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lodine, a trace element belonging to halogens, is a natural component of the Earth’s
environment. However, its distribution in the environmental compartments is uneven
and highly variable. lodine is scarce in soil-forming parent rocks, soils and continental
waters, but it is more abundant in the marine environment and organic rich sedimentary
rocks. lodine is ubiquitous in the biosphere, being found in virtually all organisms, both
eukaryotes and prokaryotes. In vertebrates, including humans, iodine is used primarily
for synthesis of thyroid hormones involved in the regulation of cellular metabolism and
a host of vital body functions. Inadequate iodine intake by humans leads to serious
health problems due to thyroid dysfunction and insufficient formation of thyroid hormones
(endemic goitre, neurological abnormalities, cognitive impairment, physical development
disorders, etc.). Many other biota groups living in different habitats can efficiently concen-
trate this element by absorbing inorganic iodine species from abiotic environments with
the formation of various iodine-containing organic substances. Some of these compo-
unds can serve metabolic and signaling functions in producing organisms, while others,
such as volatile halocarbons, are involved in the transfer of iodine from the marine and
terrestrial environments to the atmosphere. Consequently, terrestrial, soil and aquatic
organisms (including microbial populations) capable of accumulating, metabolizing and
volatilizing iodine mediate the processes of its biotransformation in the environment and
contribute to the global iodine cycle. Marine organisms (algae, invertebrates) are stron-
ger bioconcentrators of iodine in comparison with terrestrial biota. Brown algae of the
genus Laminaria are the most potent iodine accumulators among all living systems. This
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article describes the distribution of iodine in abiotic and biotic environments, and the
involvement of biotic processes in the biogeochemical cycle of iodine.

Keywords: iodine, environment, ecosystems, biota, marine algae, thyroid hor-
mones

INTRODUCTION

lodine (I), a member of the halogen group of elements with atomic number 53 and
atomic mass of 126.9, was discovered in 1811 by Bernard Courtois in seaweed ash du-
ring the manufacturing of potassium nitrate. It was independently identified as a chemi-
cal element in 1813 by Louis-Joseph Gay-Lussac and Humphry Davy [40]. lodine is
almost the least reactive among halogens (with the exception of astatine); however, it
has a relatively high chemical reactivity compared with other non-metals and exhibits
multiple oxidation states (from —1 to +7).

lodine is a trace element of the earth’s crust with an average concentration of about
0.5 mg/kg, characterized by an uneven and highly variable distribution in different com-
partments of the environment. The element is scarce in soil-forming parent rocks, but is
more abundant in marine environment and organic-rich sediments, as well as in bra-
ckish waters and subterranean brines associated with natural gas and oil fields [32, 38,
42]. lodine naturally occurs as a minor constituent in the composition of various mine-
rals, but most of them are rare and not concentrated in deposits. Exceptions include
lautarite and dietzeite, calcium iodate-containing minerals found at higher concentra-
tions in nitrate deposits (caliche ore) located in the Atacama Desert in Northern Chile,
the world’s leading province for iodine production [42].

lodine belongs to elements circulating in the environment along a cyclic path known
as the biogeochemical cycle, which involves the geosphere, hydrosphere, atmosphere
and the biosphere. It is accepted that only a small part of iodine in terrestrial environ-
ments originates from the rock weathering, while most of the element in soils and fresh-
water systems is derived from the world oceans, the main mobile pool of iodine in its
global cycle [32]. The enrichment of soils and terrestrial vegetation with iodine occurs
mainly via its volatilisation from ocean surface to the atmosphere and subsequent trans-
fer to the land by dry and wet deposition. Soils are also involved in the global iodine
cycle, being the second largest source of iodine volatilization to the atmosphere after
the oceans [32, 42]. At the same time, the transformation of inorganic iodine species
into organically bound iodine and vice versa with the participation of predominantly bio-
logical processes contributes to the natural circulation of iodine between abiotic and
biotic environments [4, 25, 46, 50].

lodine is ubiquitous in the biosphere and it is required for life processes by many
groups of organisms that inhabit Earth. This is especially relevant for vertebrate orga-
nisms endowed with specialized mechanisms of iodide concentration in the thyroid
gland and the synthesis of iodine-containing hormones, potent regulators of cellular
metabolism and vital body functions [26, 27, 35]. Apart from being an essential micronu-
trient for vertebrates, iodine is absorbed from the environment and metabolized by other
biota groups living in aquatic, terrestrial and soil ecosystems. lodine-accumulating spe-
cies capable of efficiently concentrating iodine from abiotic media are found among ani-
mal taxa devoid of follicular thyroid tissue such as invertebrates and primitive vertebrates,
as well as among members of other eukaryotic groups and prokaryotes [4, 25, 30, 48].
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Marine algae, especially those belonging to the class Phaeophyceae, are widely known
for their high iodine-accumulating capacity; moreover, the brown algae of the genus
Laminaria possess the highest ability to concentrate iodine among all living systems [47].

Different groups of biota that inhabit natural ecosystems can convert absorbed inor-
ganic iodine into an organic form by means of enzymatic iodination processes. To date,
more than 100 organic iodine-containing compounds of biotic origin, including volatile
halocarbons, have been identified [29, 48]. Emissions of biogenic methyl iodide (CH.I,
the most common member of natural iodocarbons) from different types of ecosystems
have been widely studied with respect to global atmospheric chemistry [18, 50, 71, 88].

The purpose of this article was to provide an overview of the distribution of iodine
in biotic and abiotic environments with an emphasis on the role of terrestrial, soil and
aquatic biota in the global iodine cycle.

1. Chemical speciation of iodine in the environment

lodine exists in the natural environment in several oxidation states and in the form
of various inorganic and organic species with different reactivity and mobility in abiotic
environments [32, 46]. Chemical speciation of iodine occurs in different environmental
compartments (e.g. natural waters, soil and atmosphere), being very sensitive to eco-
logical factors, including physical, chemical and biological parameters of local media. In
soil and aquatic environments, a range of iodine species can coexist in different propor-
tions depending on pH, redox potential (Eh), content of organic matter, sunlight inten-
sity, temperature, and microbial activity [4, 59, 75, 90]. In the atmosphere, iodine spe-
ciation involves a variety of photochemical reactions occurring between iodine gaseous
species (both inorganic and organic) and oxidants in the presence of sunlight [88].

The predominant species of iodine in the environment are |- (iodide), 10, (iodate),
and organic iodine [46]. Small portions of |, (molecular iodine) and HIO (hypoiodous
acid) may also exist in the atmosphere, hydrosphere and soils, but their lifetimes are
very short. The prevalence of iodide or iodate in soils and natural waters is highly de-
pendent on pH and the redox status of the surrounding milieu [75]. Under oxidizing
conditions, iodine is mainly present in the form of a more reactive iodate anion, whereas
the iodide anion predominates under reducing conditions, such as those observed in
the paddy soil.

lodide is the most common inorganic form of iodine in freshwaters, while iodate is
more prevalent in marine and oceanic waters [1, 91]. However, reduction of iodate via
biological, chemical and photochemical processes leads to the formation of iodide in the
surface layers of seawater and in coastal waters with considerable variations in the
concentration of each species: I in the range of <1-25 mg/L, and IO, in the range of
25-60 mg/L [24]. Maximum concentrations of iodate are recorded in deep oligotrophic
waters, where the reduction reactions are less common. lodate also prevails in the oxi-
dizing alkaline conditions of hot desert soils, reaching the highest levels (an average of
344 mg/kg) in the Atacama Desert, the driest desert on Earth [3]. lodide and iodate ani-
ons exhibit the disparate sorption behaviour and different mobility in soils: less reactive
iodide is considered more mobile, while iodate is effectively adsorbed to soil compo-
nents such as ferric and aluminium oxides and organic matter [43]. In soil pore water,
iodine is present mainly as I~ anion.

Organically bound form of iodine, apart from inorganic iodine species, constitutes a
significant part of iodine in natural environments. Living organisms are able to synthe-
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size a broad spectrum of structurally diverse biomolecules containing one or more car-
bon-iodine bonds, including mono- and diiodotyrosines, iodothyronines, alkyl iodides
and others [29, 48, 79]. In addition, iodination of organic matter components (e.g. pro-
teins, lipids, polyphenols, humic substances) with the aid of both abiotic and biotic pro-
cesses can occur in soils, sediments and natural waters [41, 46]. Transformation of in-
organic iodine species to organic iodine plays an important role in iodine immobilization,
especially in a surface soil-water system. lodinated organic substances obtained from
decomposing biogenic material, as well as from the process of iodination of sedimen-
tary organic matter, can persist for a long time in marine sediments and subterranean
waters. For instance, halogenated fulvic acids have been found in groundwater samples
that date back 1,300, 4,600 and 5,200 years. An analysis of 35,000-year-old organic
matter has also shown the presence of organoiodine compounds in it [86].

Organically bound iodine was observed as the major iodine fraction in natural
freshwaters, including river water and groundwater, and in peat bogs that usually con-
tain high concentrations of dissolved organic carbon [33]. In surface layers of seawater,
as well as in coastal waters and estuaries, organically bound iodine accounts for up to
40% of the total iodine content [1]. Organoiodine compounds also constitute a certain
portion of iodine in atmospheric aerosols and precipitations [33].

Among natural organoidine compounds generated in various environments, vola-
tile halocarbons are the main carrier of iodine from marine and terrestrial ecosystems to
the atmosphere. In particular, the massive amounts of methyl iodide (1 to 4x10™ g per
year) are released into the atmosphere from the water surface layers in open oceans
and marine coastal areas [4]. In addition to methyl iodide, a number of other halocar-
bons (such as CH,l,, CH,ICI and C,H,l) have been detected in the atmosphere, as well
as in oceanic water [88].

2. lodine in the abiotic environment

2.1. lodine in the hydrosphere

World oceans are the main repositories of natural iodine (about 70% of the Earth’s
surface inventory) and represent the dominating source of its supply to the terrestrial
environment and the biosphere [36]. lodine input into the marine hydrosphere is due to
a number of environmental processes on a global scale, such as leaching from the upper
Earth’s crust, eruption of submarine and terrestrial volcanoes, surface continental runoff
and atmospheric deposition [2]. Volatilization of iodine from the oceans to the atmo-
sphere in the form of gaseous molecular iodine and organic compounds such as alkyl
iodides is a key part of the global iodine cycle. A significant portion of the iodine-contai-
ning volatiles released to the atmosphere from the oceans is produced by marine orga-
nisms (macroalgae, phytoplankton, microorganisms) [4, 48, 50, 85]. Abiotic processes in
seawater also contribute significantly to the emission of iodine from the oceans.

Oceanic iodine is largely accumulated in bottom sediments, which contain most of the
iodine present in the hydrosphere. The amount of iodine stored in this reserve is estimated
at about 1.2x10'® kg [61]. lodine concentration in marine sediments is of 3—400 mg/kg, in
contrast to freshwater sediments with an iodine content of about 6 mg/kg.

Concentration of iodine in seawater averages 45-60 pg/L [68, 91] and tends to vary
slightly depending on depth and salinity. Continental surface waters, including lakes,
rivers and streams, generally have significantly lower iodine levels in comparison to the
seawater, with standing waters typically containing higher iodine concentrations than

ISSN 1996-4536 (print) ¢ ISSN 2311-0783 (on-line) e BionoriuHi Ctygii / Studia Biologica e 2018 e« Tom 12/Ne2 e C. 117-134



IODINE IN ABIOTIC AND BIOTIC ENVIRONMENTS 121

running waters in the same area. Most freshwater systems contain iodine at concentra-
tions of <20 pg/L, with many values being in the range of 0.5-5 ng/L [32, 91], including
several European rivers in which iodine levels vary from 0.90 to 4.20 pg/L [58, 72]. Low
iodine concentrations have been found in the rivers of Alaska and Canada (0.60—
2.90 ng/L) [58], whereas the range of geometric mean iodine content in Japanese rivers
was reported to be of 0.18-8.34 nug/L [82]. However, significantly elevated iodine levels
in river waters have been recorded at several geographic locations, such as the U.S.
South Coast (5.5-212 ng/L) [58] and the San Juan province in Argentina (16—95 pg/L)
[89]. In general, the iodine content of freshwaters depends on many factors, including
the location of river basins, the distance from the seacoast, geological characteristics of
the territory, climatic and seasonal factors, precipitation levels, sorption-desorption pro-
cesses in sediments, and anthropogenic activities in catchment areas [72].

In contrast to most freshwaters, some internal saline lakes (e.g. located in China
and Western Mongolia) contain high iodine concentrations [38]. Significant amounts of
iodine are contained in subsurface brines associated with natural gas and oil fields. In
brines extracted industrially in Japan, iodine is found at concentrations of up to 160 mg/L,
while brines of the Pennsylvanian age Morrowan Formation in Oklahoma contain it in
a concentration of 150 to 1200 mg/L [42].

2.2. lodine in the lithosphere and soils

lodine is typically present in low concentrations in the lithosphere (an average of
about 0.3 mg/kg), with the lowest levels occurring in igneous rocks such as basalts and
granites (0.22 and 0.25 mg/kg, respectively) [32]. By contrast, higher concentrations of
iodine are found in sedimentary rocks, in which its content usually correlates with the
amount of organic matter. Marine deposited rocks are much richer in iodine than non-
marine deposits, with the highest levels being reached in the recent sediments (5—
200 mg/kg). Average iodine contents of carbonates, shale and sandstones are of 2.7,
2.3 and 0.8 mg/kg, respectively [32].

Soils generally contain higher amounts of iodine than parent rocks. The iodine con-
tent of soils with an average value of 3 mg/kg varies over a wide range (0.5-50 mg/kg),
depending on soil type, parent material, location and climatic factors [59]. Most of the soil
iodine is derived from the marine atmosphere, so coastal soils are enriched with this ele-
ment, and those located in mountainous regions and central continental areas are rela-
tively depleted of iodine [32]. A number of natural factors contribute to the depletion of
soil iodine, including iodine volatilisation and washing out by surface waters and ground-
water, seasonal flooding, heavy rainfalls, soil erosion and weathering. Soils can volatilise
molecules of elemental iodine and volatile organic compounds formed in both abiotic and
biological processes. Subsequently, part of the iodine is transported to the land via rain-
fall and dry deposition. This process plays an important role in the transfer of iodine to
terrestrial biota with special significance in areas remote from the seas and oceans.

The iodine content in soils strongly depends on soil ability to retain iodine against
its loss due to volatilization and leaching processes. Retention of iodine in soils is close-
ly related to its adsorption-desorption behaviour depending both on the iodine specia-
tion and on soil characteristics. There are many factors that affect the iodine adsorption
in soils, such as pH, redox potential (Eh), amount of organic matter, iron and aluminium
oxides and hydroxides, calcium carbonate, soil texture and temperature [59, 75, 91].
Organic matter plays a principal role in retaining iodine; as a result, the highest levels of
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this element are found in the upper soil layers [90]. A high level of clay minerals and iron
and aluminium hydroxides in soils is also an important factor contributing to iodine re-
tention. Sandy soils and soils with low clay contents are reported to have very low levels
of iodine, while clay-rich soils, organic rich soils and alkaline soils are richer in this ele-
ment. However, adsorption onto soil components strongly affects the mobility of iodine
and, consequently, reduces its bioavailability in some soils enriched with organic matter
and clays. In particular, peats and peat soils that often contain more iodine than other
types of soils due to a large amount of organic matter [32] are not good providers of this
element to the food chain because of its low mobility and bioavailability to plants. It has
been shown that, due to strong binding of iodine in soils, only 0.1% of the total soil io-
dine is transferred to plant biomass [13].

Owing to the geological history of soil formation, as well as geographical and cli-
matic reasons, soils in many regions of the world are poor in iodine. lodine-depleted
soils were found mainly in mountainous areas such as the Himalayas, the European
Alps, the Pyrenees and the Andes. Most of the iodine was removed from these soils
during the past glaciations, weathering and erosion. Soils of low iodine status are also
common in flooded river valleys, such as the Ganges in India, in lowland areas remote
from the oceans, such as Central Africa and Eastern Europe. In North America, iodine-
deficient soils occur in the Great Lakes, Appalachians, the North-Western part of the
United States and parts of Canada [62]. Additionally, many anthropogenic activities re-
lated to land use, including intensive agriculture, the use of alkaline fertilizers, overgra-
zing, and deforestation, tend to deplete iodine in soils, which in turn can affect soil
ecosystems and human health.

2.3. lodine in the atmosphere

lodine is an important trace element in the atmosphere, which serves the crucial
role in iodine circulation between the hydrosphere, the land surface and the biosphere.
Volatilization of iodine from the oceans to the atmosphere in the form of gaseous mo-
lecular iodine and organic compounds such as alkyl iodides is a key part of the global
iodine cycle [32]. Other inputs of iodine to the atmosphere occur from the land surface
mainly by natural processes, such as volatilisation from soils and terrestrial vegetation,
and partly from anthropogenic activities, including the combustion of fossil fuels. However,
anthropogenic inputs are considered insignificant on a global scale compared with natu-
ral iodine emissions from the marine hydrosphere.

The global average iodine level in the atmosphere is in the range of 10—-20 ng/m?
[91], with concentration typically ranging from 2 to 14 ng/m?3 in air over land and from 17
to 52 ng/m3 in air over the oceans [68]. Atmospheric iodine includes gaseous inorganic,
gaseous organic and particulate forms, which have different average atmospheric resi-
dence time (10, 18 and 14 days, respectively) [22]. From the atmosphere, iodine is de-
posited on land, continental water bodies, and also on ocean surface by means of rain,
snow, wind and oceanic spray. lodine concentration in rainwater was shown to be in the
range of 1—-15 ug/L over oceans and of 0.1-15 pg/L over land [68]. Estimated deposition
of iodine onto the soil with rain and snow amounts about 16 g/ha per year, while the
amount of dry deposition is about 9.6 g/ha per year [91].

lodine plays an important role in atmospheric photochemical processes [18, 71,
88]. After being volatilized from marine and terrestrial environments, both organoiodine
compounds and |, molecules undergo photochemical transformations, including their
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dissociation and generation of iodine radicals (I' and 10°), which can interact with atmo-
spheric species such as O,, H,0,, and NO,. This results in the destruction of ozone mole-
cules, changes in the HO,/OH and NO,/NO ratios, and the formation of hydroscopic
higher-order iodine oxides (1,0,) giving rise to aerosol particles, precursors of cloud con-
densation nuclei [45, 71]. Thus, the speciation and dynamics of atmospheric iodine is of
particular interest in the aspect of its potential impact on global climate processes.

3. lodine in the biotic environment

3.1. lodine in organisms inhabiting natural ecosystems

lodine is found in organisms belonging to all three domains of life (Eukarya, Bacteria
and Archaea), and many biota groups, including microbial populations, are known to ac-
cumulate and metabolise this element, thereby participating in its environmental cycle.

Several strains of iodine accumulating bacteria have been isolated from marine
sediments, seawater and brine waters, as well as from subsurface aquifer sediments [4,
5, 52]. In particular, the bacterial strain, which concentrate iodide by a factor of 6x103,
has been isolated from marine sediments [5]. Bacterial strains capable of oxidizing io-
dide, as well as iodate-reducing microbial strains were isolated from environmental
samples [4]. lodide oxidizing enzymes, including laccase and peroxidases released by
microorganisms, can promote the formation of organically bound iodine in natural envi-
ronment [73]. A range of soil microorganisms (bacteria, ectomycorrhizal and wood-rot-
ting fungi) can transform iodide into I, and organic iodine species, including volatile
methyl iodide [4, 67]. Thus, microorganisms participate in iodine cycling in the environ-
ment through processes such as volatilization, accumulation, reduction, oxidation and
sorption. In addition, microorganisms are involved in degradation or dehalogenation of
iodinated aliphatic and aromatic compounds, and several aerobic bacteria capable of
growing on methyl halides (including CH,l) as a sole source of carbon and energy have
been isolated [4].

lodine is not considered to be an essential mineral for terrestrial plants, and its
content in terrestrial vegetation is generally low, with concentrations ranging from 0.07
to 10 mg/kg in typical land plants and food crops [69]. However, iodine content of some
crops and vegetables can be significantly increased with increasing concentration of
exogenous iodine under hydroponic conditions or using iodine-containing fertilizers
[34]. lodine that is present in soil solution can be taken by plants in the form of iodide or
iodate anions, albeit at different rates. lodide is considered more bioavailable to plants
because of its better solubility and higher mobility in the soils. In addition to absorbing
iodine via roots, plants can accumulate this element from atmospheric air and precipita-
tions through their leaves and other aboveground parts [34, 91]. Absorption of airborne
iodine is especially important for bryophytes that do not possess a true root system, and
plays a critical role in the uptake of iodine by lithophytic and epiphytic mosses that have
no attachment to soils. Many studies have provided evidence that these primitive plants
often contain as much iodine as do ordinary terrestrial plants. In particular, mosses
sampled in pristine areas of South-Eastern Europe have iodine content in the range of
0.36-6.31 mg/kg [55].

Although there has been no direct evidence of iodine essentiality in terrestrial plants,
there are many reports suggesting its positive effects on plant growth and some meta-
bolic processes in plant cells, including the improvement of the antioxidant response in
stressful conditions [20, 34, 51, 53]. Studies using medicinal plants have revealed that the
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application of iodine-containing plant growth stimulants (e.g. Vermyiodis) provides for in-
creased productivity, improves antioxidant status and the formation of some biologically
active substances such as carotenoids and flavonoids in Calendula officinalis and Matri-
caria recutita [53, 54]. However, an overdose of iodine is known to be harmful to terres-
trial plants. Excessive accumulation of iodine in plant tissues may adversely affect plant
growth or can lead to toxic effects [20, 34]. The flooding of paddy soils has long been
known to produce Akagare disease in rice as a result of the high level of iodide uptake.

It has been shown that land plants can volatilize some amounts of iodine in the form
methyl iodide [32, 70]. Consequently, terrestrial vegetation participates in the global
circulation of iodine between the land surface and the atmosphere.

Unlike terrestrial biota, marine organisms are potent iodine concentrators from sea-
water, in which most of the iodine is in bioavailable form. Some orders of brown algae
(Phaeophyceae), such as Laminariales, are most widely known for their high capacity
to accumulate iodine. These plants are able to concentrate it up to 30,000 times com-
pared to seawater and maintain iodine concentration in the thallus of about 1% of dry
weight and higher (up to 4.7% in juvenile plants) [47]. The highest content of iodine has
been reported in the species of the genus Laminaria with the maximum levels in Lami-
naria digitata (up to 6.12-8.17 g/kg of dry weight) and Laminaria ochroleuca (up to
6.14 g/kg of dry weight) [21]. The Laminaria species are considered to be the strongest
iodine bioaccumulators not only among aquatic plants, but also among all living orga-
nisms [46]. Both the green algae (Chlorophyta) and red algae (Rhodophyta) generally
contain lower levels of iodine in their thalli compared with the brown algae.

It has been found that seawater iodine is taken by Laminaria species and other
Laminariales in the form of iodide, which initially enters an extracellular matrix located
in algal peripheral tissue. lodide can be oxidised into hypoiodous acid and molecular
iodine with the aid of cell wall vanadium-dependent haloperoxidase (V-HPO), which
uses photosynthetic hydrogen peroxide (H,O,) on a routine basis and peroxide gene-
rated by oxidative burst under stress conditions [47]. Oxidised iodine can then cross the
plasma membrane and enter cells, where it is reduced to iodide or diverted to iodinating
organic substrates. However, under stressful conditions, an oxidative burst triggers
a massive mobilization of iodide from the intracellular reservoir. This leads to V-HPO-
mediated formation of volatile halocarbons using H,O, produced in large amounts in the
apoplast. From this point of view, it has been suggested that the biological role of ac-
cumulated iodine in brown algae consists in its acting as an inorganic antioxidant that
protects algae from oxidative damage in environmental stresses [45, 47].

Marine microalgae can absorb iodine in the form of iodate and iodide [39], partici-
pate in the iodate-to-iodide speciation and release iodine as methyl iodide into the envi-
ronment [18]. Therefore, microalgae together with macroalgae and marine microorga-
nisms mediating the volatilization of iodine into the atmosphere are believed to play an
important role in the global iodine cycle [50].

lodine is abundant in marine animals, both in vertebrates and invertebrates, including
sponges, corals, crustaceans and mollusks [29, 65]. The reported iodine concentrations
in edible marine invertebrates range from 308 pg/kg in crab tissues to 1300-1400 pg/kg
in shrimp and mussel tissues [31]. Along with the accumulation of iodine, marine inverte-
brates and algae can synthesize non-volatile iodinated organic molecules with a diverse
structure, including monoiodotyrosine, diiodotyrosine, iodinated alkaloids, iodinated di-
terpenoids of briarane type and others [29, 37, 74, 81].
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Among the marine fish species studied, particularly high concentrations of iodine
were found in the muscles of members of the family Gadidae with maximum iodine
concentrations in cod (Gadus morhua) and haddock (Melanogrammus aeglefinus),
reaching 12.7 and 9.2 mg/kg wet weight, respectively. Significantly lower levels of iodine
were found in members of the family Salmonidae, namely 6—-34 and 20-100 pg/kg wet
weight in the muscles of atlantic salmon (Salmo salar) and rainbow trout (Oncorhynchus
mykiss), respectively [31].

lodine is needed by humans and all vertebrate animals for the synthesis of thyroid
hormones, which control embryonic development, postnatal growth and metabolic rate.
A functioning thyroid gland consisting of non-encapsulated follicles capable of concen-
trating iodide first appears in representatives of Agnatha such as the lamprey (Petromy-
zontiformes) [26]. In mammalian species, the thyroid gland is an encapsulated endo-
crine organ that is highly specialized in concentrating iodide from blood plasma and
maintains the amount of this element at the levels required for the processes of hor-
monogenesis. In amphibians and teleost fishes, thyroid hormones are involved in the
control of metamorphosis [57].

3.2. lodine in human organism

lodine is found in minimal quantities in the human body (from 15 to 20 mg), but is
required for normal functioning of the thyroid gland, the production of thyroid hormones
thyroxine (T,) and triiodothyronine (T,) and regulation of metabolism [11, 12, 16, 27, 35,
92]. Since the main part of iodine (more than 90%) enters the human organism via the
gastrointestinal tract, then adequate iodine nutrition is critical for maintaining the thyroid
function and process of hormonogenesis. Inadequate iodine intake by humans leads to
serious health problems due to thyroid dysfunction and insufficient formation of thyroid
hormones. In cases of severe iodine deficiency, the endemic goitre, brain damage and
other neurological abnormalities, physical development disorders and cognitive impair-
ment can occur [35, 93, 94]. It has been proven that iodine deficiency is a common
cause of mental disability, which can be avoided by appropriate supply of the body with
iodine [35, 93].

lodine is bioavailable to mammals in the form of an iodide anion, which is readily
absorbed from the small intestine, mostly from the duodenum [35]. The process is medi-
ated mainly by sodium iodide symporter (Na*/I- symporter, NIS) located in the cells of
small intestinal epithelium [60]. NIS also provides uptake of iodide in the thyroid gland
and over a wide range of non-thyroidal tissues [63]. The thyroid gland stores 70-80% of
the total amount of iodine in the human body [35]. Part of the iodide is accumulated by
extra-thyroidal tissues, such as the gastric mucosa, salivary glands and lactating mam-
mary gland, which form the major extra-thyroidal iodide pool [6, 63, 66].

lodide enters the thyroid follicular epithelial cells (thyrocytes) via two routes: 1) ac-
tive transport involving membrane Na*/I- symporter (NIS), which is considered the main
pathway of iodide entry; 2) diffusion through ion channels [56]. The Na*/I- symporter
(also known as SLC5A5) is located at the basolateral plasma membrane of thyrocytes
and mediates the process of active iodide transport using an electrochemical sodium
gradient generated by Na*/K*-ATPase [63, 66]. Owing to this transport system, the thy-
roid gland is capable of concentrating iodide 20—40 times with respect to blood plasma.
The main stages of iodine metabolism in the thyroid gland are associated with the oxi-
dation and organification of iodide at the cell-colloidal interface and in the follicular lu-
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men, followed by the formation and release of thyroid hormones. These processes re-
quire the presence of high molecular weight protein thyroglobulin (TG), membrane-
bound enzyme thyroperoxidase (TPO), and dual oxidases DUOX1 and DUOX2, calci-
um-dependent NADPH-oxidases that supply H,O, necessary for TPO activity [23, 83].
Both oxidation and organification of iodide, that is, its incorporation into tyrosine resi-
dues in thyroglobulin, as well as a subsequent coupling reaction in which two tyrosine
residues within TG molecules couple to form iodothyronines (either T, or T,) are cata-
lyzed by TPO. lodothyronines, bound with TG molecules, are stored in the colloid until
thyroglobulin is taken up by follicular cells. To release thyroid hormones, the molecules
of iodinated TG are internalized into the thyrocytes by micro- and macropinocytosis fol-
lowed by proteolysis in lysosomes involving endopeptidases and exopeptidases. This
process is accompanied by the release of T, and T,, which are then secreted into the
bloodstream from the basolateral surfaces of follicular cells [44]. The monocarboxylate
channel (MCT8/SLC16A2) was shown to be involved in the efflux of thyroid hormones
at the basolateral membrane.

lodide turnover in the thyroid also includes the formation of certain iodolipids (such
as iodolactones and iodoaldehydes) that plays a role in the conditions of excess iodide,
as well as iodothyronine deiodination. Within the thyroid gland, part of the thyroxine
undergoes a deiodination process mediated by iodothyronine deiodinases (DIOs), sele-
noenzymes that are expressed in many types of cells, including thyrocytes [8, 10, 19,
78]. Thyroxine deiodination leads to the formation of T, (the active form of the thyroid
hormone) or reverse triiodothyronine (3,3’,5'-triiodothyronine, rT,), which is an inactive
T, isomer. Deiodination of monoiodotyrosine (MIT) and diiodotyrosine (DIT) formed in
thyrocytes is catalysed by intracellular iodotyrosine-dehalogenase (DEHAL1) [83]. Pro-
cess of hormonogenesis, as well as iodide uptake in thyrocytes, is regulated mainly by
thyroid-stimulating hormone (TSH, thyrotropin) produced by the cells of anterior pitui-
tary gland. Thyrotropin stimulates the expression of the genes of NIS, TG, TPO and
TSH-receptor (TSHR) [23]. The TSH itself is under the control of thyrotropin-releasing
hormone (TRH) secreted from the hypothalamus.

lodine is released from the thyroid gland mainly in the form of thyroxine, and only a
small amount of this element is excreted into the blood in the form of T, (in humans,
these values are 80-100 pg and 3 ug per day, respectively) [35]. Most of the T, in the
body is produced from T, in extra-thyroidal tissues involving iodothyronine deiodinases
DIO1 and DIO2, which catalyse the deiodination of the outer ring of thyroxine in the
5'-position [8, 10, 19, 49, 77, 78]. In peripheral tissues, both T, and T, can also be con-
verted to inactive forms via deiodination of the inner ring by either type 3 deiodinase
(DIO3) or DIO1. lodothyronine deiodinases have also been found in bone marrow cells
and in blood leukocytes [8, 15].

It is generally accepted that thyroid hormones mediate the most important function
of iodine in mammalian organism. Thyroid hormones T, and T, are potent bioregulators
that act at different structural levels of human organism: they stimulate the synthesis and
catabolism of biomolecules, maintain the level of the basic metabolism, and regulate
proliferation, differentiation and apoptosis of cells [14, 16, 17, 84, 92]. Thyroid hormones
are also involved in tissue regeneration, maturation and functional activity of organs and
organ systems [7, 9, 27, 93], and oxygen-transport function of the blood [76, 80]. Being
an integral part of thyroid hormones, iodine is necessary for normal activity of the central
nervous system, cardiovascular system, musculoskeletal system, as well as for the re-
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productive, digestive, hematopoietic and immune systems [12, 27, 28, 64, 84]. lodine
has some functions in the human body that are not mediated by its participation in the
synthesis of thyroid hormones. In particular, reducing properties of iodide make it an
important scavenger of reactive oxygen species [87]. At the same time, the oxidation of
I to hypo-iodite (I07) makes it a potent oxidant with strong bactericidal activity. lodine
can also act as anti-inflammatory, antiproliferative and cytotoxic agent and has a protec-
tive effect against several types of cancer [28, 87].

The above data show that iodine exhibits a wide range of effects in the human
body, as well as in organisms that live in natural ecosystems. Various groups of biota, in
turn, influence the iodine behaviour in the environmental compartments and contribute
to iodine cycling in the global environment.

CONCLUSIONS

lodine is a trace element of the earth’s crust, unevenly distributed between environ-
mental compartments. The element is abundant in marine environment, sediments and
subterranean brines, but it is scarce in terrestrial rocks, soils and continental waters. lo-
dine is ubiquitous in the biosphere and serves as an important micronutrient for humans
and vertebrate animals, which accumulate it primarily in the follicles of the thyroid gland.
Being an indispensable component of thyroid hormones, iodine participates in the regula-
tion of cellular metabolism and a host of vital functions in vertebrates. In human and ani-
mal organisms, iodine is necessary for normal activity of the central nervous system,
cardiovascular system and other organ systems. Among plant organisms, brown algae
are potent bioconcentrators of iodine from seawater, with the largest iodine amount re-
ported in species of the Laminaria genus. Marine algae and phytoplankton together with
microbial populations of soils and ocean waters, as well as terrestrial vegetation, mediate
the processes of iodine biotransformation in natural environments and its volatilization to
the atmosphere and, consequently, contribute significantly to the global iodine cycle.
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non B ABIOTUMHOMY TA BIOTUYHOMY CEPEAOBULLAX
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Woa, MiKpoenemeHT, Lo HaneXuTb [0 ranoreHis, € NPUPOAHNM KOMIOHEHTOM Ha-
BKOJIMLLHBOTO cepeaoBuLLa. [poTe po3nogin nogy B pisHNMX KOMNapTMEHTaxX NPUPOAHO-
ro cepefoBuLla HEPIBHOMIPHUI: NOrO0 BMICT HEBUCOKWUM Y I'PYHTOTBIPHUX FPCbKUX MO-
podax, I'pyHTax i KOHTUHEHTaNbHNX Bodax, ane 3Ha4yHo BinbLUni y MOPCBKOMY Cepeno-
BULL Ta BaraTx Ha opraHiuHy peyoBMHY 0cafoBKx nopoaax. Mo Wwmpoko po3noBscio-
AXeHun y 6iocdepi Ta MICTUTLCA NPAKTUYHO B YCiX OpraHiaMax, i eBkapioTax, i npokapi-
oTax. Y NoavHu i xpebeTHMX TBapyH Mo BUKOPUCTOBYETBLCS Hacamnepes y npouecax
CMHTE3y FOPMOHIB LMTONOAIOHOI 3ano3u, ki 0epyTb ydacTb y perynsuii KniTMHHOro
MeTaboniamy Ta XUTTEBO BaXIUBUX OYHKLI opraHiamy. Y NoaMHN HeageKBaTHe CroXu-
BaHHS Mo4y MOXe NPU3BOAWTU 4O CEPMO3HMX NPobnem 3i 300poB’aM Yepe3 OUChYHK-
Lito WwmTonoaibHoi 3ano3m Ta HEAOCTATHE YTBOPEHHS TUPEOIAHMX FOPMOHIB (EHAEMIY-
HWUIA 300, HEBPOMOTiYHi aHOMarii, KOrHITUBHI po3nagu, NOpyLUEHHSA ¢i3UYHOIO PO3BUTKY
Ta iH.). BaraTo iHwwx rpyn 6ioTu, siki HAacensTb Pi3Hi ekocucTemMU, 3a0aTHi ePEKTUBHO
KOHLEHTpyBaTu 1og 3 abioTMYHMX CepefoBuLY, i CUHTE3YBaTU Pi3HOMaHITHI NOOOBMICHI
opraHiyHi cnonyku. [eski 3 LmMx cnonyk MOXyTb BUKOHYBaTVW MeTabOrMiYHi Ta CUrHarsbHi
dyHKUiT B opraHiamax, siKi IX NpOAYKYITb, a iHLWi, Taki 9K NeTki ranoreHoBYrneBOaHi,
OepyTb y4acTb Yy NepeHECEHHI Nody 3 MOPCbKOrO Ta HAa3eMHOro CepeoBULLa B aTMOC-
depy. OTxKe, HaseMHi, 'pyHTOBI Ta BOASHI OpraHiaMu (30Kpema, MiKpOoopraHiamu), siki
HaKOMMYyOTb, MeTaboni3yloTb i BUMAPOBYHOTbL MOA, ONOCEpPenKoByHOThL npouecu Gio-
TpaHcdopMaLii enemMeHTa y NpUpOLHOMY CEPELOBULLI Ta CNPUAIOTbL MO0 rnodansHomy
uukny. Mopckki opraHiamu (BogopocTi, 6e3xpebeTHi) edhekTUBHILLE KOHLEHTPYHOTL M04
NopiBHAHO 3 HazeMHoto GioToto. Bypi BogopocTi poay Laminaria — HAANOTYXKHILLIi akymy-
NATOpU Noay cepen ycix XMBUX cuctem. Y Ui CcTaTTi NpoaHanisoBaHO po3noain rogy
B abioTuyHOoMYy Ta GiOTMYHOMY cepefoBUMLLAX i 3anyyYeHHs 6ioTuyHMX npoueciB y Giore-
OXiMiIYHMI LMK LbOro erieMeHTa.

Knroyoei cnoea: 1oa, HaBKOMULLHE cepedoBulle, eKocuctemu, Giota, MOPCHKI
BOZOPOCTI, FOPMOHM LWmMTOonoAibHoi 3anosu

OpepxaHo: 07.08.2018

ISSN 1996-4536 (print) ¢ ISSN 2311-0783 (on-line) e BionoriuHi Ctygii / Studia Biologica e 2018 e« Tom 12/Ne2 e C. 117-134



