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Abstract

Backgound: Even a minor iodine deficiency can result in ad-
verse thyroidal health consequences while excess iodine in-
take can also result in thyroid function disorders. One source
of iodine is seaweed which as a foodstuff is enjoying an in-
creasing profile in Western countries. Apart from its poten-
tial involvement in thyroidal health, gaseous iodine released
from seaweeds plays a significant role in influencing coastal
climate through cloud formation. Summary: Sources of di-
etary iodine, its assessment, recommended dietary intake,
and consequences of iodine excess are outlined. The bene-
fits and possible dangers of dietary intake of iodine-rich sea-
weed are described. Studies linking seaweed intake to breast
cancer prevalence are discussed as is the role of gaseous io-
dine released from seaweeds influencing weather patterns
and contributing to iodine intake in coastal populations. Key
Messages: Universal salt iodization remains the optimum
method of achieving optimum iodine status. Promoting in-
creased dietary iodine intake is recommended in young
women, in early pregnancy, and in vegan and vegetarian di-
ets. Even where iodine intake is enhanced, regular assess-
ment of iodine status is necessary. Caution against con-
sumption of brown seaweeds (kelps) is required as even
small amounts can have antithyroid actions while product
labelling may be insufficient. Gaseous iodine produced from
seaweeds can have a significant effect on cloud formation

and associated global warming/cooling. Increased overall
iodine deposition through rainfall and apparent uptake in
populations dwelling in seaweed-rich coastal regions may
provide a partial natural remedy to global iodine deficits.
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Introduction

Iodine was joined with seaweed at birth as Courtois in
1811 in France searching on behalf of his emperor for
sources of nitrates to use in gunpowder found that sea-
weed when burned gave off a vapour. In 1813, Gay Lussac
named this vapour iodes, the Greek word for “violet co-
loured,” subsequently shown as a constituent of thyrox-
ine (T4) and as an active goitre-preventing ingredient [1].
As iodine is not produced in the body, daily intake is re-
quired from external sources. This is especially true in the
tirst weeks of life, as the developing foetus does not de-
velop a functioning thyroid until about 18- to 20-week
gestation during which time it is totally dependent on the
mother to produce thyroid hormones necessary for
growth and neuropsychological development [2]. Thus,
maternal iodine intake is necessary for both mother and
baby to thrive, and even mild iodine deficiency can lead
to lower cognitive development [3]. The increased iodine
requirement in pregnancy has led the WHO to recom-
mend increasing iodine intake from 150 pg to 250 pg in
pregnant mothers [4, 5]. Under iodine replete conditions,
this requirement can usually be met from normal food-
stuffs, particularly if salt is iodized. However, as salt io-
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dization is not always mandatory, or even available, ad-
ditional iodine supplementation may be required, and
intake needs to be continuously monitored [6, 7]. While
promoting increased dietary iodine intake is useful in
correcting iodine deficiency, this cannot be an open-end-
ed process as too much iodine can produce deleterious
effects on thyroid function [8]. In the marine environ-
ment, seaweeds — marine algae, form the major supplier
ofiodine [9]. The iodine content of seaweed and its chem-
ical form varies with different species but is generally
greater in brown seaweeds (kelps) than the green or red
varieties [9]. The use of seaweed in Asian cooking has
been long established and is enjoying increasing popular-
ity in the Western diet [10]. Iodine derived from seaweed
intake can be taken up through a number of routes.
Equally important is the role of seaweed-derived iodine
in influencing climate cloud formation [11]. Iodine, par-
ticularly in seaweed-abundant coastal areas, acts as a
powerful antioxidant [12] and may contribute via respi-
ration to iodine intake in humans [13].

The objective of this communication is to review the
association with thyroid function of seaweed-derived io-
dine intake, outlining the beneficial and in some case ad-
verse consequences of this association. The influence on
cloud formation and possible iodine intake of gaseous io-
dines released in seaweed-abundant coastal areas will also
be examined.

Sources of Food lodine Intake

Fish and crustacean of marine origin, seaweeds, and
sea vegetables are the richest food sources of iodine. How-
ever, in many countries, particularly Northern Europe
and Australasia, dairy products, including milk, cheese,
yogurt, and eggs, are the main source, particularly where
seafood, due to cost or availability, may not be favoured
[4, 7]. As intake of fish or dairy products is discretionary,
iodization of table salt with KI or KIOj5 at a level of 20-40
mg/kg provides a useful method of achieving population
cover [6]. Use of iodized table salt is only mandatory in
some countries and is almost entirely absent in others
such as the UK and Ireland [14-16]. In countries where
salt iodization programmes have failed to achieve 20%
population coverage, the WHO recommends iodine sup-
plementation for pregnant women and infants aged <2
years [4, 6]. Deficient iodine intake in the Great Lakes
area of the USA was reported in 1920 [17]. Iodization of
table salt introduced in the 1920s greatly improved the
situation. Goitre prevalence of 5% in WW 1 recruits in the
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USA had declined to 0.06% in WW?2 recruits [18]. In the
1960s, iodate, used as the so-called dough conditioner to
speed up bread production in the USA, resulted in exces-
sive iodine intake [19].

However, even in the absence of discretionary use of
table salt, it must be remembered that salt sprinkled on
food represents only approximately 40% of salt consumed
[7] or even less (18%) according to UK figures [20], the
balance being made up by salt-containing processed
foods [15]. Introduction of iodized salt is often resisted
on the mistaken grounds that its advocates favour in-
creased salt consumption with associated risks of hyper-
tension [21].

The use of iodized salt added to flour in breadmaking
has become mandatory in both Australia and New Zea-
land with corresponding improvements in population io-
dine status [22, 23]. Another vector for increasing popu-
lation iodine intake was the beneficial side effect of ad-
ministering a bolus of iodine to cattle in a bid to improve
fertility with resulting increases in dairy milk iodine con-
tent [24]. Staying with the agricultural experience, the
practice of sanitizing milking machines with iodophor-
containing disinfectants inadvertently contributed to in-
creased milk iodine concentration [25]. Despite its ben-
efits for increasing iodine intake, iodized salt does not
provide a panacea for solving iodine deficiency. Many
vulnerable groups where iodine requirement is increased
such as pregnant mothers, their infants, vegans, or wom-
en of childbearing age continue to show deficits in iodine
intake despite the availability of iodized salt [6, 7]. Many
commercial supplements containing iodine are available,
but there is no recommendation for taking supplements
even in countries such as Ireland and the UK where uni-
versal salt iodization is not practiced [14].

Seaweed-Derived lodine Intake

Although the concentration of iodine in seawater is rel-
atively low (approx. 58 pg/L) [26], its massive abundance
makes it the major source of iodine on the planet. Iodine
in sea water is mainly present as I~ and 103, with I" pre-
dominating in surface waters while I0; forms the greatest
proportion in deep water [27]. Iodide taken up by sea-
weeds growing in shallow water, when uncovered and un-
der stress at low tide, will react with atmospheric ozone
(O;) to produceiodine (I,) [11, 12]. The thyroid gland con-
centrates iodide from the bloodstream by a factor of about
40 [28]. However, its iodide-concentrating ability is gross-
ly inferior to that of seaweeds which can concentrate up to
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Table 1. Range of iodine content pg/g DW of examples of the 3 main classes of edible seaweeds

Classification and species

Common names

Todine content, Grams of seaweed

pg/g DW required to achieve
(range) daily RNI of 150 pg/
day
Green algae (Chlorophyta)
Undaria pinnatifida Wakame 30-185 2.0-6.0
Ulva lactuca Sea lettuce
Ulva intestinalis
Red algae (Rhodophyta)
Palmaria Dulse, dillisk 20-200 0.3-3.0
Porphyra Nori
Alaria Irish wakame
Chondrus crispus Irish moss
Brown algae (Phaeophyceae)
Laminaria Kombu 2,500-10,000 0.01-0.04
Ascophyllum
Fucoids

These values were extracted from publications cited in this review [35, 37, 39] and are intended to give an in-
dication of possible iodine intake arising from consumption of these seaweeds. As shown in the final column,
consuming 1.0 g DW of red or green seaweed might not always achieve a daily RNI of 150 ug while an equivalent
amount of brown seaweed would greatly exceed the TUL of 600 ug [5] or even the 900-1,100 pg per day recom-
mended for adults or pregnant women [6]. DW, dry weight; RNI, reccommended nutrient intake; TUL, tolerable

upper level.

30,000 times that of seawater [29]. The exact role for iodine
in the life cycle of seaweeds remains unknown. It is specu-
lated that it may offer protection against microbial attack
[12]. The principal species of seaweeds are Phaeophyceae
(brown), Rhodophyta (red), and Chlorophyta (green).
All of these seaweeds have the ability to concentrate
iodine from seawater which is analogous to the human
thyroid taking up iodine from the blood stream, except
more efficiently. The iodine content of seaweeds is highly
variable depending on factors such as species, area of the
plant, stage of growth, season, and geographical location.
In general, the iodine content of brown seaweeds is > red
or green [30, 31]. In addition to their total iodine content,
the bioavailability of the iodine and losses in cooking
must be considered when determiningiodine intake from
seaweeds [31, 32, 34]. Table 1 shows a range of seaweed
iodine content derived from publications cited in this re-
view [31, 33, 35]. Seaweeds have been divided into com-
monly consumed varieties, sea lettuce, nori, wakame,
kombu, dulse, and Irish moss and is intended to give a
rough indication of potential iodine intake. The iodine
content of individual species can be viewed in the cited
publications. These publications refer to seaweeds
sourced in different parts of the world, and the wide range
of findings reflect this fact. The potential contribution of
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1.0 g of dried seaweed to the achievement of the recom-
mended nutrient intake of 150 pg is shown in Table 1. In
the case of green or red seaweeds, 1.0 g might not be suf-
ficient to provide 100% of the daily requirement, and up
to 6.0 g is needed in some cases, while 1.0 g of brown sea-
weed would exceed the EFSA upper tolerable daily iodine
limit of 600 ug [5] or even the 900-1,100 pg per day rec-
ommended for adults or pregnant women [6].

Dried seaweed or seaweed extracts are often found in
foodstuffs, and recommendations for safe levels of iodine
vary from 20 mg/kg in Germany to 500 mg/kg in the USA
and a maximum tolerable level of 100 mg/kg dried weight
in Australia [35]. In the case of pregnant women and chil-
dren, the recommendation is to limit brown seaweed to 1
serving per week. However, iodine content can be ex-
tremely variable depending on seaweed species, bioavail-
ability, and losses in cooking [31, 32, 36]. Consuming sea-
weed alone or as a dietary supplement is unlikely to be
harmful if taken occasionally (once or twice a week).
However, regular intake of iodine-rich seaweeds such as
kelps (Laminaria/ Ascophyllum/fucoids) has the potential
of exposure to excess iodine with possible adverse effects
on thyroid function, particularly in those with pre-exist-
ing thyroid disorder, pregnant women, and neonates [37,
38]. The dietary preferences of vegetarians and vegans
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frequently result in iodine deficiency [38, 39]. Iodine-
supplemented milk alternatives may be available, but as
with other supplements consumed by vegans, seaweed
additives made from brown seaweeds may contain excess
iodine [25]. Use of iodized salt with or without appropri-
ate supplements to achieve adult or pregnancy daily (150
or 250 pg) intakes in vegans and non-vegans alike is rec-
ommended [37-39]. Seaweed supplements are more
problematic, but if used, it has been suggested that “nu-
trients frequently lacking in vegan and vegetarian diets
should be routinely labelled on foods regularly consumed
by these groups in order to highlight to those making
these purchases” that excessive consumption may be in-
jurious to human health [38].

lodine Excess

Thyroid disorders arising from excess iodine intake
including seaweed consumption can take the form of goi-
tre, thyroid autoimmunity, hypothyroidism, or hyper-
thyroidism [8, 9, 40-42]. Patients with autonomously
functioning nodules perhaps arising from a previous io-
dine deficiency state can develop a form of hyperthyroid-
ism termed Jod-Basedow arising from excess iodine in-
take [8]. Excess iodine consumption can induce hypothy-
roidism or AITD [40, 41]. The cardiac anti-arrhythmic
drug amiodarone contains 75-mg iodine per 200-mg tab-
let and can result in two different disorders, amiodarone-
induced thyrotoxicosis (AIT 1), characterized by hyper-
thyroidism, or AIT 2, characterized by destructive thy-
roiditis, sometimes a combination of both [42]. Some
authors have suggested that excessive seaweed consump-
tion may itself result in chronic lymphocytic thyroiditis
[43]. Iodide-induced goitre was first reported in the resi-
dents of the island of Hokkaido, Japan, termed “endemic
coastal goitre” [44]. Iodization of table salt in Denmark
showed a decrease in goitre and hyperthyroidism, mainly
toxic nodular goitre, but a small increase in hypothyroid-
ism [45]. The authors noted that even small systematic
increase in iodine supply can significantly increase the
risk of thyroid disease and emphasized the importance of
increasing iodine intake to the level where iodine defi-
ciency disorders are prevented and not higher [45]. An
increased prevalence of papillary thyroid cancer has been
reported in postpartum Japanese consuming daily sea-
weed dishes compared to those whose consumption was
2 days per week or less [46]. The mechanism through
which seaweed or high iodine levels might promote thy-
roid cancer remains unclear, but a role for iodine in sup-
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pressing miR-422a and thereby facilitating tumourogen-
esis by upregulating MAPK1 has been proposed [47].

Notall excess iodine intake has damaging consequenc-
es. Administration of high-dose (approx. 100 mg) KI or
KIO; tablets is used for blocking the uptake of RAI in the
event of a nuclear accident. It can be speculated that the
consequences of RAI uptake and future thyroid cancers
following the 2011 Fukushima accident would have been
much worse in a population other than seaweed-consum-
ing iodine replete Japanese [48].

lodine Absorption Pathways

The principal pathway for iodine absorption is through
the gut into the bloodstream from where it is carried to
the thyroid and some extrathyroidal organs [49]. Absorp-
tion is facilitated by the sodium iodide symporter which
appears to be downregulated in iodine excess [49]. Iodine
can also be absorbed through the skin, and thyroid block-
ade has been reported in patients treated with povidone
iodine during surgery [50]. Earlier reports have suggested
that living near the sea confers advantages in terms of
population iodine status. However, recent studies from
the author’s laboratory have shown that urinary iodine
(UI) excretion in coastal areas did not differ substantially
from their inland neighbours [13, 16]. The findings dem-
onstrate that a higher UI was only observed in those com-
munities living adjacent to an abundant seaweed growth
and suggests that the higher concentration of atmospher-
ic gaseous iodine of seaweed origin may have contributed
to this iodine bonus. The increasing popularity of sea-
weed baths showed modest uptake of iodine probably
through a mixture of skin absorption and respiration fol-
lowing such treatments [51]. The finding that iodine sta-
tus was not significantly enhanced by coastal living alone
was supported by findings in Portugal [52] of lower UI
values in the Azores and Madeira islands compared to the
Portuguese mainland. These mid-Atlantic islands have
little seaweed growth. Lower UI values were reported on
the island of Zakynthos and higher values on Chios than
on mainland Greece [53, 54]. Chios in the Aegean is sea-
weed rich, while Zakynthos in the Ionian Sea has rela-
tively little seaweed [53]. Similarly, low UI was reported
from Hong Kong [55], a coastal area where adequate io-
dine intake might have been anticipated. However, the
benefits of living beside seaweed-abundant shores are less
clear in Tasmania, which in the past was iodine deficient
despite being the location for giant kelp forests. These
have been in decline in recent years, attributed to global
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warming [56]. Iodine deficiency persists in Tasmania but
shows regional variation with highest values in the north-
east [57]. Relative seaweed abundance was not noted.

Extrathyroidal Actions

Although the thyroid is the principal iodine-concen-
trating organ in the body, the ability to take up iodine also
resides in other organs including the stomach, breast, and
skin [49]. Thyroid and breast diseases predominantly af-
fect females of a similar age range resulting in many stud-
ies on the coincidence of the two disorders [58]. The low
rate of breast cancer reported in Japanese compared to
Western women has been suggested to implicate iodine
intake and specifically seaweed-derived iodine as a pos-
sible protective factor [29]. However, findings in Korean
women have shown conflicting findings in that miyeok
(Undaria pinnatifida) consumption was not significantly
associated with breast cancer risk while gim (porphyria)
was associated with decreased risk [59]. Although there is
little epidemiological evidence of an association between
seaweed consumption and breast cancer in Korea [59,
60], high iodine intake is a distinguishing mark of Japa-
nese populations. Lower rates and increasing trends in
mortality and incidence patterns of breast cancer and
other disorders in Japanese women compared to their
Western counterparts [61], attributed to environmental
factors, have been observed in Asian immigrants to the
USA [60]. An anti-tumour effect involving seaweed low-
ering of urokinase-type plasminogen activator receptor
concentrations has been suggested in understanding the
lower breast cancer rates reported in Japan [61]. A role
for elemental iodine (I,) as distinct from iodide (I") was
suggested as an active protective factor against breast can-
cer while Aceves and colleagues [62] proposed the use of
elemental iodine in the treatment of breast cancer.

Seaweeds can also entrap heavy metals including Al,
Cd, Fe, and particularly arsenic (As) [63]. While inor-
ganic As compounds are known to be carcinogenic, the
majority of As in seaweeds is present as arsenosugars
which are much less toxic. Of the brown seaweeds, Lami-
naria digitata had the highest inorganic As levels [63].

Assessment of lodine Intake
The relative iodine sufficiency of populations is rou-

tinely examined by measuring Ul excretion. Although as-
sessment of UI provides a useful index of population io-
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dine intake, the value obtained reflects recent dietary in-
take and is not useful for determining the long-term
iodine status of an individual. Another possible pitfall in
investigating iodine sufficiency is that population iodine
status is commonly established by measuring urine sam-
ples from school-aged children. This can often yield mis-
leading results when applied to adults, particularly preg-
nant women, as milk consumption, a major source of di-
etary iodine, is typically greater in school-aged children
[7, 64].

An individual’s ability to produce adequate levels of
thyroid hormones is dependent on iodine stores built up
and maintained over a period of time. For assessment of
population iodine status, the WHO recommends a popu-
lation median Ul value of 100 pg/L for the general popu-
lation and 150 pg/L for pregnant or lactating women [7].
Populations with median Ul values <100 pg/L are judged
deficient. The UI distribution (percentage of UI <20, 20-
49, and 50-99 pg/L) is more informative than the percent
UTI <100 pg/L [7] with a recommendation that not >20%
of samples should be <50 pg/L [8].The accuracy of UI can
be improved by collecting repeat samples to correct for
intra-individual variation providing a more accurate in-
dication of an estimated average requirement for iodine
(7, 8].

Atmospheric lodine

Another non-dietary role for iodine is the involvement
of seaweed-generated iodine gas (I,) in influencing weath-
er and global warming/cooling [65]. The origin of atmo-
spheric gaseous iodine (I,) is believed to be the reaction
of inorganic iodide (I”) present in seaweed with ozone
present in the lower atmosphere [12]. This reaction is be-
lieved to be catalyzed by haloperoxidases and gives rise to
iodine oxides (I0) and elemental Iodine (I,) [66]. When
the tide recedes, seaweed is exposed to the atmosphere,
desiccated, and becomes stressed. This stress involves
contact with atmospheric O3 leading to the following re-
action:

Os;+H"+1" > HOI + O,,
H*+HOI + I > I, + H,0.

This is a simplified version of the reactions involving
iodide and other iodine oxides. O3 in the lower atmo-
sphere (troposphere) is the product of the reaction of
chemical pollutants with sunlight and is a strong reactive
oxygen species whose removal by seaweed is beneficial to
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human respiratory health [67]. Different seaweeds grow
at different tidal levels with the result that some will be
uncovered by seawater for longer or shorter times which
will also be determined by tidal conditions, high or low
tides [11]. Both living and decaying seaweeds release io-
dine into the atmosphere but also into surrounding sea-
water thus contributing to global iodine fluxes [68].
Coastal seaweed-rich areas are responsible for most of
this iodine although oceanic phytoplankton also play a
role [11]. Iodine vapour condenses to form nuclear clus-
ters which can coalesce to produce new particles leading
to aerosol and cloud formation affecting climate change
[11]. The clouds so formed provide a heat shield contrib-
uting to global cooling by partially offsetting global warm-
ing due to greenhouse gases. Gaseous iodine formed over
a seaweed bed is often short lived and subject to photoly-
sis by sunlight and dispersion by wind. Thus, the highest
concentration of gaseous iodine is found over or close to
the seaweed bed after dark on a calm night [13].

In addition to iodine released from seaweeds, it appears
that iodine deposition as rain has increased in recent
times. An increase in atmospheric iodine over the North
Atlantic has been recently reported [69] as have a three-
fold increase in iodine deposition in Europe since 1950
[70]. Increasing emissions of pollutants O; and NO, react
with seaweed-derived I” to produce I, and iodine oxides
including IONO, which is very water soluble and thus de-
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posited in rain [69]. The combination of atmospheric and
deposited iodine will make a contribution to iodine flux.
A diagram showing an overview of iodine/iodide uptake
and deposition patterns is shown in Figure 1.

Conclusions

Although the ocean and its resident seaweed provide
the greatest single store of iodine, consumption of sea-
weeds or seafoods in general do not for most populations
provide the major dietary source of iodine. In most coun-
tries, this requirement is met through iodization of table
salt, universal salt iodization. This is particularly impor-
tant in at risk groups such as pregnant women, their neo-
nates, females of childbearing age, or those such as vegans
whose dietary preferences do not include iodine-contain-
ing foods. Although iodine supplied via seaweed con-
sumption can rectify an iodine deficiency state, the spe-
cies consumed needs to be monitored to avoid too much
brown seaweeds (kelps) producing disorders of thyroid
function. As well as dietary intake, volatile iodines such
as gaseous iodine (I,) released from seaweeds and other
marine algae have been shown to play a significant role in
atmospheric aerosol generation leading to cloud forma-
tion in coastal areas, thereby partially offsetting global
warming due to greenhouse gases. In addition, increased
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iodine deposition in rainfall and intake from seaweed-
derived atmospheric gaseous iodine may help offset glob-
al iodine deficits.
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