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Data arising from the early history of the Earth demonstrates how iodine contributed to the development of life and how iodine deficiency may have led to the
disappearance of our Neanderthal predecessors. In modern times, problems such as the incidence of endemic cretinism (severe hypothyroidism) and goitre (thyroid
enlargement) associated with iodine deficiency were recognised and continue to be addressed with varying success by dietary iodine supplementation. Volatile iodine
compounds released from the marine environment make an important contribution to diminishing pollutant ozone, with increases in global volatile iodine influencing climate
change. The prospect that current pollutants induced global warming may significantly extend the present interglacial period suggests that increased global iodine may
persist. The consequences for thyroidal health and human development of a new iodine-replete earth are unknown. It appears that iodine, in addition to helping shape our

world, continues to have the potential to significantly influence all our futures.

Introduction

The current crisis brought about by climate change-induced
global warming has manifested itself in melting of the polar
ice caps, rising sea levels, climatic disruption, mass migration,
and food shortages, to mention but a few [1]. A lesser-known
consequence of climate change arising from ocean expansion
and manmade pollution is an increase in atmospheric iodine
[2]. Evidence has been provided that in prehistoric times, the
stability and abundance of the ozone (0,) layer, particularly
in the lower atmosphere (troposphere), was shaped by
marine iodine emissions, thereby controlling damaging solar
ultraviolet radiation (UVR) effects on the development of
complex cellular life, particularly on land [3]. They further
described evidence for the marine iodine reservoirs in the
Proterozoic eon, which lasted from 2.5 billion to 538.8 million
years ago, was at least five times higher than today, and that
the decline in marine iodine over the millennia reflected the
evolution of an iodine cycle with bioavailable global iodine
levels varying with atmospheric change.

Iodine is essential for thyroid hormone synthesis,
bioavailability and dietary intake of iodine is of fundamental
importance in human biology and plays a central role in human
growth and development [4-8], both as an essential dietary
mineral and as a proxy for thyroid hormones (TH). The recent
suggestion that climate change may impact global iodine status
[9,10] has additional potential implications for iodine and TH
influences that might arise in an iodine-replete world.

lodine and the marine environment

The marine environment provides a major source of iodine.
Although the concentration of iodine in seawater is relatively low
(approx. 58 ug/L), the great mass of the oceans makes it the major
source of iodine on the planet. Iodine in seawater is mainly present
as I and 10, with I- predominating in surface waters while 103~
forms the greatest proportion in deep water [11]. The concentration
of I in surface water also depends on phytoplankton primary
(biotic) productivity, ocean circulation and vertical mixing,
pH, and oxygen levels [2,3,12]. Geography and seasonal factors
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play a large part in higher concentrations of I- being present in
warmer tropical waters or in subtropical gyres (rotating ocean
currents) [2,3,12].

lodine and the atmosphere

Among the changes brought about by global warming-
induced rising sea levels is an increase in atmospheric volatile
iodine compounds such as iodine (I12) or hypoiodic acid (HOI)
[2,3]. This increase in atmospheric iodine can be attributed to
man-made pollution arising from greenhouse gases produced
in the current industrial era of the Anthropocene (1760 to date)

[2].

Figure 1 shows in diagrammatic form the interactions
between various iodine species and atmospheric gases, both
natural and anthropogenic, involved in global warming. I
present at the seawater surface reacts with tropospheric 0" to
form gaseous I, and HOI, thus reducing potentially harmful O,
[2,10]. Atmospheric iodine has been shown drive marine particle
formation, leading to new aerosol particles that ultimately
produce cloud condensation nuclei (CCN), from which cloud
droplets can form, leading to cloud formation [13]. Reduction
of tropospheric O, and generation of volatile I,/HOI with cloud
formation and brightening reflect more sunlight into space.
Such cloud formation in the lower atmosphere (troposphere)
by reflecting incoming solar heat leads to negative radiative
forcing contributing to global cooling.

In the case of seaweed-abundant coastal It has been
estimated that marine algae can supplement seawater I, release
[2,10,14]). The reaction of O, with I- accomplishes two results. It
is the major source of volatile iodine at the sea surface and, in
turn, reduces potentially harmful O, in the lower atmosphere
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Figure 1: Atmospheric ozone (03) arising from anthropogenic generated pollutants
reacts with marine iodide (I-) to produce volatile iodines (HOI and 12). These iodine
species can drive new particle formation in marine air leading to new aerosol

particles ultimately producing cloud condensation nuclei (CCN) sites from which
cloud droplets can form with a radiative forcing opposite to that of global warming.
Solubilized iodine is returned to earth in rain with gaseous iodine being available for
respiratory intake.

(troposphere) up to 14 km above sea level [2,3). It has been
estimated that iodine causes a reduction of tropospheric O,
of approximately 15% [2]. This obviously varies with season
and region sampled. Higher surface water concentrations of
I- are observed in warmer low latitude climates with greater
I-and iodine release in summer than in winter [2,12]. Current
understanding of the iodine cycle has been derived from
specific study regions, and uncertainty remains on whether
these findings can be applied on a global scale [2,12].

Much of the evidence for increases in iodine supply was
based on alterations observed from the last 11,700 years
(Holocene) to the current Anthropocene [9,15,16]. These authors
demonstrated a recent 3-fold increase in ice core iodine values
reflecting atmospheric iodine deposition sampled in Greenland
and in Alpine ice cores. In addition, thinning of the ice sheet
allowed sunlight to promote iodine release from phytoplankton,
which more readily diffused through the thinner ice [2,17].
Ozone and other tropospheric air pollutants, such as nitrogen
oxides (NOx), act to provide a barrier to heat escape from
the Earth, causing cloud brightening and ultimately higher
cloud reflectance, resulting in global warming. In contrast
to global warming, which involves loss of ice-bound iodine,
glacial periods sequester large amounts of water in ice fields,
diminishing bioavailable iodine [2,9]. Melting of the icefields
would cause this iodine to be released, with global warming
generating the larger atmospheric iodine observed with retreat
of ice fields in spring and summer [2]. When the ice cap
refreezes in winter, the thinner ice is also more permeable to
iodine formation and release [9,17,18]. Another contributor to
global iodine is its presence in dust carried into the atmosphere
from deserts or volcanic eruptions [19]. It has been found that
0, within dust layers has been diminished by 75%, with iodine
levels highest where O, is lowest. The lowering of ocean pH
because of increases in the greenhouse gas CO,, which, when
dissolved in seawater, forms H,CO,, also contributes to gaseous
iodine release [20], as acid pH favours the reduced I- over the
oxidised 10, speciation. The consequence of such increases in
global iodine levels, both atmospheric and deposited in rain,
remains unknown.

Of course, the authors understand that iodine concentrations
may be the least of our worries if global warming brings
about melting of the polar ice caps, rising sea levels, climatic
disruption, mass migration, and food shortages, to mention
but a few [1]. An additional threat particularly relevant
to North America and Europe is the tipping point for the
Atlantic Meridional Overturning Circulation (AMOC), which,
if reached, could reverse ocean currents, resulting in extreme
weather events impacting the arrival of another glacial period
[21,22]. Human intervention may prevent the worst of these
happenings, but is unlikely to prevent a long-term increase in
global iodine.

lodine and evolution

The evolutionary roots of iodine, starting with marine algae
(seaweeds), provide a source of atmospheric iodine serving as
a dietary source for mammals, an antimicrobial agent, and
the earliest inorganic antioxidant in the marine environment
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capable of detoxifying reactive oxygen species and ozone
[2,4,18,23]. Primitive cells in marine algae can concentrate
iodide, which, in more developed organs, is able to combine
with tyrosine and incorporate the accumulated iodide into the
iodothyronine thyroxine (T4), which could be deiodinated by
peroxidases to the biologically active triiodothyronine (T3).
The ability in primitive marine systems, such as algae, to
concentrate iodide may, when life emerged from the sea, have
formed the basis for the food chain with nutritional changes
suggested as leading to an increased iodine requirement [24].

lodine deficiency

A role for Iodine deficiency and its consequences in terms
of reduced thyroid hormone production has resulted in a
disease spectrum ranging from mild thyroid hypofunction to
the profound symptoms found in overt hypothyroidism with
impaired physical and mental development of cretinism [4,25].
The introduction of iodine prophylactic programmes such
as iodisation of table salt, Universal Salt Iodisation (USI), or
use of iodised salt in bread baking has been very successful
in correcting iodine deficiency, but not all benefit equally
from such programmes, particularly pregnant mothers or
those on specialty diets such as vegans [25,26]. Correction
of iodine deficiency has its own problems, carrying the risk
of an increase in the prevalence of toxic nodular goitre and
hyperthyroidism in previously iodine-deficient populations
[25]. Although cretinism has largely disappeared from Europe,
despite recent improvements in Universal Salt Iodisation (USI),
iodine deficiency disorders (IDD) persist in large areas of the
world and iodine deficiency remains the principal cause of
preventable mental retardation [26].

lodine and neanderthals

One of the unsolved evolutionary mysteries concerns
the disappearance of Neanderthals some 39,000 years ago.
Although it appears that Neanderthal disappearance occurred
at different times in different regions, the Neanderthals
showed a considerable overlap with Anatomically Modern
Humans (AMH), coexisting for a period of between 2600 and
5400 years [27] and most probably interacting, thereby sharing
genes [28,29]. The current majority view is that the extinction
of Neanderthals, coupled with the survival of contemporary
coexisting AMH, could be attributed to the inability of
Neanderthals to withstand competition [27,29]. A hypothesis
implicating iodine deficiency in Neanderthal extinction has
been advanced [8], as has the finding in Neanderthals of a
single nucleotide polymorphism in the deiodinase DIO, gene
preventing the conversion of thyroxine (T,) to physiologically
active triiodothyronine (T,), which would be critical in iodine-
deficient individuals surviving in an extremely cold climate
[30]. Whatever the cause, the population of AMH survived
while the Neanderthals disappeared.

Development of an iodine enriched atmosphere

In contrast to global warming, which involves loss of ice-
bound iodine, glacial periods would, by sequestering large
amounts of water in ice fields, diminish bioavailable iodine

[15,16]. Melting of the icefields will result in this iodine being
released with the retreat of ice fields in spring and summer
[15,16]. The suggestion that global iodine levels may in the
near future reach their highest level for the past 127,000 years,
that is, the Eemian interglacial period about 100,000 years ago,
which preceded our current Holocene or Anthropocene, should
at least prompt us to explore what effects such a dramatic
change might present, not least iodine induced, for future
human evolution [10,16].

The difference between the Holocene and earlier epochs is
the effect of human activity, specifically industrial pollution,
which reflects the influence of recent humankind on the
Earth in producing greenhouse gases, particularly since the
beginning of the Industrial Age. ¢ 1760, now referred to as
the Anthropocene. The effects of this activity have greatly
increased since the 1950s, leading to the increases in terrestrial
iodine recorded and projected [9,15,16]. Recent interglacial
periods have lasted for approximately 10,000 years, but it has
been suggested that the climate change arising from man-
made global warming may extend the current period for up
to 50,000 — 100,000 years with consequent implications for
increased global iodine [31,32]. Of course, climate change
and global warming do not exclusively depend on manmade
pollution. Variations in the Earth’s orbit, which determine the
amount of sunlight warming the Earth (Insolation) over the
millennia, continue to exert a major role [33]. If the pollutant
emissions reach the highest predicted level, glaciation would be
delayed for up to 0.5 million years. Human fossil fuel use may
therefore create a super-interglacial period that has overridden
the insolation effect of orbital forcing on Earth’s climate [33].

Gaseous iodine released in the atmosphere can be returned
to Earth via rainfall or possibly imbibed by humans through
respiration [14]. Although iodine deposited in rainfall
is obviously dependent on local climatic conditions and
atmospheric iodine concentration, attempts to calculate human
iodine intake by respiration have suggested a possible marginal
increase in human populations [10,14]. The wider question of
fresh air contributing to human nutrition (aeronutrients) has
recently been explored [34]. In assessing the possible role of
iodine inhalation, subjects studied were female schoolchildren
(aged< 15 years) attending schools in areas of both the Republic
of Ireland and Northern Ireland [10]. Higher intakes, such as
those recorded by populations living adjacent to a seaweed-
abundant area, might indicate levels that could be achieved
during a prolonged period of global warming. Highest levels
over the seaweed hotspot were equivalent to a supplementary
intake of 46-81 pg /Day (WHO recommended daily adult intake
120 pg [10,14]. The iodine levels recorded over a seaweed bed
were achieved at different times (day and night), distances
from the seaweed bed, and wind speeds [10]. The highest values
were observed over the seaweed beds at nighttime, with lower
photolytic destruction, while lower values occurred downwind
in calm daylight. Of course, applying these values to other
non-seaweed-rich areas must remain highly speculative. The
short-term increases in atmospheric iodine predicted by local
studies [10] and near-term anthropogenic effects [15] must
be distinguished from the longer-term climatic changes that
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may result from isolation and possible extension of interglacial
periods. It is unlikely that such a limited increase in iodine
intake would significantly alter individual thyroid function in
the short term, but an effect over a prolonged period cannot be
excluded.

Possible thyroidal and extrathyroidal effects arising
from climate change

A process dictated by thyroid hormones has been suggested
to exert allosteric control of energy balance, overriding
homeostatic controls at times of stress [35]. Thus, brain
function takes precedence over lower-priority functions such
as growth, reproduction, and fat deposition. Type 2 allostasis
is believed to occur when the body encounters a change in
environmental conditions and predicts if a shift in energy
demands can be met by utilising existing energy stores and
increasing caloric intake [35]. Whether a prolonged increase
in global iodine would provoke a change in thyroid hormone-
mediated energy balance, as indicated by type 2 allostasis, is
a matter of conjecture. In view of the lower cognitive abilities
recorded in even marginally iodine-deficient children [36],
could an iodine-replete population presage a potential increase
in worldwide human potential? The Effects of increased iodine
bioavailability would obviously have the greatest consequences
in populations whose current dietary iodine intake is either
deficient or below optimum. A gradual increase in atmospheric
iodine would, over time, obviate the need for iodine prophylaxis
programmes such as Universal Salt Iodisation (USI) [26]. It
is, of course, not possible to apply the potential increases in
atmospheric iodine observed over seaweed masses to non-
seaweed-rich global areas [14]. However, the persistent future
high global iodine predicted could result in iodine increments
comparable to the modest increases observed over seaweed-
abundant regions. Such increments would be unlikely to
achieve levels that could result in iodine excess [10].

Changes or the absence of change in the presentation of
thyroid disease have been reported following programmes of
salt iodisation, but these have been relatively short-term and
scarcely apply over the millennia required for evolutionary change.
Undoubtedly, the human thyroid can adapt to different iodine
intakes, as demonstrated by the Japanese experience, where
daily dietary iodine intakes of approximately 1 mg [37] orders
of magnitude greater than Western intake can be readily
tolerated.

Conclusion

The current period of global warming arising from climate
change has the potential to greatly increase global iodine. If,
as projected, the results of manmade global warming persist,
resulting in an extended interglacial period, the increase in
iodine will be prolonged. The result of competition between
anthropogenically induced climate change and the onset of
the next glacial period is obviously impossible to predict, but
is unlikely to significantly alter global iodine status in the
current millennium. Other volatile compounds released into
the atmosphere may also affect human health [34] but are
unlikely to have the fundamental effects of iodine/TH action

on human development. It may be that current efforts to
reduce atmospheric pollution will reduce the damaging effects
of global warming, including the release of volatile iodine
compounds. However, it is unlikely that such efforts, even if
partly successful, will in the short term alter the atmospheric
iodine burden. In the event of higher iodine levels persisting,
which itself is highly speculative, it is tempting to consider
what effect an iodine level at its highest in the last 127,000
years might produce [16]

Any potential iodine effects would obviously be diluted by
the enormous, perhaps existential, consequences of climate
change. Our predecessors over the recent Holocene epoch,
unlike the unfortunate Neanderthals from an earlier epoch,
have survived and prospered despite many climatic changes,
which must give us, an iodine replete homo sapiens, or other
possible hominid successors, increased hope for a benign if
uncertain evolutionary future. Thus, the possibility exists
that the deleterious effects of climate change may have a
paradoxically beneficial influence on human development.
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