine sufficiency, BMIC is in the range of 100–150 μg/L, but it has been reported
to vary from 5.4 to 2170 μg/L in worldwide studies (Azizi and Smyth 2009). Iodine
content in colostrum is significantly higher than in mature milk (Moon and Kim
1999).
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10.4 Iodine Turnover in the Thyroid Gland

10.4.1 Thyroid Function and Its Regulation

The thyroid gland has amajor role in the concentrating and storing of iodine and is the
only specialized endocrine organ capable of synthesizing thyroid hormones, although
the expression of genes involved in this process is also found in several nonthyroidal
tissues (Sellitti et al. 2000; Kim et al. 2017). Thyroid-stimulating hormone (TSH,
thyrotropin), producedby anterior pituitary, is the principal regulator of thyroid gland.
TSH is required for the differentiation and proliferation of thyrocytes, the processes
of iodide uptake and the synthesis and release of thyroid hormones. Thyrotropin
itself is under the control of thyrotropin-releasing hormone (TRH) secreted from the
hypothalamus (Felig et al. 1995). These hormones together with thyroxine and T3

form the hypothalamus-pituitary-thyroid axis, which is regulated by the feedback
mechanisms.

Thyrotropin controls thyroid functions and modulates the expression of thyroid-
specific genes via interaction with the class A G-protein-coupled receptor located
at the basolateral surface of thyrocytes (Kleinau et al. 2017). The regulatory effects
of thyrotropin are mostly mediated by the cyclic adenosine 3′,5′-monophosphate
(cAMP)-dependent pathway and involve protein kinase A, but TSH can induce also
the phospholipase C signal transduction system (Corvilain et al. 1994). A number
of additional regulatory factors, including hormones (insulin, glucocorticoids, estra-
diol), cytokines and growth factors (such as insulin like growth factor-1 (IGF-1) and
transforming growth factor-β (TGF-β)), as well as follicular thyroglobulin and iodide
itself, are involved in the regulation of thyroid functions and can interfere with TSH-
stimulatory effects (Deleu et al. 1999; Santin and Furlanetto 2011; Nadolnik 2012;
Pesce and Kopp 2014). The transient inhibition of thyroid hormone production by
excess iodide is known as the Wolff–Chaikoff effect (Wolff and Chaikoff 1948).

In addition to the synthesis of thyroid hormones, the thyroid gland is capable of
iodinating polyunsaturated fatty acids. A range of iodolipid compounds belonging to
iodoaldehydes and iodolactones have been identified in human and animal thyroids,
with 2-iodohexadecanal (2-IHDA) being the main compound of iodolipid fraction
(Gaertner 2009; Rossich et al. 2016). It has been suggested that iodoaldehydes and
iodolactones can demonstrate regulatory effects and mediate the inhibitory influence
of excess iodide in the thyroid gland (Gaertner 2009).

10.4.2 Membrane Transport of Iodide in Thyrocytes

The ability of the thyroid gland to accumulate iodine was first demonstrated in 1895
by Eugen Baumann, who reported high concentrations of protein-bound iodine in
thyroid extracts (Baumann 1895), and two decades later the thyroidal absorption of
iodide was described (Marine and Feiss 1915). Significant progress in clarifying the
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mechanism of iodide transport and its regulation in the thyroid and extrathyroidal
tissues was achieved after characterization of the Na+/I– symporter and cloning of
genes encoding NIS from rat and human in 1996 (Dai et al. 1996; Smanik et al.
1996).

The Na+/I– symporter, also known as SLC5A5 (solute carrier family 5, member 5)
is located at the basolateral plasmamembrane of thyrocytes and actively cotransports
two sodium cations per each iodide anion using an electrochemical sodium gradient
generated by Na+/K+-ATPase (Dohan et al. 2003; Carrasco 2005; Portulano et al.
2014).NIShas a high affinity for iodide,which allows the thyroid gland to concentrate
this anion 20–40 times compared to its concentration in blood plasma.Besides iodide,
NIS is capable of transporting other anions, including nitrate (NO3

−), thiocyanate
(SCN–), and perchlorate (ClO4

–) that can act as competitive inhibitors of iodide
uptake (Tonacchera et al. 2004).

Spontaneous mutations of SLC5A5 (NIS) gene have been identified as causes of a
congenital iodine transport defect, an autosomal recessive disorder, leading to thyroid
dyshormogenesis and hypothyroidism (Nicola and Carrasco 2014). Conversely, NIS
expression is significantly higher in hyperfunctioning thyroid gland in patients with
Graves’ disease than in healthy thyroid tissue.

Membrane transport of iodide in thyrocytes is controlled primarily by TSH, which
up-regulates the expression of Na+/I– symporter by either induction of NIS mRNA
or posttranslational modification of NIS molecule (Dohan et al. 2003). Regulatory
effects of TSH on NIS expression are mainly mediated by activation of adenylyl
cyclase, protein kinase A and transcription factor CREB (Portulano et al. 2014).
Estradiol down-regulates the expression of NIS and iodide uptake in thyroid cells
that possibly explains the higher incidence of goitre in women (Santin and Furlanetto
2011). Insulin and IGF-1 down-regulate theNIS gene expression, with phosphatidyl-
inositol-3-kinase (PI3K) participating in their inhibitory effects (García and Santis-
teban 2002). Tumour necrosis factor-α (TNF-α), TGF-β and some interleukins also
inhibit NIS expression in thyrocytes (Pesce and Kopp 2014). Excess iodide was
shown to reduce the iodide uptake due to down-regulation of the NIS gene transcrip-
tion through activation of PI3K/Akt pathway (Nascimento et al. 2016).

Iodide transport through an apical membrane of the thyrocyte (iodide efflux)
to the intraluminal compartment of the follicle is mediated, in part, by a transporter
known as pendrin (SLC26A4, solute carrier family 26,member 4) in conjunctionwith
several other channels such as CLCN5 (chloride channel 5) and calcium-activated
anion channel anoctamin 1 (TMEM16A) (Kopp et al. 2017). Biallelic mutations
in the SLC26A4 gene lead to Pendred syndrome, an autosomal recessive disorder
characterized mainly by sensorineural deafness, goitre and partial defect in iodide
organification (Royaux et al. 2000).
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10.4.3 Synthesis of Thyroid Hormones

The central stage in the synthesis of thyroid hormones is iodide organification that
takes place in the follicular lumen. This process involves a 660 kDa homodimeric
glycoprotein thyroglobulin (TG) that serves as an iodine acceptor in the process
of organification, as the scaffold for the synthesis of thyroid hormones, and as an
intraglandular store of iodine (Di Jeso and Arvan 2016).

Iodide, being transferred to the outer apical side of the thyrocyte, is oxidized
on the cell-colloidal interface and is rapidly organified by the covalent binding to
the selected tyrosyl residues of TG with formation of mono- and diiodothyrosines
(MIT and DIT, respectively). This process, referred to as organification, is catalyzed
by membrane-bound thyroperoxidase (TPO) in the presence of hydrogen peroxide
(H2O2), which acts as electron acceptor (Ruf and Carayon 2006). Hydrogen peroxide
is generated by two members of the NOX (NADPH-oxidase) family: dual oxidases
1 and 2 (DUOX1 and DUOX2, respectively) (Sumimoto 2008).

In the subsequent coupling reaction, also catalyzed by TPO, two iodinated tyrosyl
residues within the TG molecules are coupled to form iodothyronines (either T4 or
T3). Iodinated molecules of TG containing MIT, DIT, T4 and T3 are accumulated
in the intraluminal colloid of the follicle. To release thyroid hormones, iodinated
thyroglobulin is internalized into thyrocytes by micro- and macropinocytosis and
undergoes proteolysis in lysosomes (Kopp 2005). This process is accompanied by
the release of T4 and T3 that are secreted into the bloodstream at the basolateral
membrane. The levels of T4 and T3 secretion from human thyroid are 80–100 μg
and 3–15 μg per day, respectively (Hetzel and Maberly 1987; Nicola and Carrasco
2014). Mechanism of T4 and T3 secretion from the thyrocyte involves specific mem-
brane transporters of thyroid hormones, in particular, the monocarboxylate trans-
porter MCT8 (Visser et al. 2011).

Small amount of TG molecules (about 10%) can be subjected to the process
of transcytosis (i.e., the vesicular transfer of TG from the apical to the basolateral
membranes bypassing the lysosomes) that results in the release of TG into the blood
(Tuma and Hubbard 2003). Megalin (gp330), a member of the family of low density
lipoprotein receptors, was shown to mediate the TSH-stimulated uptake of TG in
thyrocytes and its transcytosis.

Process of hormonogenesis is regulated mainly by TSH, which stimulates the
expression of thyroid-specific genes, including those encoding TG and TPO expres-
sion. TSH-dependent cAMP cascade is the major regulator of hormone secretion of
thyrocytes, whereas TSH-stimulated phospholipase C-dependent pathway activates
the formation of H2O2 and TG iodination (Kopp 2005). Process of iodide organifi-
cation is transiently blocked by excess iodide (Koukkou et al. 2017).
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10.5 Transport of Thyroid Hormones into the Cells

The entry of thyroid hormones into target cells is mediated by transport proteins,
localized in the plasma membrane. These include the Na+/taurocholate cotransport-
ing polypeptide (NTCP), the members of the family of Na-independent transporters
of organic anions (OATP, organic anion transporter polypeptide), L-type amino acid
transporters LAT1 and LAT2, and monocarboxylate transporters (MCT). However,
only MCT8 and OATP1C1 exhibit a high degree of specificity for iodothyronines
(Visser et al. 2011).

10.6 Deiodination of Thyroid Hormones

Studies conducted in the 1970s have shown that about 80–90% of thyroxine secreted
from the thyroid gland undergoes deiodination in peripheral tissues with the for-
mation of T3 and reverse triiodothyronine (rT3) (Chopra et al. 1978). Subsequently,
deiodination process was recognized as an important stage in the metabolism of
iodothyronines and in the iodine turnover in the organism (Leonard andVisser 1986).
In humans, thyroxine deiodination produces about 80% of T3 and almost 95% of rT3

(Leonard and Visser 1986). In addition, about 10% of T4 initially produced, is deio-
dinated intrathyroidally with formation of T3 (Nicola and Carrasco 2014).

Catalysis of oxidation/reduction reactions of iodothyronine deiodination involves
three selenium-containing enzymes: iodothyronine 5′-deiodinases type 1 and type
2 (D1 and D2, respectively) and iodothyronine 5-deiodinase type 3 (D3) (Leonard
1990; Bianco et al. 2002; Köhrle et al. 2005). The first two enzymes catalyze the
deiodination of the outer (phenolic) ring of thyroxine at the 5′-position that leads
to the formation of T3 (the biologically active form of thyroid hormone). The D3
enzyme is responsible for the deiodination of the inner (tyrosyl) ring of thyroxine in
the 5-position, resulting in the formation of 3,3′,5′-triiodothyronine (rT3), which is
generally considered an inactive form of thyroid hormone (although rT3 can exhibit
some local non-genomic effects). Hence, by catalytic conversion of thyroxine to T3

or rT3, iodothyronine deiodinases control the activation or inactivation of the thyroid
hormone, respectively. The ratio between these two routes of T4 conversion is regu-
lated by the metabolic situation in the cells and physiological status of the organism.
Expression of iodothyronine deiodinases was found to be tissue-specific and regu-
lated by a number of factors (hormones, cytokines, growth factors, neurohumoral
and alimentary factors) (Bianco et al. 2002; Antonyak et al. 2002; Köhrle et al. 2005;
Bianco 2011; Antonyak and Vlizlo 2013).

These three enzymes share significant homology of the primary structure and
possess the amino acid selenocysteine residue Sec (SeCys) in the active site. The Sec
incorporation into enzymemolecules is determined by UGA codon and by a segment
SECIS (selenocysteine insertion sequence), which is located in the 3′-untranslated
region of selenoprotein mRNA. Several other factors are involved in this process,
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namely: selenocysteine-specific tRNASer(Sec), specific for eukaryotes elongation fac-
tor eEFsec and the SECIS-binding protein SBP2 (SECIS binding protein 2) (Bianco
et al. 2002).

D1 catalyzes primarily 5′-deiodination of T4 and other iodothyronines, and its
activity leads to the release of the main portion of T3 into the blood. D1 is widely
expressed in tissues, with the highest levels in the liver, kidneys and thyroid gland
(Leonard 1990; Köhrle et al. 2005). Consequently, both the liver and kidney are the
most important organs of extrathyroidal T3 formation.

D2 specifically catalyzes deiodination of the outer ring of T4, without show-
ing an affinity for T3 (Leonard 1990). The D2 enzyme is primarily responsible for
the local T3 production in target cells, and its activity is regulated by ubiquitina-
tion/deubiquitination mechanism (Bianco 2011). Expression of D2 has been found
in the cerebral cortex, anterior pituitary, placenta, brownadipose tissue, thyroid gland,
cardiac and skeletal muscles, skeleton, skin and haemo- and lymphopoiesis systems
(Croteau et al. 1996; Soutto et al. 1998; Babych et al. 1999, 2000a, b; Antonyak et al.
2002; Bianco 2011).

TheD3 enzyme,which is expressed in brain, placenta, skin and some other tissues,
catalyzes T4 conversion to rT3 and deiodination of T3 to 3,3′-diiodotyronine (3,3′-
T2) (Leonard 1990; Huang 2005). The physiological role of D3 is considered as the
inactivation of excess thyroxine and T3 by converting them to the inert compounds.
High levels of 5-deiodination activity are found in embryonic tissues.

Alterations in the thyroid hormone deiodination system are observed in the onto-
genesis of humans and animals, during pregnancy and other physiological states
and in diseases (Bianco 2011; Antonyak and Vlizlo 2013). A range of studies have
shown a correlation between the expression of 5′-deiodinases and cell differentiation;
the changes in the deiodinase expression have been also detected in malignant cells
(Schreck et al. 1994; Babych et al. 1998, 1999; Gouveia et al. 2005; Huang 2009;
Miro et al. 2017).

10.7 Biological Effects of Thyroid Hormones
in the Organism

Most functions of iodine in mammals are mediated by the effects of thyroid hor-
mones, known as potent bioregulators of metabolic processes. Thyroid hormones are
involved inmaintaining the basicmetabolism and regulation of cell proliferation, dif-
ferentiation and apoptosis (Felig et al. 1995; Hulbert 2000; Babych et al. 2000c; Tata
2011; Mullur et al. 2014; Deng et al. 2017). These hormones are involved in the reg-
ulation of growth and development of the organism, tissue regeneration, maturation
andmaintenance of proper functioning of organ systems (Forhead andFowden 2014).
Their importance is proved for the maturation of the central nervous system (Calza
et al. 2015; Bernal 2017), regulation of functions of cardiovascular (Klein and Danzi
2016), musculoskeletal (Anwar and Gibofsky 2010), gastrointestinal (Sirakov and
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Plateroti 2011; Brown et al. 2013), reproductive (Krassas et al. 2010) systems. Thy-
roid hormones also participate in the regulation of haematopoiesis, immune function,
respiratory function and blood cell metabolism (Sukhomlinov et al. 1986; Snitynsky
and Antonyak 1995; Antoniak 1999; Babych et al. 2000c, d, e; Jara et al. 2017).

Although thyroxine is the main thyroid hormone secreted by the thyroid gland, it
is considered a prohormone of T3, which is able to regulate gene expression. The T3

was demonstrated to be present in human plasma by J. Gross and R. Pitt-Rivers in
1952, and its role in the regulation of transcription process was shown in the 1960s
by J. R. Tata and colleagues (Tata 2011). A range of vitally important genes were
shown to be directly activated by T3 at the transcriptional level (Huang et al. 2008).
The T3-target genes include the genes of structural and regulatory proteins, those
that participate in metabolic processes, detoxification, transduction of regulatory
signals, adhesion and cell migration. In addition, a number of transcription factors
and cell cycle regulators are activated byT3 (Tarım 2011). These effects of the thyroid
hormone largely mediate the influence of iodine on metabolic processes in human
and vertebrate animals.

Thyroid hormone nuclear receptors (TRs) are non-histone proteins acting as
ligand-dependent transcriptional activators by binding to the response-elements
(TRE) in promoter regions of target genes (Zhang and Lazar 2000; Antoniak et al.
2000; Boelen et al. 2012). TR expression is determined by TRα and TRβ genes,
located in humans on chromosomes 17 and 3, respectively (Yen 2001). Genomic
effects of thyroid hormone are mediated by TR receptor isoforms α1, β1 and β2 that
regulate target genes in the presence or absence of T3 by involving the co-regulatory
complexes (nuclear corepressors and coactivators) (Boelen et al. 2012). The TRs
often act as homodimers, but also as heterodimers with the retinoid-X receptor. The
TRα1 and TRβ1 are widely expressed in tissues, with high level of TRα1 expression
in the cardiac and skeletal muscles and TRβ1 as the main TR isoform in the liver.
Expression of TRβ2 is restricted to the anterior pituitary gland, hypothalamus, the
developing brain and the inner ear (Yen 2001).

Iodothyronines can act also through non-genomic mechanisms that are not initi-
ated by liganding of T3 to nuclear receptors (Davis et al. 2016). These effects may be
initiated by interaction of iodothyronines with the binding sites located in the plasma
membrane or in cytoplasm. Plasmamembrane-initiated actions begin at a receptor on
the integrin αvβ3 that activates mitogen-activated protein kinase (MAPK) cascade.
The T3 can also activate phosphatidylinositol 3-kinase (PI3K) pathway by a mecha-
nism that may be cytoplasmic in origin or may begin at integrin αvβ3 (Cheng et al.
2010). These mechanisms can potentially influence gene expression. In addition,
iodothyronines have effects on mitochondrial energetics by modulating the basal
proton leak in mitochondria that accounts for heat production and cellular oxygen
consumption (Felig et al. 1995). Thyroid hormone can also act on the mitochon-
drial genome via imported isoforms of nuclear TRs to affect several mitochondrial
transcription factors (Cheng et al. 2010).
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10.8 Iodine in Human Nutrition

10.8.1 Recommended Norms for Iodine Intake

Inadequate intake of iodine is associated with a broad spectrum of thyroid disor-
ders related to both the deficiency and excess iodine in the organism. To prevent the
development of adverse effects, especially those associated with insufficient iodine
intake, and to maintain proper thyroid function, optimal levels of iodine intake have
been established by international health agencies for different population subgroups.
According to the recommendations of the World Health Organization (WHO) based
on the propositions of the United Nation Children’s Fund (UNICEF) and the Inter-
national Council for the Control of Iodine Deficiency Disorders (ICCIDD), the daily
intake of iodine should be as follows: 90 μg for preschool children (0–59 months);
120 μg for schoolchildren (6–12 years); 150 μg for adolescents (above 12 years)
and adults; 250 μg for pregnant and lactating women (WHO 2007). When assess-
ing the level of iodine intake using the urinary iodine concentration as an indicator,
iodine consumption can be considered adequate when the UIC is 100–199 μg/L in
the general population and 150–249 μg/L in pregnant women (WHO 2007).

Several studies recommend a higher daily intake of iodine in pregnant and lactat-
ing women: 250–300 and 225–350 μg, respectively, because of significant increase
in iodine requirements in women during pregnancy and lactation and the positive
effects of this element on the development of the child in prenatal period and in
infancy (Delange 2004, 2007). In particular, need for iodine increases by≥50% dur-
ing pregnancy (Zimmermann 2016) due to several factors: increased demand for T4

to maintain normal metabolism in the mother; transfer of T4 and iodide from mother
to foetus; increased loss of iodide through the kidneys (Delange 2004). Since part of
the maternal iodine is taken up by the growing foetus and placenta, a decrease in the
amount of absorbed iodine, available to the mother, is more obvious in the second
half of pregnancy (Verger et al. 2001).

10.8.2 Sources of Iodine and Levels of Iodine Intake

The estimated daily iodine intake in residents of different countries varies widely,
from<50 μg in the population of iodine deficiency areas to 500 μg and above in
people who regularly consume marine foods (WHO 2004; Zava and Zava 2011; Abt
et al. 2016). In several areas of Africa, Asia, Latin America, and parts of Europe,
iodine consumption is insufficient and varies from 20 to 80 μg per day, while dietary
intake of iodine by residents of Japan, the USA and Canada is higher compared
to the population of other countries (WHO 2004). Recent findings based on iodine
concentration in food samples suggest that the mean daily iodine intake for the total
USA population is 216.4 μg per person (Abt et al. 2016). In contrast, iodine intake
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by the population of Japan is 1–3mg/day, but in some cases this index is significantly
higher (up to 10 mg/day and above) (Zava and Zava 2011).

Food analysis shows that iodine levels in the main food groups range
as follows (data indicate geometric mean for each group): marine fish
(1294.6μg/kg)> freshwater fish (102.8μg/kg)> leafy vegetables (88.8μg/kg)>milk
and dairy products (83.9 μg/kg)>other vegetables (80.1 μg/kg)>meat
(68.4 μg/kg)>cereals (56.0 μg/kg)> fresh fruits (30.6 μg/kg)>bread
(18.3 μg/kg)>water (6.4 μg/L) (Fordyce 2003). In addition, iodine concen-
trations in edible marine invertebrate species vary from 308 μg/kg in crab tissues to
1300–1400 μg/kg in shrimp and mussels (Wayne et al. 1964), while commercially
available seaweed products contain iodine averagely 16–1540 mg/kg dry weight (up
to 8.17 g/kg in kelp granules made of dried algae) (Teas et al. 2004). Consequently,
marine algae, fish and shellfish are the most potent natural source of iodine in
human nutrition. These foods are traditionally consumed by the population in Asian
countries, with seaweed accounting for 10–25% of people’s diet in Japan (Yuan and
Walsh 2006).

In addition to marine foods, milk and dairy products, being particularly important
sources of iodine for children and pregnant women, also make a significant contri-
bution to iodine intake by population. In some countries milk has been shown to
be the principal source of dietary iodine. Contribution of milk and dairy products
to the total level of iodine consumption comprises about 50% in the USA, Canada
and Europe (Fordyce 2003). Iodine concentration in cow’s milk was shown to vary
from 50–130 μg/L to considerably higher levels (up to 2000 μg/L), depending on
the stage of lactation, seasonality and composition of cattle feeds (Fordyce 2003;
Flachowsky et al. 2014).

10.8.3 Inhibitors of Iodine Uptake

Regardless of iodine levels in foods, the absorption of this micronutrient in the
gastrointestinal tract and in the thyroid depends on food composition and on the
presence of various xenobiotics that can get into agricultural products as a result of
environmental pollution (Miller et al. 2009). NIS inhibitors such as perchlorate and
thiocyanate present in food can interfere with iodide uptake in the intestine, thyroid
and lactating mammary gland and reduce its content in breast milk, creating a risk
of iodine deficiency in infants (Pearce et al. 2007). Excess iodide inhibits iodide
absorption in the intestine and in the thyroid gland (Nicola et al. 2015).

Plant secondary metabolites, such as glucosinolates and cyanogenic glycosides,
can affect iodine uptake, since degradation and detoxification of these compounds
in the digestive tract lead to the formation of thiocyanate (Gaitan 1990). These com-
pounds are referred to as goitrogens, as if consumed in high amounts, can contribute
to development of goitre and hypothyroidism. Several flavonoids present in plants
(including soy isoflavones) also have a goitrogenic potential due to the inhibition of
the iodide uptake and thyroperoxidase activity (Gonçalves et al. 2017).



10 Iodine 279

10.9 Consequences of Inadequate Iodine Intake

10.9.1 Iodine Deficiency Disorders

In conditions of unbalanced nutrition of people living in areas with low content of
iodine in soils (areas remote from the marine environment, mountain areas, etc.),
the amount of iodine entering the body can be less than optimal demand. Long-term
deficiency of iodine in the organism leads to a decrease in the synthesis of thyroid
hormones and is associated with a range of metabolic and functional disorders that
result from thyroid dysfunction. These include goitre, hypothyroidism, and impaired
growth and development in children (Zimmermann 2009). Furthermore, the iodine
deficiency increases pregnancy loss, foetal development anomalies and infant mor-
tality and is the leading preventable cause of mental deficiency in childhood (WHO
2007; Zimmermann 2007). These disease states are generally referred to as “iodine
deficiency disorders” (IDD) (Hetzel 1983; WHO 1994).

As is known, thyroid function is controlled by the dynamic interrelationships
between the hypothalamus, the pituitary gland and the thyroid. Under physiologi-
cal conditions, the function of the thyroid gland is tightly controlled by TSH, whose
secretion typically increaseswhen iodine intake declines below the 100μg/day (Zim-
mermann 2009). TSH stimulates the thyroidal iodide uptake from the blood and its
recycling within the thyroid, and increases the efficiency of thyroid hormone pro-
duction by up-regulating the genes of NIS and components of the hormone synthesis
system. However, this mechanism can fail in conditions when the supply of iodine is
chronically too low tomaintain an adequate function of the thyroid gland. A very low
level of iodine intake during a certain period can reduce thyroid hormone production
even in the presence of elevated TSH levels. Consequently, depending on the level of
decrease in iodine intake and the duration of iodine deficiency, there may be different
degrees of thyroid dysfunction. Based on the UICmeasurement, the degree of iodine
deficiency in the population is classified as mild (UIC 50–99 μg/L), moderate (UIC
20–49 μg/L) or severe (UIC<20 μg/L) (WHO 2007).

In conditions of long-term iodine intake in amounts below the 50 μg/day, the
stimulating effect of elevated serum TSH levels on thyrocytes leads to the enlarge-
ment of the thyroid gland, known as goitre. Goitre is usually the earliest clinical
sign of iodine deficiency, and can be regarded as an adaptive disease that develops in
response to an insufficient supply of dietary iodine (Stanbury et al. 1954). Goitre is
20–30 times more common in women than in men, and is most commonly observed
in young girls at the age of puberty. A more severe iodine deficiency (in conditions
of daily iodide intake below 10–20 μg) can lead to hypothyroidism (insufficient
production of thyroid hormones). Although many people with goitre have normal
thyroid hormone levels, studies have shown that more than 30% of the persons in
endemic areas are hypothyroid, despite the enlargement of their thyroid gland (Kapil
2007).

Being the most common manifestation of iodine deficiency, endemic goitre has
for centuries prevailed in the inhabitants of the mountainous regions, such as the
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Himalayas, Alps, and Andes and in areas with frequent flooding. In addition to suf-
fering fromgoitre, a certain proportion of the population in these regionswas affected
by endemic cretinism, manifested bymental deficiency, neurological disorders, short
stature and often deafness. The relationship between iodine scarcity in environmental
components and the development of endemic goitre and cretinism was established
by G. A. Chatin in the 1850s (Chatin 1853).

Iodine deficiency can arise in the organism at any age, but children, pregnant
women and lactating mothers are the most vulnerable groups for IDD (WHO 2007;
Delange 2007; Zimmermann 2016; Nyström et al. 2016). Severe iodine deficiency
in pregnant women can lead to the pregnancy loss, stillbirth and perinatal mortality,
and adversely affects the development of a child (WHO 2007). This especially refers
to the period before the onset of foetal thyroid function (the second trimester of preg-
nancy), when human foetus is entirely dependent on the maternal thyroid hormone.
Subsequently, after the foetal thyroid gland begins to function, maternal iodine is
necessary for the production of foetal thyroid hormones involved in the regulation
of development and maturation of the brain, musculoskeletal, respiratory, auditory
and other systems of the foetus (Forhead and Fowden 2014).

Daily iodide intake below about 10–20 μg in pregnant women can cause mater-
nal and foetal hypothyroidism and result in major neurodevelopmental deficits and
goitre in their offspring. The most severe consequence of iodine shortage during
the prenatal period is cretinism, accompanied by an intellectual disability that arises
primarily as a result of irreversible brain damage caused by a deficiency of thyroid
hormones (Zimmermann 2016). The lesser degrees of iodine deficiency in preg-
nant and lactating women can also cause thyroid dysfunction and potentially affect
neurodevelopment in infants and children with long-term adverse consequences. A
study, performed in Australia has shown that even mild iodine deficiency in pregnant
women was associated with lower education outcomes in their children aged 9 years
(Hynes et al. 2013). The authors have concluded that the adverse impacts of maternal
mild iodine deficiency on foetal neurocognitive development are not ameliorated by
iodine sufficiency during childhood.

Being especially required by infants and their mothers, iodine is an important
micronutrient for growth, physical and mental development of preschool and school-
age children. Iodine deficiency in children is characteristically associatedwith goitre.
Goitre rate increases with children’s age and reaches a maximum in adolescence.
Inadequate iodine intake during these periods of life can lead to retarded physical
development, delayed puberty,weight gain, slower growth and decreased intelligence
with a decline in cognitive function, including memory and thinking skills. The
observational studies have reported differences in intelligence quotient (IQ) between
groups of children living in iodine-sufficient areas and those from the areas of iodine
deficiency (Bleichrodt and Born 1994; Qian et al. 2005). In particular, meta-analysis
made in China has shown a 12–13 point lower IQ score in children of lower iodine
status (Qian et al. 2005). A decrease of 6.9–10.2 IQ points is observed in iodine-
deficient children of 5 years old and under in comparison with iodine replete children
(Bougma et al. 2013). The lowering of intelligence due to iodine shortage affects the
educational potential of children. According to Wolka et al. (2013), children with
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goitre had a 1.8 times greater odds of having a below-average academic achievement
than children who did not have goitre (Wolka et al. 2013). Similar negative effect
of iodine deficiency on the mental performance of schoolchildren has been revealed
in other studies (Pineda-Lucatero et al. 2008). The adverse health consequences of
iodine deficiency in the periods of childhood and adolescence can lead to reduction
in both productivity and intellectual potential in adulthood.

Adequate iodine intake is necessary for health also in adult age, and iodine sta-
tus is a key determinant of thyroid disorders in adults. Severe iodine deficiency in
adult persons causes goitre and its complications, hypothyroidism, endemic mental
deficiency, and decreased fertility rate. In conditions of mild and moderate iodine
deficiency, increased thyroid activity can compensate for low iodine intake andmain-
tain euthyroidal state in most persons, however, long-term thyroid stimulation results
in an increase in the prevalence of toxic nodular goitre and hyperthyroidism in pop-
ulations (Zimmermann and Boelaert 2015).

10.9.2 Hypothyroidism

Lack of iodine, leading to inadequate synthesis of thyroid hormones, is one of the
common causes of hypothyroidism, which is defined as a complex of clinical symp-
toms caused by impaired thyroid function or insufficient action of thyroid hormones
in target tissues (Almandoz and Gharib 2012). Apart to the conditions of iodine
deficiency, hypothyroidism can also be caused by a disruption in the ability of the
thyroid gland to absorb and organify iodide as a result of congenital defects in the
expression of NIS and components of the hormone synthesis system; the harmful
effects of alimentary factors, medications and environmental contaminants; because
of the destructive treatment of thyrotoxicosis or due to a chronic autoimmune disease.
In addition, rare cases of hypothyroidism can result from hypothalamic or pituitary
dysfunction (Persani and Bonomi 2017).

The initial stage of hypothyroidism is latent (subclinical) hypothyroidism,which is
defined biochemically by an elevated serum TSH concentration (above of 4.0 mU/L)
and normal serum free thyroxine (fT4) level (Almandoz and Gharib 2012; Schübel
et al. 2017). Subclinical hypothyroidism often occurs asymptomatically, but nearly
30%of patients with this conditionmay have symptoms that are suggestive of thyroid
hormone deficiency.According to epidemiologic studies, subclinical hypothyroidism
occurs in 3–10%of the general population and ismore common inwomen than inmen
(Schübel et al. 2017). Latent hypothyroidism can progress to overt hypothyroidism
from 2–5% (Khandelwal and Tandon 2012) to about 18% of affected patients per
year (Parle et al. 1991). Overt hypothyroidism is defined as a combination of low
fT4 and high TSH concentrations (Bensenor et al. 2012). In general, hypothyroidism
affects 3–8% of men and 5–20% of women, and occurs most frequently in older
women (Laurberg et al. 2005; Bensenor et al. 2012).

Hypothyroidism, in particular its subclinical form, is themost commonpregnancy-
related thyroid disorder, affecting 3–5%of all pregnantwomen, and is associatedwith
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a higher risk of pregnancy loss, placental abruption, premature rupture ofmembranes,
and neonatal mortality (Maraka et al. 2016). High TSH levels in pregnant women
have been also associatedwith an increased risk of developing neurocognitive deficits
in offspring.

10.9.3 Tumour-Promoting Effects of Iodine Deficiency

The prevalence of goitre and thyroid nodules is known to be higher in populations
living in areas with iodine deficiency (Carlé et al. 2014), and in many cases goitre
and nodularity precede the development of thyroid cancer. The relationship between
iodine deficiency and thyroid cancer incidencewas demonstrated in the 1920s byCarl
Wegelin, who argued that thyroid cancer was more common in endemic goitre areas,
with a frequency ranging from 1.04% in central Switzerland (the area of endemic
goitre) to 0.09% in Berlin (non-endemic region) (Wegelin 1928). In animal studies,
iodinedeficiency induces thyroid tumours andpromotes thyroid carcinogenesis under
an influence of carcinogens, such as N-bis(2-hydroxypropyI)-nitrosamine (DHPN)
or N-nitrosomethylurea (NMU) (Ohshima andWard 1986; Zimmermann and Galetti
2015).

A number of studies suggest that iodine deficiency can have a causative role in
the incidence of breast cancer (Stadel 1976; Aceves et al. 2013; Rappaport 2017)
and increases the risk of endometrial, ovarian and stomach cancers (Stadel 1976;
Gołkowski et al. 2007).

10.9.4 Prevention of Iodine Deficiency

It has been proven that most of metabolic abnormalities observed in the circum-
stances of iodine deficiency, are preventable and can be avoided by normalizing the
iodine intake. The use of iodine to prevent iodine deficiency disorders began with
the research of David Marine, who first used low doses of iodide to reduce the man-
ifestations of goitre in schoolchildren in 1917 (Marine and Kimball 1917). Then the
program of iodization of table salt was developed in the USA and Switzerland in
the 1920s, and subsequently this practice was introduced in a number of countries.
By the 1970s, it became apparent that iodine supplementation reduced the level of
intellectual impairment and infant mortality rates (Hetzel 1983). In 1993, WHO and
UNICEF recommended universal salt iodisation as themain strategy to achieve elim-
ination of IDD in the world population (WHO 1994), with iodised salt containing
iodine in an amount of 15–80 mg/kg. Since then, there has been significant progress
in increasing the use of adequately iodised dietary salt worldwide, and as a result,
many countries have achieved, or are now on the threshold of achieving IDD elimina-
tion. In 2015, around 100 countries had national iodized salt programs (Zimmermann
and Galetti 2015).
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However, despite the fact that IDD have been eliminated in most areas with severe
iodine deficiency, many countries, including industrialized ones, still show a mild
to moderate degree of iodine deficiency. The IDD remain a global public health
problem, as approximately 1.9 billion people are at risk worldwide (Andersson et al.
2012). On the basis of current surveys performed in 152 countries, 29 are affected by
iodine deficiency (Zimmermann and Boelaert 2015). Globally, 29.8% of school-age
children (241 million) are estimated to have insufficient iodine intakes (Andersson
et al. 2012), while in Europe this index comprises about 44% (Taylor et al. 2014).
Many pregnant women in European and other countries are also at risk for IDD due to
inadequate iodine intakes (Zimmermann 2007). Dietary deficiencies of the micronu-
trients (selenium, iron, and vitamin A) may interact with iodine deficiency and affect
the response of iodine-deficient persons to iodine supplementation (Zimmermann
2009).

To date, various strategies have been developed in order to increase iodine content
in people’s diet and in the foodstuffs. Biofortification of food plants with iodine is
considered as an effective method of iodine supply to the population and a novel
strategy for the prevention of iodine deficiency in humans (Gonzali et al. 2017). The
use of iodine supplements for feeding livestock and poultry remains an important
way of increasing iodine concentration in dairy products and in eggs (Flachowsky
et al. 2014). One way to increase iodine intake in a population is the producing of
iodine-enriched food products such as bread, sweets, etc. Consumption of foods of
marine origin is also important for increasing the level of iodine intake; however, a
high level of consumption of iodine-rich foods, mainly seaweed, can adversely affect
people with thyroid disorders.

10.9.5 Excessive Iodine Intake

Excessive iodine intake in humans occurs less often than iodine deficiency, since
common diets consisting of natural foods (with the exception of marine products)
usually contain less than 1 mg of iodine per day. However, such a situation can arise
when the diet contains a large amount of marine fish or seaweed or when a person
takes medications containing iodine such as amiodarone and diagnostic contrast
agents. In particular, taking an antiarrhythmic medication amiodarone leads to an
additional intake of 3–21 mg of iodine daily (Aceves et al. 2013). Intake of excess
iodine can also occur when, in the context of iodine prophylaxis, salt iodisation is
excessive and poorly controlled (WHO 2007).

There are a variety of data relating to people’s tolerance to different doses of iodine.
While some studies show that consumption of iodine at a dose of 2mg per day should
be considered harmful to humans (Wolff 1969), there are many studies suggesting
that low and intermediate doses of iodine (1.5–8and 10–32mg/day, respectively)
are well tolerated in euthyroid persons (Backer and Hollowell 2000; Bürgi 2010).
High tolerance to iodine is observed in all animal species studied, pointing to a wide
margin of safety for this element (WHO 1996).
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On the other hand, long-term consumption of excess iodine frommedical sources,
foods or food additives with exceptionally high iodine content has been associated
with the development of thyroid autoantibodies andmay lead to alterations in thyroid
function, including autoimmune thyroiditis, goitre, hyperthyroidism and hypothy-
roidism (Luo et al. 2014; Foppiani et al. 2016). Therefore, it is important to take into
account themaximum safe level of iodine intake, especially for population subgroups
at risk of developing thyroid dysfunction.

The ICCIDDhas proposed that 150–299μg iodine per day is adequate to cover the
thyroid requirement, and the RDA (Recommended Dietary Allowances) suggested
the maximal allowable dietary dose of iodine 1.0 mg/day for children and 2.0 mg/day
for adults (Aceves et al. 2013). According to recommendation of health agencies, a
tolerable upper level (the approximate threshold belowwhich notable adverse effects
are unlikely to occur in the healthy population) of iodine intake is of 1100μg per day
in adults (Leung and Braverman 2014). In Japan, a safe upper limit of iodine intake
was set by theMinistry of Health, Labor andWelfare at a level of 3 mg/day (Zava and
Zava 2011). When estimating iodine intake in the population, WHO recommends
that UIC values≥300 μg/L and≥500 μg/L be considered as indicative of excessive
iodine intake in children and adults, and in pregnant women, respectively (WHO
2007).

10.9.6 Effects of Excessive Iodine Intake

The organism of healthy persons possesses mechanisms of adaptation to the condi-
tions of excess iodine, and the majority of people tolerate a wide range of dietary
iodine levels. When iodide is consumed in large amounts, its absorption in the gas-
trointestinal tract can be reduced due to inhibition of NIS in the cells of the small
intestinal mucosa (Nicola et al. 2015). At the level of the thyroid gland, the excess
iodide can inhibit the production of thyroid hormones (theWolff–Chaikoff effect) by
affecting each step leading to their secretion, namely: iodide uptake, iodide organifi-
cation and secretory process itself (Ferreira et al. 2005), but the rate-limiting step for
these effects depends on thyroperoxidase activity. The inhibition is usually transient
(lasting 24–48 h) and is followed by normalization of thyroid hormone production
(the “escape” from the Wolff–Chaikoff effect). The transient inhibition of thyroid
hormone production is an autoregulatory mechanism that shields organism against
hyperthyroidism in conditions of abundant iodine supply, while the resumption of
thyroid function provides the maintenance of euthyroid state. Mechanism for the
acute Wolff–Chaikoff effect is considered to be mediated by generation of intrathy-
roidal iodolipid compounds (iodolactones, iodoaldehydes) and their inhibitory effects
on iodide organification catalyzed by thyroperoxidase (Pramyothin et al. 2011).

Unlike to healthy individuals, the persons with thyroid disorders might fail to
“escape” from the Wolff-Chaikoff effect that can lead to iodine-induced hypothy-
roidism. Susceptible persons include patients with the autoimmune thyroid disease,
thyroiditis, amiodarone-induced thyrotoxicosis of type 2; those with a previous



10 Iodine 285

surgery, treatment with radioiodine or antithyroid drugs for Graves’ disease; patients
treated with interferon-α, and persons concomitantly using the potential goitrogens
(Leung and Braverman 2014). Exposure to high concentrations of iodide in healthy
persons may also lead to a decrease in production of thyroid hormones that is accom-
panied by a mild increase in the serum TSH level (often to the upper limit of the
normal range) (Pramyothin et al. 2011). Hypothyroid state has been also observed in
infants born to mothers who consumed excessive amounts of seaweed during preg-
nancy and lactation (Shumer et al. 2013). There have been reports of several cases of
congenital hypothyroidism in newborns caused by maternal intake of excess iodine
tablets during pregnancy (Connelly et al. 2012).

In some susceptible persons, excess iodine leads to hyperthyroidism, that is, excess
thyroid hormones in the circulation because of their increased production by a hyper-
active thyroid gland. The elevated levels of thyroid hormones suppress TSH secretion
from the pituitary in a negative feedback loop (Sharma et al. 2011). Iodine-induced
hyperthyroidism, also knownas the Jod–Basedowphenomenon,wasfirst described in
the early 1800s in the context of the treatment the endemic goitre. It has been observed
that in patients with goitre treated with iodine, thyrotoxicosis develops more often
than in persons without goitre (Coindet 1821). This type of hyperthyroidism is much
more common in iodine-deficient areas than in areaswhere the diet contains sufficient
amount of iodine. The risk factors for iodine-induced hyperthyroidism include long
standing iodine deficiency, latent Graves’ disease and nontoxic or diffuse nodular
goitre (Leung and Braverman 2014). Iodine-induced hyperthyroidism has also been
observed in euthyroid patients with nodular goitre in iodine-sufficient areas in con-
ditions of excessive iodine supplementation. In general, hyperthyroidism is found in
about 2% of women and 0.2% of men (Pearce 2006). Subclinical hyperthyroidism,
defined as low serum TSH in the presence of normal thyroid hormone levels, affects
about 3% of the population.

Besides iodine-induced alteration in thyroid function, excessive iodine intake also
affects other aspects of thyroid health. High levels of iodine intake can increase the
prevalence of autoimmune thyroiditis, as shown in animal model and in humans
(Kahaly et al. 1998; Harach and Ceballos 2008; Leung and Braverman 2014).
Autoimmune thyroiditis is more common in iodine-replete areas compared with
areas of iodine deficiency, and its incidence increase after iodine prophylaxis both in
non-goitrous and iodine-deficient areas (Harach and Ceballos 2008). In particular, a
study conducted by Kahaly et al. (1998) has shown that high microsomal and thy-
roglobulin autoantibodies titres with marked lymphocyte infiltration in the thyroid
gland were present in six of 31 goitrous patients (19%) who received iodine at a
dose of 0.5 mg/day for 6 months; while iodine-induced hypo- and hyperthyroidism
developed in four and two of them, respectively.
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10.10 The Extrathyronine Effects of Iodine in the Organism

Apart from the participation in the structure of thyroid hormones, iodine can have
some additional functions in human organism that are not mediated by iodothy-
ronines. A number of studies have shown the antioxidant effects of iodine, its effects
on cell proliferation and promotion of apoptosis, induction of cell differentiation, pro-
tective effects against some types of cancer, anti-inflammatory effects, and possible
participation in mechanism of cell mediated immunity (Venturi 2011; Swietaszczyk
and Pilecki 2012; Aceves et al. 2013; Venturi and Venturi 2014).

In many patho-physiological conditions, effects of iodine are mediated by
iodolipid compounds, formed in the thyroid gland. In addition to the involvement
of iodolipids in mediating the Wolff–Chaikoff effect, these compounds can mediate
the inhibitory effects of excess iodide on thyroid cell proliferation and modulate the
signals of TSH and cytokines (Gaertner 2009; Soriguer et al. 2011; Swietaszczyk
and Pilecki 2012; Rossich et al. 2016). In particular, 2-IHDA has a suppressive
effect on adenylyl cyclase, which participates in cAMP formation, whereas 6-iodo-
5-hydroxyeicosatrienoic acid δ-iodolactone (6-IL) can inhibit calcium-dependent
protein kinase C and signaling pathways induced by local growth factors. Iodolipid
compounds also show antiproliferative effects and trigger apoptosis in thyrocytes
and some other types of cells (Swietaszczyk and Pilecki 2012; Rossich et al. 2016).

10.10.1 Antioxidant Function of Iodide

Iodine can act both as the oxidizing and reducing agent, depending on its chemical
form and surrounding milieu. In the thyroid, iodide oxidation underlies the pro-
cesses of tyrosine iodination and the formation of thyroid hormones. At the same
time, iodide, by releasing electrons, is a reducing agent and, hence, can perform an
antioxidant function. As electron donor, iodide can quench.·OH–radical and H2O2;
however, iodide can also act as a free radical capable of iodinating tyrosine, histidine
and some polyunsaturated fatty acids in cell membranes making them less reactive
with oxygen radicals (Smyth 2003; Aceves et al. 2013).

Together with peroxidases that transfer electrons to hydrogen peroxide, iodide
can contribute to H2O2 detoxification and reduce cell damage (Venturi 2011). Iodide
has been suggested to have an antioxidant function in the thyroid, mammary gland,
stomach and salivary glands, where it is accumulated (Venturi et al. 2000; Smyth
2003; Venturi and Venturi 2014), while insufficient iodide intake leads to accumula-
tion of malondialdehyde and other products of lipid peroxidation. In addition, iodide
increase the total antioxidant status in human serum (Soriguer et al. 2011), and protect
brain cells from lipid peroxidation (Venturi and Venturi 2014).

Some authors hypothesize that iodide together with peroxidases plays an antiox-
idant role in all organisms containing cells capable of concentrating iodine—from
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algae to vertebrates and can be considered the most ancient antioxidant in the evo-
lutionary sense (Venturi et al. 2000; Venturi and Venturi 2014).

10.10.2 Antitumor Effects of Iodine

It has been demonstrated that iodine exhibits an antiproliferative/cytotoxic effect on
a number of malignant cells and has a protective role in several types of cancer,
including thyroid, breast and stomach cancer (Venturi et al. 2000; Brown et al. 2013;
Rösner et al. 2016; Rappaport 2017). Since the 1920s, there are a number of studies
suggesting a lower risk of developing thyroid cancer with a higher level of iodine
intake (Zimmermann and Galetti 2015). At the same time, a moderately elevated
level of iodine consumption can contribute to reducing risk of several extrathyroidal
cancers. In animal and human studies, iodine administration has been shown to cause
regression of both iodine-deficient goitre and benign pathological breast tissue (Cann
et al. 2000). The evidence of the antineoplastic effect of iodine in extrathyroidal tis-
sues was obtained in the 1990s (Kato et al. 1994). Subsequently, it has been found
that molecular iodine, which can be taken by cells through a pathway not mediated
by NIS, reduces tissue neoplasia much more effectively than iodide. Clinical data
and animal studies suggest that I2 has a suppressive effect on the development of
both benign and cancerous pathologies in mammary and prostate glands and is less
thyrotoxic than iodide (Anguiano et al. 2007; Aceves et al. 2013). Dose-response
studies in humans have shown that iodine at concentrations of 3, 5, and 6 mg/day,
mainly in the form of I2, has significant beneficial actions in benign pathologies
(mastalgia or prostatic hyperplasia) and exhibits antineoplastic effects in early and
advanced breast cancer, without the side effects of these doses (Ghent et al. 1993;
Kessler 2009; Anguiano et al. 2010; Aceves et al. 2013). Higher concentrations of
iodine (9 and 12 mg/day) resulted in the same benefits, but caused transient hypothy-
roidism in 20% of the studied patients with minor side effects that disappeared when
the high iodine supplementation was stopped (Kessler 2009).

The antitumor effects of iodine can be mediated by different mechanisms, includ-
ing direct actions in which oxidized iodine dissipates the potential of the mito-
chondrial membrane, thus inducing mitochondria-mediated apoptosis, and indirect
effects through the formation of iodolipid compounds (Aceves et al. 2013). Iodolipids
can alter both expression and action of peroxisome proliferator-activated receptors
(PPARs) type gamma that, in turn, trigger apoptotic or differentiation pathways
(Nuñez-Anita et al. 2009; Aceves et al. 2013).

10.10.3 Anti-Inflammatory Effects of Iodine

The available data suggest that iodine has an anti-inflammatory effect (Soriguer et al.
2011), which can be mediated, in part, by its ability to neutralize the reactive oxygen
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species. Molecular iodine has been also shown to inhibit the NO generation and
expression of TNF-α in monocytes/macrophages (Moore et al. 1997).

10.11 Beneficial Effects of Iodine in Human Health
and Longevity

Iodine is essential for health at every stage of human life mainly because of its indis-
pensable role in the production of thyroid hormones that control the key metabolic
processes in the organism. In addition, iodine is involved in the processes of thyroid
autoregulation and can have some functions in human body that are not mediated by
iodothyronines (Fig. 10.1). As above mentioned, iodine in the thyroid gland can par-
ticipate in formation of iodolipids that exhibit regulatory and antiproliferative effects;
such compounds may also play a role in the proliferative control of extrathyroidal tis-
sues. However, with the exception of the effects of iodine as a component of thyroid
hormones, other mechanisms of iodine regulatory action have not been extensively
studied. The available data on the long lifespan of people who traditionally consume
iodine in moderately high amounts (for example, the population of Japan) indicate
the important role of this micronutrient in human health, but it is difficult to analyze
the role of iodine in longevity, because of physiological changes in thyroid function
with age.

It can be considered that the most significant effects of iodine as a component of
iodothyronines are manifested in the early period of development of human organ-
ism (prenatal period, infancy and childhood). The essentiality of iodine at these
ontogenetic stages is proved by data on the improvement of foetal and neonatal
neurodevelopment and the reduction of infant mortality after iodine prophylaxis in
pregnant women. In particular, iodine supplementation before or during early preg-
nancy increases birth weight, reduces perinatal and infant mortality rates, eliminates
the cases of cretinism and generally increases developmental scores in young chil-
dren by 10–20% (Zimmermann 2016). Improvement of neurocognitive function in
infants and children after iodine supplementation in pregnant and lactating moth-
ers is associated with the indispensability of thyroid hormones for normal neuronal
migration and myelination of the brain during foetal and early postnatal life. Iodine
supplementation in moderately iodine-deficient children improves their mental per-
formance due to the effect of iodine on cognition and increases their motor function
and somatic growth (Zimmermann 2007).

Iodine also has an important role in the mental and physical health of adult and
older persons. Adequate iodine intake is necessary for the proper functioning of the
central nervous system, cardiovascular, gastrointestinal, immune, hematopoietic and
endocrine systems throughout life. The available data show that adult population liv-
ing in areas with iodine deficiency are characterized by a high degree of apathy, low
educability, poor performance, lack of physical energy and reduced work output that
contribute to poor quality of life (Ahad and Ganie 2010). Insufficient formation of
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Fig. 10.1 Effects of iodine, associated with its beneficial influence on health

thyroid hormones, particularly in older persons, is often accompanied by hyperten-
sion, cardiac insufficiency, adverse lipid profile, insulin resistance, and endothelial
dysfunction (Stabouli et al. 2010; Sara et al. 2015). These metabolic alterations cre-
ate an increased risk of atherosclerosis, cardiovascular diseases, diabetes, cognitive
impairment and depression. Thus, iodine is important for the prevention of disorders
that arise mainly in adult and older age and are linked to higher mortality in older
persons.

There are experimental and clinical data suggesting the association of hypothy-
roidism with obesity (Knudsen et al. 2005; Longhi and Radetti 2013). This is due to
involvement of thyroid hormones in the regulation of basal metabolism and thermo-
genesis, lipid and carbohydrate metabolism and fat oxidation. Overweight is often
accompanied by elevated TSH level (Laurberg et al. 2012). In addition, there is an
inverse correlation between free thyroxine values and body mass index, even when
fT4 values remain in the normal range (Knudsen et al. 2005). Obesity, in turn, is asso-
ciated with the presence of insulin resistance (Cali and Caprio 2008), contributes to
the pathogenesis of diabetes and cardiovascular diseases, hence, increases the health
risks and worsens the quality of life of people with iodine-deficiency.

Hypothyroidism, including its subclinical form, also has cognitive and neuropsy-
chiatric consequences in adult and older people. In particular, subclinical hypothy-
roidism may be a predisposing factor for depression, cognitive impairment, and
dementia (Davis et al. 2003; Resta et al. 2012; Joffe et al. 2013). Older adults,
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particularly women, may be more vulnerable to the effects of subclinical hypothy-
roidism, given age-related changes to the hypothalamic-pituitary-thyroid axis, and
some studies suggest the possible association between subclinical hypothyroid status
and depression and cognitive decline in the elderly (Chuiere et al. 2007; Joffe et al.
2013). However, there are reports suggesting that conditions of hyperthyroidism can
also lead tomental deficiency in older persons (Kalmijn et al. 2000). In particular, the
findings of Kalmijn et al (2000) have shown that persons with subclinical hyperthy-
roidism, manifested by the reduced TSH levels, had a more than threefold increased
risk of dementia and Alzheimer’s disease.

It is suggested that an adequate intake of iodine is necessary to prevent several
types of cancer, while iodine deficiency increases the risk of thyroid and extrathy-
roidal cancers (breast, endometrial, ovarian, and stomach cancers) (Stadel 1976;
Venturi et al. 2000; Gołkowski et al. 2007; Aceves et al. 2013; Zimmermann and
Galetti 2015; Rappaport 2017). Iodine supplementation has been shown to diminish
tissue neoplasia and can ameliorate physiopathologies of several organs that take
up iodine, primarily the thyroid, mammary, and prostate glands and potentially the
pancreas and gastric system (Anguiano et al. 2007; Aceves et al. 2013). This espe-
cially refers to the molecular iodine, which, if ingested in milligram amounts, has a
suppressive effect on both benign and cancer neoplasias (Aceves et al. 2013). Clin-
ical and experimental data on the antitumor effects of iodine are consistent with
epidemiological reports suggesting a direct association in the Japanese population
between the low incidence of breast and prostate pathologies and moderately high
dietary intake of iodine (Cann et al. 2000; Rappaport 2017).

The limits for iodine intake of 1–2 mg per day have been established by inter-
national agencies, given the fact that individuals with underlying thyroid patholo-
gies can develop the hyper- or hypothyroidism if they are exposed to doses higher
than 1.5 mg/day (Aceves et al. 2013). However, the available data suggest that
only very high doses (>30mg/day), mainly as iodide, consumed by humans lead
to hypothyroidism and goitre, while low (1.5–8mg/day) and intermediate doses
(10–32mg/day), ingested from various sources, are well-tolerated in euthyroid per-
sons, maintaining levels of thyroid hormones and TSH within normal limits (Bürgi
2010; Aceves et al. 2013; Leung and Braverman 2014). It has been also shown that
iodine may act as an antioxidant in the whole organism if this element is ingested at
concentrations higher than 3mg/day (Aceves et al. 2013).

In this aspect, the traditional diet of residents of Japan, which includes iodine-rich
products of marine origin, attract considerable attention. Seaweed, which is widely
consumed in Japan and other Asian countries, contains a large amount of iodine in
the forms of iodide, I2 and iodate, and the average iodine intake in the Japanese
population is 1200–5280 μg/day (Cann et al. 2000; Teas et al. 2004; Zava and Zava
2011). At the same time, despite the high level of iodine consumption in food, Asian
population does not differ from the rest of the world in the prevalence of thyroid
disorders (Kamangar et al. 2006;Aceves et al. 2013). The studies, conducted in Japan,
have shown that normal subjects can maintain normal thyroid function, even if they
consume several milligrams per day of dietary iodine (about 30 mg/day); moreover,
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the incidences of nontoxic diffuse goitre and toxic nodular goitre ismarkedly reduced
with high dietary iodine (WHO 1996).

In Japan, the average life expectancy of the population is 83 years, that is, higher
than in other countries, an extraordinarily low incidence of certain cancers, low
infant mortality and a lower mortality rate from cardiovascular diseases compared
to residents of other countries (WHO 2010). The main dietary difference that dis-
tinguishes Japan from other countries is high consumption of iodine, with seaweed
the most common source (Zava and Zava 2011). Given the involvement of iodine in
the metabolic processes that underlie the normal functioning of the cardiovascular
system, cancer prevention, the maintenance of a healthy pregnancy and infant health,
it can be assumed that statistic indices of Japanese people health may be related to
the high level of iodine consumption.

On the other hand, the available data suggest that thyroid activity changes with
age, but the complex manner of its changes makes a real challenge an understanding
its role in aging, as well as the level of iodine required by organism in older age.
However, there is common agreement around the fact that some kind of reduced
thyroid function tend to associate with increased longevity in a number of species
(Gesing et al. 2012; Jansen et al. 2015). Studies conducted in people of the older age
suggest that maintaining an elevated TSH level and lower concentrations of thyroid
hormones in the serummight be favourable in the oldest-old persons and is related to
longevity. In particular, studies on thyroid disease-free population ofAshkenazi Jews,
characterized by exceptional longevity (centenarians) have shown the higher serum
TSH level in these individuals (median age, 98 year) in comparison to the control
group consisted of younger Ashkenazi Jews (median age, 72 year) and to another
control group (median age, 68 year) from the U.S. National Health and Nutrition
Examination Survey (NHANES) program (Atzmon et al. 2009). The authors have
observed an inverse correlation between fT4 and TSH levels in centenarians that may
suggest a potential role of decreased thyroid function in lifespan regulation, leading
to extended longevity. The association of higher TSH with familial longevity was
shown in nonagenarians from the Leiden Longevity Study (Rozing et al. 2010). It has
been also found that nonagenarians from families with the lowest family mortality
history score had relatively lower levels of thyroid hormones (Rozing et al. 2010).
In animal studies, a reduced thyroid function with low thyroid hormone levels also
appears to be associated with extended longevity.

Although greater longevity has been associated with higher TSH and lower lev-
els of thyroid hormones, mechanisms underlying TSH/TH differences and longevity
remain unknown. The study conducted by Jansen et al. (2015) have shown that off-
spring of nonagenarians have increased TSH secretion but similar bioactivity of TSH
and similar thyroid hormone levels compared to controls as well as similar resting
metabolic rate and core body temperature. Hence it is possible that pleiotropic effects
of the hypothalamic-pituitary-thyroid axis may favour longevity without altering
energy metabolism (Jansen et al. 2015).

Taking into account the above mentioned data, the peculiarities of iodine
metabolism in older age are of particular interest. However, to date, there are no
particular recommendations on the level of iodine intake in the older people.
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10.12 Conclusions

Chemical element iodine is unevenly distributed in an abiotic environment with a
relatively low concentration in soils and terrestrial vegetation and a high level of
bioconcentration in marine organisms. In humans and vertebrate animals, iodine
is a vital micronutrient, required primarily for the processes of hormonogenesis in
the thyroid gland. Being an indispensable component of thyroid hormones, iodine is
involved in the regulation of growth and development of the organism, inmaintaining
the metabolic balance and in controlling the key intracellular processes underlying
human health and longevity. Iodine is of crucial importance during the early stages
of ontogenesis, since thyroid hormones participate in the regulation of neurode-
velopment, maturation and formation of functions of organ systems. In periods of
childhood and adolescence, iodine is necessary for growth, physical development and
cognitive function. An adequate iodine status is also a key factor in the prevention of
thyroid disorders in adulthood and is important for the maintaining proper function-
ing of the endocrine system, central nervous system, cardiovascular, gastrointestinal,
haemopoietic and immune systems throughout life. Participation of iodine (as a com-
ponent of thyroid hormone) in the control of gene expression, the mechanisms of cell
proliferation, differentiation and apoptosis underlies its regulatory effects in human
organism. Iodine deficiency in the organism at any stage of development is associ-
ated with a wide spectrum of metabolic and functional alterations secondary to an
insufficient synthesis of thyroid hormones, and is often manifested by goitre. The
severe iodine deficiency can lead to hypothyroidism, which is associated with pro-
found changes in the hormonal status and adversely affects virtually all metabolic
processes; moreover, it can contribute to the development of tissue malignancies.

In addition to the effects of iodine in the composition of thyroid hormones, this
element also exhibits direct antioxidant and anti-inflammatory effects and can be
involved in the prevention of benign an malignant tumours, including several types
of thyroid and breast cancers. Therefore, adequate intake of iodine is necessary to
maintain the hormonal balance andmetabolic homeostasis and contributes to the pre-
vention of thyroid dysfunction, metabolic disorders and tissue neoplasia. However,
iodine deficiency is one of the most prevalent micronutrient deficiencies worldwide,
and its elimination is still a public health problem in many countries.

Along with emphasizing the need for iodine for health and adequate thyroid
function throughout life, it should be noted, that thyroid activity changes with age,
and alterations in its function can be associated with increased longevity.
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