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Abstract

Brown algae are becoming increasingly popular as a food source and dietary sup-
plement in Europe and other Western countries. As they are highly rich in iodine,
they represent a potential new dietary iodine source. Iodine deficiency has been
re-emerging in Europe, and it is important to ensure adequate intake through
one’s diet. However, macroalgae, and especially brown algae, may contain very
high amounts of iodine, and both iodine deficiency and excessive iodine may
increase the risk of negative health effects. The iodine content of algae or foods
containing algae is currently not regulated in the European Union. The aim of
this paper is to review the literature to determine the chemical species of iodine
in brown algae, the loss of iodine during processing, and the bioavailability and
bioaccessibility of iodine. A systematic search of the literature was performed in
April 2021, via the databases Web of Science and PubMed. The review includes
studies of iodine in brown macroalgae in relation to bioavailability, bioaccessibil-
ity, processing and speciation. A meta-analysis was conducted in relation to the
following topics: (i) the correlation between total iodine and iodide (I") content
in brown algae; (ii) the correlation between the loss of iodine during process-
ing and the I" content; and (iii) the correlation between bioavailability and the
I" content. The bioavailability of iodine from brown algae was generally high,
with in vivo bioavailability ranging from 31% to 90%. The in vitro bioavailability
of iodine (2%-28%) was systematically lower than in vivo bioavailability (31%—
90%), indicating an inadequate in vitro methodology. Processing may reduce the
iodine content of brown algae, and a higher I" content was positively correlated
with increased iodine loss during processing. Although processing strategies may
reduce the iodine content of brown algae significantly, the iodine content may
still be high after processing. These findings may be used in food safety evalu-
ations of brown algae as well as in the development of macroalgae-containing
foods with iodine contents suitable for human consumption. Further research
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1 | INTRODUCTION

Seaweeds are a diverse group of marine plant-like organ-
isms, also referred to as macroalgae, which are typi-
cally divided into three groups based on pigmentation:
red (Rhodophyta), green (Chlorophyta), and brown algae
(Phaeophyceae). Since seaweeds absorb carbon dioxide
and nutrients from the surrounding ocean during growth
without requiring fertilizers, they can be cultivated with
an exceptionally low carbon footprint. In the last 10 years,
European seaweed cultivation has increased, and in the
northern part of Europe, brown algae currently dominate
production, particularly sugar kelp (Saccharina latissima)
and winged kelp (Alaria esculenta).

In accordance with sustainable development goals, sup-
port for vegetarian and vegan diets is on the rise, and sea-
weeds are emerging as a trendy food in Europe and the
Western world. Often regarded as healthy and sustainable
“superfoods,” seaweeds are utilized to an increasing extent
as ingredients in food items (Nova et al., 2020). Possibili-
ties for seaweed inclusion in foods are vast since seaweeds
contain many components that can enhance the function-
ality (e.g., texturizing agents) and taste (e.g., glutamic acid)
of the food. Furthermore, seaweeds may contain many
important nutrients, such as vitamins, minerals, fibers,
and proteins (Holdt & Kraan, 2011; MacArtain et al., 2007;
Mehre et al., 2014; Nielsen et al., 2021). Brown algae are
rich in minerals and fibers (especially water-soluble algi-
nate), which are associated with positive health benefits
(Brown et al., 2014). However, seaweeds are strong accu-
mulators of iodine (Kiipper et al., 2008, 2011; Leblanc et al.,
2006) and heavy metals (Davis et al., 2003), and it is neces-
sary to control the levels of these components in seaweeds
used for human nutrition to prevent harmful effects for the
consumers (European Commission, 2018). In this review,
the focus will be on the iodine content of seaweeds and its
relation to human health.

Iodine is an essential trace element that is required
for the production of the hormones thyroxine and tri-
iodothyronine (Zimmermann, 2009). These thyroid hor-
mones are essential for normal growth and development
and metabolic regulation (Brent, 2012). The recommended
intake of iodine is 150 ug/day for adults (WHO & UNICEF,
2007), and the tolerable upper intake level set by the Sci-

on processing techniques to reduce the iodine content in brown macroalgae are
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entific Committee on Food (SCF) is 600 ug/day (Scien-
tific Committee on Food, 2002); thus, the window for the
optimal consumption of iodine is narrow. Both low and
high intakes of iodine may result in inadequate thyroid
hormone production and negative health effects (Zimmer-
mann, 2009).

Brown algae may contain high iodine concentrations,
depending on the species (Biancarosa et al., 2018; Mehre
et al., 2014; Roleda et al., 2018), the part of the thallus
(Kreissig et al., 2021; Kiipper et al., 1998, 2013; Nitschke
& Stengel, 2015; Verhaeghe et al., 2008), and growth con-
ditions (Ar Gall et al., 2004; Roleda et al., 2018; Sharma
et al., 2018). The loss of iodine during processing may be
substantial (Hou et al., 1997; Nielsen et al., 2020) and is
relevant when evaluating the iodine intake from macroal-
gae used as food. Furthermore, the chemical species of
iodine may influence how readily iodine can be released
or broken down during processing and digestion. Iodine
may be found in several chemical forms or species, gener-
ally characterized as inorganic and organic forms. Iodide
(I") is the most common inorganic form of iodine in brown
algae (Kiipper et al., 2008), but iodate (I057) is sometimes
also identified (Hou et al., 1997). Iodine can also be organi-
cally bound to macromolecules in brown algae (Hou et al.,
2000).

The concept of bioavailability is frequently relevant to
discussions of the tolerable amounts of iodine from sea-
weeds. The bioavailability of iodine is defined as the pro-
portion of iodine that is released from the ingested food,
absorbed by the intestine, and brought into circulation. A
related term, bioaccessibility, refers to the proportion of
iodine that is released during digestion, without assess-
ing further uptake into the body’s circulation. Studies of
bioavailability and bioaccessibility are necessary to under-
stand how readily iodine from seaweeds is absorbed during
digestion. Since some studies have yielded results indicat-
ing that the bioavailability of iodine from seaweeds is low
(Romaris-Hortas et al., 2011), bioavailability has been used
as an argument for allowing a higher daily consumption of
iodine from seaweeds (Bak, 2019). However, contradictory
results regarding bioavailability have been found in other
studies (Aquaron et al., 2002), and an investigation into the
various studies assessing the bioavailability of iodine from
brown algae is needed to enhance our understanding of
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which results can and should be trusted during decision-
making.

This paper will review the current literature regarding
the chemical species of iodine in brown algae, the loss of
iodine during processing and the bioavailability and bioac-
cessibility of iodine. Based on the reviewed results, tol-
erable amounts of processed brown algae will be calcu-
lated. The findings of this review are relevant for health
authorities and food manufacturers in ensuring that the
population consumes adequate but not excessive amounts
of iodine. Furthermore, this information is important for
decision-making regarding the food safety and labelling of
seaweed foods, specifically foods containing brown algae.

1.1 | Background

1.1.1 | Iodine deficiency and iodine excess

As for most nutrients, there is a U-shaped relationship
between the intake of iodine and the risk of adverse health
consequences (Laurberg et al., 2009), meaning that both
too low intakes and excessively high intakes may lead
to negative health impacts. The consequences of severe
iodine deficiency are well-documented and may lead to
impaired growth and development (Leung, 2017). Health
consequences of mild-to-moderate iodine deficiency, on
the other hand, lack thorough evidence (Eastman, 2017),
but several observational studies have revealed neurocog-
nitive impairment in children born to mothers who were
mildly iodine-deficient during pregnancy (Abel et al., 2019;
Bath et al., 2013; Hynes et al., 2013; Markhus et al., 2018;
Zhou et al., 2019). In general, there have been more stud-
ies and reports on the health consequences of iodine defi-
ciency as opposed to iodine excess. However, it has been
established that excessive iodine intake may cause altered
thyroid function and may lead to both hyperthyroidism
and hypothyroidism (Biirgi, 2010). A systematic review and
meta-analysis found an increased prevalence of thyroid
dysfunction and goiter in both adults and children with
iodine excess (Katagiri et al., 2017). The potential effects
of iodine excess on growth and development is an area of
limited research, but some studies have uncovered associa-
tions with lower Intelligence Quotient (IQ) scores or devel-
opmental status among children with excessive iodine sta-
tus (Aakre et al., 2016; Liu et al., 2009; Ren & Zhong,
2014). Associations between iodine excess and impaired
fetal growth have also been found (Chen et al., 2018).
Furthermore, several epidemiological studies in different
population groups have documented thyroid disorders in
association with excessive iodine intake, specifically from
dietary seaweed (Chung et al., 2009; Emder & Jack, 2011;
Konno et al., 1994; Miyai et al., 2008; Suzuki et al., 1965).
In studies from Japan, where frequent seaweed consump-
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tion is common, such as in coastal areas, a high prevalence
of goiter and hypothyroidism have been discovered (Konno
etal., 1994; Suzuki et al., 1965). Therefore, when incorporat-
ing macroalgae into the diet of the Western world, precau-
tions must be taken to avoid excessive iodine intake from
these foods.

2 | MATERIALS AND METHODS

The present systematic review was conducted based on
the PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) statement checklist.

2.1 | Data sources and search strategies

A systematic search of the literature was conducted on
April 16, 2021, via two databases, Web of Science and
PubMed, between 1990 and the current date. No lan-
guage limitation was placed on the search. Keywords were
as follows: “bioavailability” or “bioaccessibility” or “pro-
cessing” or “boiling” or “cooking” or “speciation,” and
“iodine” and “seaweed” or “alga’ or “kelp.” The literature
search from the two databases generated a total of 182 hits.
The potential articles from each database were identified,
duplicates were removed (n = 68), and relevant articles
were then scanned to confirm relevance. Six authors were
contacted for more detailed information related to their
articles. Furthermore, one report and seven articles were
identified through other sources by manually searching
reference lists and organizations with relevant work.

2.2 | Eligibility criteria

Studies were selected according to the following eligibility
criteria: (i) studies published as an original article with full
text; (ii) studies in which edible, brown algae were used as
the raw material. Studies were excluded based on the fol-
lowing criteria: (i) the paper was secondary research, such
as systematic reviews, review articles, author comments or
conference abstracts; (ii) the article was not in the English
language; (iii) brown algae were not used as the study
material (but rather other groups of macroalgae, such as
red or green macroalgae), or the brown algal species used
was not used as food (such as species used for environ-
mental monitoring or other non-food purposes); (iv) the
article did not specify the species of brown algae used; (v)
the topic of the article was not related to the keywords.
For the literature on bioavailability, studies using mam-
mal animal models were also included if they appeared in
the search (n = 1), whereas studies concerning fish were
excluded. Relevant reports and gray literature were also
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FIGURE 1 Flow chart of the selection of studies on chemical species of iodine in brown alga, loss of iodine during processing, and
bioavailability and bioaccessibility of iodine in brown algae in the present systematic review and meta-analysis. Adjusted to the current study,
based on the version by Page et al. (2021). For more information, visit: http://www.prisma-statement.org/

included if deemed eligible. When the brown algal species
were characterized as “kombu” or “konbu” without refer-
ence to the species name, it was assumed that the species
was S. japonica, and when characterized as “wakame,”
it was assumed that the species was Undaria pinnatifida.
One hundred and eighty-two articles were identified from
the databases; after removing duplicates (n = 79), 103
articles were screened, and 68 articles were assessed for
eligibility by two of the authors (MJB, IA). There were
40 articles included in the review, along with one report
(Figure 1).

2.3 | Meta-analyses

2.3.1 | Correlation between total iodine and I"
content in brown algae

For seven species, namely, Laminaria hyperborea, L. dig-
itata, L. ochroleuca, S. japonica, U. pinnatifida, Sargas-

sum miyabei, and Himanthalia elongata, I~ content was
reported along with total iodine content in the eligible lit-
erature (Tables 1 and 2). In cases in which more than one
study reported such data, the average I” content and aver-
age total iodine content were extracted for the analysis to
yield one set of data for each species. The data were plot-
ted in Microsoft Excel to investigate any correlations, and
an apparent exponential relationship was found. The y-
intercept was set to 1. Five studies were used for this cor-
relation analysis (Gamallo-Lorenzo et al., 2005; Hou et al.,
1997; Lu et al., 2006; Romaris-Hortas et al., 2013; Shah et al.,
2005).

2.3.2 | Correlation between the loss of iodine
during processing and the I" content

For three species, namely, S. japonica, L. digitata, and S.
miyabei, data were available from the literature concern-
ing both the loss of iodine during processing and the I con-
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TABLE 1 Taxonomic relationship of food species of brown alga and their total iodine content

Order Family Genus Species Common  Total iodine (pg/g dw?)
name
Ecto Scytosi Petalonia binghamiae Habo-nori  81[1]
carpales phonaceae
- spiralis Spiral 135[2]; 150 [3]; 190*[4]
wrack
Fucus Bladder 226 [5]; 260 [3]; 276 [6]; 96-
— vesiculosis 354 [7]; 570; 583*[4]; 732
° wrack
g [8]
§ Knotted 482 [5]; 646 [6];*670 [3];
2 Ascophyllum nodosum wrack 712[9]; 608-785*[4]; 265-
2 871 (7]
§ Pelvetica canaliculata Channel 200 [3]; 248 [4]
= wrack
Sargas- . ~  miyabei - 273 [10] e ]
argassum . . 58-120 mg/kg fw [11]; 262
saceae fusiforme Hijiki (12]; 436 [8]; 629 [6]
Himantha- . . Sea 59 [3]; 117 [13]; 116.6[14];
liaceae — manthalla elongata  ehetti 135 [4]; 605 [15]
hyperborea Tangle 1734**[4]; 3170 [16]
1997, 2984, 8165 [6]; 4834,
o 15505 [16]; 5762**[4];
Laminaria digitata Oarweed 2300, 6300 [17]; 7080 [15];
4000-9700** [18]; 10.000
[3], 2400-31.000 [19]
o 2412 [15]; 6138 [13, 14];
§ ochroleuca Kombu 177-343 mg/kg fw [11];
= 6545 [19]
é 241-4921 [20]; 2110 [8];
I - japonica Kombu 2300 [21]; 2555 [22]; 3040
. [10]; 4170 [23]; 4300 [18]
§ 238 [8]; 380, 420, 510, 1500,
v . 1655, 2700, 3965 [22]; 2630
L | Saccharina — [24]; 3000, 3341%*[4]; 778-
& latissima Sugar kelp  3594** [7]; 560-3821 [7];
£ approx. 5000 [25]; 5900
8 [26]; ~4000 [27]; 4600 [3];
4605 [28]; 4898, 6568 [29]
longicruris Atlantic 746 [6]; 764 [5]; 1054-
Kombu 1879** [7]
. 95[30]; 110, 431 [6]; 213
esculenta Wll”fed [29]; 308 [3]; 431 [6]; 670
Alaria P [31]; 495-1844** [7]
marginata Winged 151 [8]
Alariaceae kelp
32,41, 42,115 [6]; 60, 102
[8]; 93.9-185.1 [20]; 163
Undaria —  pinnatifida Wakame  [12]; 226 [23]; 306 [13, 14];
177-343 mg/kg fw [11]; 326
[19]; 514 [15]
Lessonia- o o
" ceae Eisenia bicyclis Arame 586 [6]; 600 [8]

Note: Algaebase (Guiry & Guiry, 2021) was consulted for taxonomic relations.

Abbreviation: Fw, fresh weight.
aUnless otherwise stated;
"Middle portion;
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Source: [1] Afonso et al. (2021); [2] Francisco et al. (2018); [3] Biancarosa et al. (2018); [4] Nitschke and Stengel (2015); [5] Phaneuf et al. (1999); [6] Teas et al. (2004);
[7] Kreissig et al. (2021); [8] van Netten et al. (2000); [9] Combet et al. (2014); [10] Hou et al. (1997); [11] Dominguez-Gonzélez et al. (2017); [12] Dawczynski et al.
(2007); [13] Romaris-Hortas et al. (2012); [14] Romaris-Hortas et al. (2011); [15] Gamallo-Lorenzo et al. (2005); [16] Lu et al. (2006); [17] Kiipper et al. (2013); [18]
Kiipper et al. (1998); [19] Ar Gall et al. (2004); [20] Ownsworth et al. (2019); [21] Romaris-Hortas, Bermejo-Barrera, and Moreda-Pifieiro (2013); [22] Yeh et al.
(2014); [23] Miyai et al. (2008); [24] Liining and Mortensen (2015); [25] Shah et al. (2005); [26] Bruhn et al. (2019); [27] Granby et al. (2020); [28] Stévant, Indergérd
et al. (2018); [29] Duinker et al. (2020); [30] Nielsen et al. (2020); [31] Stévant, Marfaing et al. (2018); [32] Teas et al. (2007); [33] Nitschke and Stengel (2016).
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TABLE 2 Iodine species in edible brown alga (ug/g dw)
Bound to
Water soluble Organic Pig- Poly-
Species iodine Iodide Iodate bound Protein ment phenol
Fucus vesiculosis n.a. 108 [1] n.a. n.a. n.a. n.a. n.a.
Alaria nodosum n.a. 275 [1] (~40%) n.a. n.a. n.a. n.a. n.a.
Saccharina 4% [2];40[3]  27%[2] 1.8% [2] 71% [2];70% [3] 66% [3] 16%[3]  3.1%[3]
miyabei
Himanthalia n.a. 90%, that is, 546 [4] n.a. n.a n.a n.a n.a
elongata
Laminaria n.a. 98% [5] n.a. n.a n.a n.a n.a
hyperborea
L. digitata n.a. 98% [5]; 3134 [1] n.a. n.a. n.a. n.a. n.a.
L. ochroleuca n.a. 95%, that is, 2305 [4]; n.a. n.a. MIT and DIT detected n.a. n.a.
105%, that is, 6646 [6] [7]; MIT: 0.27%, that
is, 17, DIT: 0.005%,
that is, 0.3 [6]
Saccharina 99% (2] 88% [2]; 94%, that is, 1.4% [2] 10% [2] Mono-iodo-tyrosine n.a. n.a.
Jjaponica 3940 [8]; 5260 [9] (MIT) and
di-iodo-tyrosine (DIT)
n.d. [8]
S. latissima n.a. 574 [1] n.a. n.a. n.a. n.a. n.a.
A. esculenta n.a. 111, 151 [1] n.a. n.a. n.a. n.a. n.a.
Undaria n.a. 62%, that is, 140 [8]; 14  1.8%, thatis, n.a. MIT: 0.3 and DIT: 7.4 n.a. n.a.
pinnatifida [9]; 231 [10]; 79%, that ~ 4.16 [8] [10]; MIT and DIT

is, 194 [6]; 91%, that is,
469 [4]

Abbreviations: n.a., not available; n.d., not detected.

detected [7, 8, 11];
MIT: 4%, that is, 10,
DIT: 0.05%, that is, 0.1
[6]

Source: [1] Martinelango, Tian, and Dasgupta (2006); [2] Hou et al. (1997); [3] Hou, Yan, and Chai (2000); [4] Gamallo-Lorenzo et al. (2005); [5] Lu et al. (2006); [6]
Romaris-Hortas, Bermejo-Barrera, and Moreda-Pifieiro (2013); [7] Romaris-Hortas et al. (2012); [8] Shah et al. (2005); [9] Yang et al. (2014); [10] Cao et al. (2016);

[11] Romaris-Hortas, Bermejo-Barrera, and Moreda (2012).

tent. Data concerning the loss of iodine content during pro-
cessing was also available for S. latissima and A. esculenta,
and due to their close genetic relationship with S. japon-
ica and U. pinnatifida, respectively, data for the I” content
for the latter species were applied for the former. Algae-
base (Guiry & Guiry, 2021) was consulted to determine
taxonomic relations. During the calculations, the average
I" content was used when more than one value was found
in the literature search. The largest (maximum) reported
loss (in %) was applied for the total iodine loss during pro-
cessing. In total, eight studies were used for the analysis
as indicated in Table 2 (I", all data presented as % of total
iodine were used) and Table 3 (the maximum reported loss
was used).

2.3.3 | Correlation between bioavailability
and I" content

For L. hyperborea and S. japonica, data for both in vivo
bioavailability and I” content (%) were available. For A.

nodosum, the I content found in a separate study, which
did not measure the total iodine content was used (Mar-
tinelango et al., 2006), and the total iodine content was
estimated based on the average of the minimum and max-
imum iodine content as found in six studies yielding sim-
ilar results (Table 1; Biancarosa et al., 2018; Combet et al.,
2014; Kreissig et al., 2021; Nitschke & Stengel, 2015; Pha-
neufet al., 1999; Teas et al., 2007). An in vivo bioavailability
result was also available for A. esculenta (Teas et al., 2007)
and S. latissima (Duinker et al., 2020). For these species,
the I” content was also available but not as a percentage
of total iodine. In addition, the total iodine content var-
ied from 95 to 1844 and 238 to 6568 ug/g dry weight (dw)
for these species (Table 1); therefore, it was not possible
to approximate the total iodine content used in the exper-
iment in which the I" content was measured. Therefore,
the I" content (%) was assumed to resemble the geneti-
cally similar U. pinnatifida and S. japonica, which have
highly similar total iodine content relative to the former
species (Table 1). Since the I” content of L. ochroleuca
and U. pinnatifida was available (Gamallo-Lorenzo et al.,
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TABLE 3

Species
F. vesiculosis
A. nodosum

S. miyabei

L. digitata

S. japonica

S. latissima

A. esculenta

Processing of brown alga and its effect on the iodine content

Origin
Maine
Maine
China

Scotland

Japan

China

Faroe
Islands

Norway

France

Norway

Germany

Ireland

Initial state
Fresh, chopped
Fresh, chopped

Frozen, defrozen, cut,
and grinded

Washed and dried

Dried (not washed)

Purchased

Frozen, defrozen, cut,
and grinded

Frozen, cut, refrozen

Fresh™

Fresh,<2h
post-harvest

Fresh, whole thallus

Sun dried

Fresh

Processing
Washing, once
Washing, once

Soaking thrice (3 h and
2 %X 30 min)

Rehydration 30 min (r.t.)
Blanching 10-20 s
Rehydration 30 min (r.t.)
and bringing to boil
Rehydration 30 min (r.t.)
Blanching 10-20 s
Rehydration 30 min (r.t.)
and bringing to boil
Rehydration 30 min (r.t.)
Blanching 10-20 s
Rehydration 30 min (r.t.)
and bringing to boil
Soaking once (3 h)

Soaking twice (3 h and
30 min)

Soaking thrice (3 h and
2 X 30 min)

Boiling 15 min

Boiling 15 min and
fermenting (37°C, 48
h)

Drying (40°C)

Drying (70°C)

Freeze-drying

Soaking in tap water
(32°C) w/ air bubbling
(1-22h)

Soaking in tap water
(16°C) w/ air bubbling

Soaking in seawater
(18°C) w/ air bubbling

Soaking/blanching-300
s (30°C)
Blanching-300 s (45°C)
Blanching-300 s (60°C)
Blanching-120 s (80°C)
Boiling-2 min
Boiling-10 min
Washing w/stirring

Washing w/stirring and
airdrying (23°C)

Todine (ug/g dw)
Initial Final
108 61
275" 182
273 162
2400 245
2400 1143
2400 333
6341 157
6341 1127
6341 179
4360 909
4360 3946
4360 182
3040 468
3040 55
3040 25
2630 1620
2630 902
5900 5700
5900 4900
5900 3000
6568 ~1000
4898 n.a.
4898 n.a
4605 1014
4605 388
4605 321
4605 293
380 ~130
380 ~90
670 603
670 n.a.
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Iodine red.
(%, dw)

44"

34"

41

90
52
86

98
82
97

79
10
96

85

98

99

38

66

17
49
85

NSR

NSR

78

92
93
94

~77
10
NSR

Reference
1]
1]
(2]

(3]
(3]
3]

(3]

(3]
3]

[4]

[5]
[5]
[5]
[6]

(6]

(Continues)

85U8017 SUOWILIOD BAIER.D 8|qedt|dde 8y} Aq peusenob afe sajone VO ‘8sn Jo se|nJ 10} Ariqi8ulUO A8]IM UO (SUORIPUOD-pUe-SWLRIAL0D" A3 |1 AfeIq 1 pU1|UO//SANL) SUORIPUOD PUe SWe | 38U 88S *[£202/TT/LT] uo AriqiTauliuo 8|1 ‘80Ul 8UeIy0D AQ 8T6ZT LEEY-TYST/TTTT OT/I0P/W0D A8 Im AreIq U1 |UO'11//:SANY WOJj pepeolumod ‘Z ‘2202 ‘LEErTHST



Comprehensive

52 | REVIEWS

IODINE FROM BROWN ALGAE AND FOOD SAFETY

in Food Sciexce and Food Safety

TABLE 3 (Continued)
Iodine (ug/g dw)
Iodine red.
Species Origin Initial state Processing Initial  Final (%, dw) Reference

Washing w/stirring and 670 n.a. NSR [9]
oven drying (60°C)

Washing w/stirring and 670 n.a. NSR [9]
freeze dried

Rehydration (1 h) 599 228 62 [9]

Rehydration (avg. 1-24 599 165 73 [9]
h) and boiling

Abbreviations: n.a., not available; NSR, no significant loss.
‘I~ was analyzed;
"Compared with fresh seaweed dried at 25°C.

Source: [1] Martinelango and Dasgupta (2006); [2] Hou et al. (1997); [3] Ownsworth et al. (2019); [4] Bruhn et al. (2019); [5] Stévant, Indergérd et al. (2018); [6]
Stévant, Marfaing et al. (2018); [7] Nielsen et al. (2020); [8] Liining and Mortensen (2015); [9] Nitschke and Stengel (2016).

2005; Romaris-Hortas et al., 2013; Shah et al., 2005), and
the bioaccessibility results for these species were highly
similar to in vivo bioavailability results assessing similar
species (will be discussed in Section 3.2), these were also
included. Data for L. digitata were not included since not
all of the urine was collected via the methodology used,
and the remaining portion of the urine was not compen-
sated for (Table S2; Lu et al., 2006). This result is there-
fore artificially low. In the case of more than one value
of I" content, the value to be used for the correlation was
calculated as the average of the reported maximum and
the minimum values from the eligible literature, whereas
the maximum value reported was used for the bioavailabil-
ity. The data were plotted in Microsoft Excel to investigate
any correlations, and an apparent linear relationship was
identified. Fifteen studies were used for this correlation
analysis, of which 11 were used for iodine and I" results
(Biancarosa et al., 2018; Combet et al., 2014; Gamallo-
Lorenzo et al., 2005; Hou et al., 1997; Lu et al., 2006; Mar-
tinelango et al., 2006; Nitschke & Stengel, 2015; Phaneuf
et al., 1999; Romaris-Hortas et al., 2013; Shah et al., 2005;
Teas et al., 2007), and seven were used for bioavailability
and bioaccessibility results (Andersen et al., 2019; Com-
bet et al., 2014; Dominguez-Gonzalez et al., 2017; Duinker
et al., 2020; Miyai et al., 2008; Teas et al., 2007).

2.4 | Tolerable amount of iodine in
processed brown algae

Based on the results found for bioavailability (in vivo) and
residual iodine in brown algae after processing, the resid-
ual bioavailable fraction was calculated. In the calculation,
it was assumed that the bioavailability (%) remained the
same regardless of processing. In cases in which more than
one in vivo bioavailability result was found, the highest
bioavailability result was selected since a lower bioavail-

ability may be expressed in persons with insufficient iodine
status initially (see Section 5.1.2). The result was used to
calculate the amount of algae (g dry weight) needed to
achieve an intake of 150 and 600-ug iodine. These amounts
equal the population reference intake and tolerable upper
intake of iodine for a general adult person according to
European regulations (EFSA Panel on Dietetic Products
and Nutrition and Allergies (NDA), 2014). Eleven stud-
ies were used for this meta-analysis, of which four stud-
ies reported bioavailability results (Duinker et al., 2020; Lu
et al., 2006; Miyai et al., 2008; Teas et al., 2007), and seven
studies reported iodine loss during processing (Table 3;
Bruhn et al., 2019; Liining & Mortensen, 2015; Nielsen
et al., 2020; Nitschke & Stengel, 2016; Ownsworth et al.,
2019; Stévant, Indergérd, et al., 2018; Stévant, Marfaing,
et al., 2018).

3 | RESULTS AND DISCUSSION

3.1 | Results

We included a total of 41 studies in this review, com-
prising a large number of species of brown macroal-
gae. The studies included were conducted in the United
States, China, the United Kingdom, Japan, Denmark, Nor-
way, France, Germany, Ireland, Greenland, Portugal, Faroe
Islands, Spain, Canada, South Korea, and Taiwan. Regard-
ing the total iodine content of edible brown macroalgae,
we included 33 studies describing this topic in one or sev-
eral species of edible brown macroalgae (Table 1). Eleven
studies assessing different species of iodine in edible brown
macroalgae were included (Table 2). On the topic of pro-
cessing and its effect on iodine contents, we included
nine studies (Table 3). Details regarding the method-
ology applied in the reviewed studies are presented in
Table S1.
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3.1.1 | Totaliodine and chemical species of
iodine in brown algae

Brown algae are typically rich sources of iodine, but the
iodine contents of the species consumed as food vary
immensely (approx. 30-31,000-ug iodine/g dw; Table 1). In
relation to the order Laminariales (the kelps), 31 different
studies described the iodine content of different species
and were used in this review. Two main genera used for
food purposes are part of this family, namely, Laminaria
and Saccharina. The food species of interest in the Lam-
inaria genus have iodine contents ranging from around
1700 to 31,000 ug/g dw, whereas the food species of inter-
est in the Saccharina genus range from around 200 to 7000
ug/g dw (Table 1). Two other families belonging to the kelps
are also of interest as food, namely, Alariaceae, with species
A. esculenta and U. pinnatifida, and Lessoniaceae, with
species FEisenia bicyclis. These species contain less iodine
than the other kelps, with reported values typically ranging
between 30 and 700 ug/g dw, although up to 1844 ug/g dw
has been reported for A. esculenta. Other brown macroal-
gae food species of interest belong to the Fucales order. Six-
teen studies were included in this review, which describes
the iodine content of species in this order, wherein the
iodine content ranges from 60 to 800 ug/g dw. One rele-
vant species of the Ectocarpales was also identified, which
has a low iodine content (81 ug/g dw; Afonso et al., 2021;
Table 1).

For the description of iodine species in edible brown
macroalgae, 11 studies were identified and included.
Species in the Laminariaceae family contain most of the
iodine in the form of I" (Table 2). Laminaria hyperborea
and L. digitata were found to contain 98% of the iodine
as I" (Lu et al., 2006). Saccharina japonica (kombu) was
found to contain 88% to 94% of the iodine as I” (Shah et al.,
2005). No other chemical species of iodine was found in the
species of algae in these studies. Laminaria ochroleuca has
been found to contain 95% to 105% of its iodine in the form
of I” (Gamallo-Lorenzo et al., 2005; Romaris-Hortas et al.,
2013). One study analyzed the amount of I in S. latissima
(574 ug/g dw), but the total amount of iodine in the sample
was not analyzed in the study (Martinelango et al., 2006).
Since the reported total iodine contents of S. latissima vary
so greatly (approx. 200-7000 ug/g dw), it is not possible to
estimate what percentage of I” S. latissima contains based
on this information.

Another form of inorganic iodine found in brown algae
is105™. In U. pinnatifida, 1.8% of the iodine was 105, while
62%-91% was I~ (Gamallo-Lorenzo et al., 2005; Romaris-
Hortas et al., 2013; Shah et al., 2005). Minor amounts of
105~ were also found in S. miyabei (previously S. kjella-
nianum; 1.8%) and S. japonica (1.4%; Hou et al., 1997). In

i Food Science and Food Safety

the remaining species, 105~ was either not analyzed or not
detected.

Iodine in brown algae can also be associated with
macromolecules, referred to as organic iodine. In S.
miyabei, 66% of the total iodine was found to be associ-
ated with proteins, 3.1% with polyphenols, and 1.6% with
pigments (Hou et al., 2000). Protein-associated iodine
was also found in U. pinnatifida (Shah et al.,, 2005).
This finding was confirmed by reducing the molecu-
lar weight of the iodated macromolecules with enzy-
matic digestion using protein-specific enzymes: proteases
(Shah et al., 2005). The iodine was found to be bound
with tyrosine, ultimately revealing mono-iodo-tyrosine
(MIT) and di-iodo-tyrosine (DIT) upon enzymatic diges-
tion. MIT and DIT were also successfully extracted from
U. pinnatifida using solid-phase dispersion (Cao et al.,
2016). After the simulated gastric digestion (involving pro-
teases) of L. ochroleuca, MIT and DIT were found in the
dialysate (Romaris-Hortas, Bermejo-Barrera, & Moreda-
Pifieiro, 2012; Romaris-Hortas, Bermejo-Barrera, Moreda-
Pifieiro, & Moreda-Pifieiro, 2012).

Correlation between total iodine and I” content in brown
algae

Upon plotting the amount of iodine relative to its frac-
tion as I” in brown algae, there appears to be a clear cor-
relation between total iodine and the amount of iodine
present as I (Figure 2a). In the algae with high amounts
of iodine (> 3000 ug/g dw), much of this is in the form of
I" (> 90%), whereas in the algae with low iodine contents
(< 400 ug/g dw), the fraction of iodine in the form of I" is
lower. An intermediate result was found for H. elongata,
which was reported to have a relatively low iodine con-
tent (600 ug/g dw) but a high I content (90%). It is uncer-
tain whether the correlation will have any predictive power
since the variability is great, and it should be confirmed,
refined, or rejected when further data are gathered.

3.1.2 | Iodine loss during processing

For the description of iodine loss during processing in edi-
ble brown macroalgae, nine studies were identified and
included in the review. The loss of iodine during process-
ing depends on the iodine species in the seaweed and
its properties, including solubility and evaporation tem-
perature, as well as the processing conditions used, such
as time, temperature, solvent, solvent purity, and solvent-
to-substrate ratio. It also requires that the iodine can be
extracted from the matrix during the processing condi-
tions, meaning that it is not “trapped” within the com-
plex fiber structure of the alga. The loss of iodine from
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FIGURE 2 Results from correlation analyses. (a) Correlation between total iodine and iodide content (I"; as % of total iodine) in brown

alga. (b) Correlation between total iodine and I" (as % of total iodine) in brown alga. (c) Correlation between the fraction of iodine present as

I" (average result) and the in vivo bioavailability (maximum result)

brown algae has been reported after several types of pro-
cessing, including washing, blanching, boiling, soaking,
drying, and fermentation (Table 3).

Iodine may be removed by processing in water even at
low temperatures, including washing, soaking, and rehy-
dration of dried algae. After washing fresh pieces of A. escu-
lenta for 10 min in deionized water (1.5-2 g dw/100 ml),
approximately 10% of the iodine was removed, reducing
the iodine content from 670 to 603 ug/g dw, although a sig-
nificant loss was not achieved (Nitschke & Stengel, 2016).
Washing also reduced the content of I" in fresh A. nodosum
and Fucus vesiculosis by 34% and 44%, leaving 182 and 61

ug/g dw I in the algae, respectively (Martinelango et al.,
2006). Soaking fresh sugar kelp in either tap water or sea-
water for up to 22 h did not have a significant effect on
the iodine content when the water was 16 to 18°C (Stévant,
Marfaing, et al., 2018). This might be attributed to the kelp
still being alive and thus being able to withstand the diffu-
sion of iodine into the surrounding water. Soaking fresh S.
latissima in 30-32°C (>5 min, tap water) resulted in a sig-
nificant loss of iodine of around 78% to 85%, and the final
iodine content was ~1000 ug/g dw (Nielsen et al., 2020; Sté-
vant, Marfaing, et al., 2018). The rehydration of dried kelp
at room temperature (30 min) reduced the iodine content
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by 90% to 98% in the case of L. digitata and 79% in the case
of S. japonica (Ownsworth et al., 2019). Alaria esculenta,
rehydrated for 1 h, lost 62% of its iodine, achieving an iodine
content of 228 ug/g dw (Nitschke & Stengel, 2016). Longer
soaking times (12 and 24 h) did not result in further iodine
losses.

Processing in warm water is also frequently used to
reduce the iodine content in brown algae, including
blanching and boiling. Blanching treatments using brief
time intervals (2-5 min) and higher temperatures (45-
80°C) reduced the iodine content of fresh, whole-thallus
samples of S. latissima by 92% to 94% to around 300 to 400
ug/g dw (Nielsen et al., 2020). Blanching dried (not rehy-
drated) kelp for 10 to 20 s reduced the iodine content by
52% to 82% in the case of L. digitata, and 10% in the case of
S. japonica (Ownsworth et al., 2019). In a study in which
frozen-thawed S. latissima was boiled, 38% of the iodine
content was lost, yielding a final iodine content of 1620
ug/g dw (Bruhn et al., 2019). Boiling sundried S. latissima
(containing 308 ug/g iodine initially) for 2 min yielded a
loss of around 2/3 of the iodine, and around 77% was lost
after 10 min (Liining & Mortensen, 2015). Bringing soaked
seaweed to a boil in the same water as that used for rehy-
dration yielded an additional loss of iodine for S. japonica
(—96% total), but not in the case of L. digitata (Ownsworth
et al., 2019). The final content of iodine after rehydration
and boiling was 182 ug/g dw for S. japonica and 179 to 333
ug/g dw for L. digitata (Ownsworth et al., 2019). In the case
of A. esculenta, boiling after washing, drying, and rehy-
dration further reduced the iodine content from 228 ug/g
dw (after rehydration) to 165 ug/g dw (after boiling), thus
achieving a further loss of 28% (Nitschke & Stengel, 2016).

A loss of iodine content during drying has been reported
in some but not all the studies examined during this review
process. Drying in the air (23°C) in an oven (60°C) and
freeze-drying washed pieces of A. esculenta resulted in no
significant loss in the iodine content (Nitschke & Sten-
gel, 2016). In contrast, freeze-drying S. latissima resulted
in a significantly lower quantified value of iodine (—49%),
compared to drying at 25°C (Stévant, Indergérd, et al.,
2018). However, the authors noted that this result should
be interpreted with caution since the resulting iodine con-
tent (3000 ug/g dw) was still in the range found for culti-
vated, fresh S. latissima in other studies. More recently, a
25% loss of iodine from S. latissima was reported after air
drying using a mushroom dryer (Duinker et al., 2020).

Only one study reported a change in iodine content dur-
ing fermentation. Boiling for 15 min, followed by lactic acid
fermentation in the same water (tap water), reduced the
iodine content of sugar kelp by 66% to a final concentration
of 902 ug/g dw (Bruhn et al., 2019). The fermentation step
accounted for 28% of the loss. Frying has also been reported
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to reduce the iodine content of S. latissimi by 50% on aver-
age (Duinker et al., 2020).

Correlation between loss of iodine during processing and
I' content

Iodine is readily lost during processing involving water,
and there is a clear correlation between the species’ I™
content and its maximum loss of iodine during processing
(Figure 2b). However, more research is needed on this topic
since these data were only available for a few species.

3.1.3 | Iodine bioaccessibility and
bioavailability

Of the studies identified in the review process, seven stud-
ies measured in vivo bioavailability, three measured in
vitro bioaccessibility, and three measured in vitro bioavail-
ability (Figure 3). The in vivo bioavailability studies yielded
results ranging from 31% to 90%. In the in vitro bioaccessi-
bility studies, results between 48% and 82% were found. In
vitro bioavailability studies reported results ranging from
2% to 28%, with higher results for dialysis (2%-28%) rela-
tive to cell cultures 2%-7%).

For the in vivo bioavailability studies, there are some
trends regarding species-specific differences in iodine
bioavailability from brown algae. Generally, species in the
genus Laminaria have high bioavailability (61.5%-90%).
Saccharina species have overlapping bioavailability with
Laminaria species but in the lower range (57% to 71% in
humans; Miyai et al., 2008; 73%-78% in rats; Duinker et al.,
2020). Alaria, with 60% bioavailability (Teas et al., 2007),
represents the Alariaceae family, in the lower end of the
Laminaria and Saccharina range of bioavailability. Con-
sidering in vivo bioavailability studies performed using
human intervention studies, A. nodosum is the species
with the lowest in vivo bioavailability, with 31% to 46%
(Andersen et al., 2019; Combet et al., 2014). In addition to
the trends indicated above, the overlap in values between
the different taxonomic genera and families should be
noted. Itis also clear from the data that not only species and
methodology, but also other factors influence the results,
particularly the iodine status of the participants (Aquaron
et al., 2002; Combet et al., 2014).

Correlation between bioavailability and I- content

A linear relationship was found between the I" content
of macroalgae and the in vivo bioavailability (Figure 2c).
The in vivo bioavailability of iodine from species contain-
ing 88% to 98% I" ranged from 57% to 90%, whereas the in
vivo bioavailability of iodine from species containing less
iodine was lower, ranging from 31% to 60%.
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Types of studies included:

m In vivo bioavailability

® /n vitro bioaccessibility

| /n vitro bioavailability, using cell cultures
B /n vitro bioavailability, using dialysis

L. ochroleuca (58-80 % [2])

S. latissima (73-78 % [3])

S. japonica (57-71 % [6]

U. pinnatifida (56-58 % [2])

L. ochroleuca (20-28 % [2])

H. fusiforme (6-12 % [2])
U. pinnatifida (5-10 % [2])
U. pinnatifida (4-7 % [2])
H. fusiforme. (4-6 % [2]) | {
L. ochroleuca (2-4% [2]) |

Ranges

FIGURE 3

|60 °
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e F. spiralis (56 %; freeze-dried [8])
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F. spiralis (48 %; fresh [8])

= A. nodosum (46 %; |-sufficient [9])

e A. nodosum (42 %; l-insufficient [10])
40

35

o ® A. nodosum (31 %; I-insufficient [9])

|25

20

e L. ochroleuca (17 % [11])

15

10

A. nodosum (5 % [9])

5
. H. elongate (4 % [11])
e U. pinnatifida (2 % [11])
Numbers

Literature review of data found for in vitro bioaccessibility, in vitro and in vivo bioavailability of iodine from brown alga. In

cases where the results are presented as numbers, these are given to the right, whereas ranges are given to the left. Source: [1] Aquaron et al.
(2002); [2] Dominguez-Gonzalez et al. (2017); [3] Duinker et al. (2020); [4] Afonso et al. (2021); [5] Lu et al. (2006); [6] Miyai et al. (2008); [7]
Teas et al. (2007); [8] Francisco et al. (2018); [9] Combet et al. (2014); [10] Andersen et al. (2019); [11] Romaris-Hortas et al. (2011)

3.1.4 | Tolerable amounts of brown algae in
human nutrition in terms of iodine content,
considering both the iodine loss during
processing and the iodine bioavailability

The tolerable amounts of brown algae, with respect to
iodine, depend on the initial iodine content, the degree of

processing and its resulting loss of iodine, and the specific
bioavailability of each species. These data were available
for A. esculenta, L. digitata, L. japonica, and S. latissima
(Table 4).

For A. esculenta, between 0.4 and 1.1 g of kelp amounted
to 150-ug iodine. For L. digitata, S. japonica, and S. latis-
sima, 0.2-1.6, 0.1-1.4, and < 0.1-3 g amounted to 150 ug
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iodine. Generally, more processing in a liquid phase (e.g.,
soaking, boiling) resulted in a higher algal biomass needed
to yield 150-ug iodine, according to the tendencies outlined
in Section 4.2. In some cases, deviations from this general
tendency occurred. This was the case during the boiling of
S. latissima, wherein the amount of kelp equaling 150-ug
iodine was 3 g, based on data from Liining and Mortensen
(2015), who used S. latissima with low initial iodine con-
tent and experienced a loss of around 77% iodine and 0.2 g
based on data from Bruhn et al. (2019), who used S. latis-
sima with average iodine content but experienced a lower
iodine loss, only 38% during processing. Thus, it is diffi-
cult to extrapolate any expected results based on the species
and degree of processing alone. Until more information is
confirmed regarding which factors account for these dif-
ferences and how much the different factors contribute to
the loss of iodine, batch-specific data for the iodine content
after processing should be used for calculations of tolerable
amounts.

3.2 | Discussion
3.21 | Effect of choice of method for
determination of iodine bioavailability

In vitro versus in vivo methodology

The bioavailability and bioaccessibility of iodine from
brown algae ranged from 2% to 90%, depending on method-
ology and species (Figure 3). In vitro bioavailability studies
using dialysis ranged from 2% to 28% (Combet et al., 2014;
Dominguez-Gonzilez et al., 2017; Romaris-Hortas et al.,
2011) and using cell cultures from 2% to 7% (Dominguez-
Gonzalez et al., 2017). In contrast, in vivo bioavailabil-
ity studies have yielded results ranging from 31% to 90%
(Andersen et al., 2019; Aquaron et al., 2002; Combet et al.,
2014; Duinker et al., 2020; Miyai et al., 2008; Teas et al.,
2007). Thus, there is no overlap between in vitro bioavail-
ability and in vivo bioavailability results.

For example, the in vivo bioavailability of iodine from A.
nodosum was between 31% and 46% in human intervention
studies (Andersen et al., 2019; Combet et al., 2014). An in
vitro bioavailability study of iodine from the same species,
assessed using dialysis, found a much lower bioavailability
of only 5% after simulated digestion in the small intestines
(Combet et al., 2014). Other direct comparisons between in
vitro and in vivo bioavailability of the same species cannot
be made, no further overlap was found in the literature.

In summary, in vitro bioavailability results are consis-
tently lower than in vivo bioavailability results from stud-
ies using the same or genetically similar species, and in
vivo bioavailability results yield 5 to 30 times higher results
relative to in vitro bioavailability results. In contrast, in

vitro bioaccessibility results are in the same range as in
vivo bioavailability results from studies of genetically sim-
ilar species. Such findings strongly indicate that in vitro
bioaccessibility studies could offer a much better repre-
sentation of the in vivo bioavailability than the in vitro
bioavailability results. For the time being, in vitro bioavail-
ability results should therefore not be trusted to truly repre-
sent the human bioavailability of iodine from brown algae,
unless validated using human intervention studies.

In vivo methods of sample collection

In all the studies that investigated seaweed iodine
bioavailability in humans, only the iodine that entered
the body and the iodine excreted in the urine within a
certain time (total urine) or after a certain time (Urinary
Iodine Concentration (UIC)/g creatinine) were measured.
Since humans can store iodine for up to 3 months, it is
expected that iodine-insufficient persons will add more
of the bioavailable iodine to their depleting iodine stor-
age, and therefore excrete less iodine than sufficient per-
sons, even though their uptake from the food during diges-
tion may be identical. Thus, the “bioavailability” measured
by these studies may be lower than the fraction that was
absorbed into the body.

Another issue that is worth noting related to in vivo
iodine bioavailability studies is sampling. Combet et al.
(2014) found that iodine ingested from A. nodosum was
more slowly excreted than iodine from pure sodium iodide
(KI), with a peak in excretion 2 to 5 h after seaweed con-
sumption and O to 2 h after KI consumption. This indi-
cates differences in digestion and ease of accessibility of
iodine from the two matrices. In practice, this implies that
the timing of sample collection is highly important unless
all urine for the following 1 to 3 days is collected. In the
studies found, only two studies used continuous sampling
after seaweed ingestion. Combet et al. (2014) collected 24-
h urine samples following seaweed ingestion, and Teas
et al. (2007) collected 48-h urine samples following sea-
weed ingestion. In the study by Miyai et al. (2008), a por-
tion of the urine was collected after each urination for the
duration of the study period. In the studies by Aquaron
et al. (2002) and Andersen et al. (2019), six spot urine sam-
ples were collected following seaweed ingestion. The first
sample was collected after 4 h in the study by Aquaron et al.
(2002) and after 6 h in the study by Andersen et al. (2019).
Thus, the differences in the sampling methods used in the
mentioned studies may have affected the results (Table S2).

3.2.2 | Effect of iodine speciation on iodine
bioavailability

It has been suggested that the chemical speciation of iodine
is a co-factor in determining the bioavailability of iodine
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from food (Hou, 2009). In a study by Dominguez-Gonzalez
et al. (2017), the apparent permeability of various iodine
species across an intestinal cell membrane was measured.
They found that I passed more readily across the mem-
brane than the other iodine species, in the following order:
I" > MIT > I0;™ > DIT. This finding is consistent with the
in vivo bioavailability results of this review (Figure 2c). The
in vivo bioavailability of iodine from species containing
88% to 98% I~ was 57% to 90%, and the in vivo bioavailabil-
ity of iodine from species containing less iodine was lower
(31% to 60%). Our correlation analysis thus suggests that I
content may be used as an indicator of the bioavailability
of iodine from brown algae.

A human intervention study (n = 1) to determine the
bioavailability of iodine from pure iodine compounds
found higher bioavailability from inorganic iodine (potas-
sium iodide, K1, 96%) than organic iodine (MIT, 80%); how-
ever, other results from the same study are contradictory
(Aquaron et al., 2002). The iodine bioavailability from L.
hyperborea, containing most of its iodine in the form of
I" (98%; Lu et al., 2006), and Gracilaria verrucosa (red
alga), containing mostly organically bound iodine (approx.
80% according to the authors), was assessed (Aquaron
et al., 2002). The bioavailability of iodine from G. verru-
cosa was 101%, compared to 90% from L. hyperborea, in
iodine-sufficient persons. For iodine-insufficient persons,
it was 85%, compared to 61.5% (Aquaron et al., 2002). The
results indicate that other factors aside from iodine spe-
ciation and iodine sufficiency also influence the bioavail-
ability of iodine from seaweeds. It has been suggested that
the iodine of brown algae is “trapped” in the complex
fiber network of brown algae, which contains primarily
alginate, and therefore less available than iodine from red
algae, which contains different primary fibers (agar and
carrageenan). However, the bioavailability is still very high
for L. hyperborea (> 61.5%). To assess the effect of iodine
speciation alone, a comparison of the iodine bioavailabil-
ity from brown algal species with similar alginate structure
and content and different iodine speciation could be use-
ful. For the time being, such data could not be found.

3.2.3 | Effects of processing on iodine
bioavailability

Brown algae species with higher proportions of iodine in
the form of I", lost iodine more readily during process-
ing than species with lower proportions of I~ (Figure 2b).
Based on this data, it would appear that I" is removed
more readily via processing than other species of iodine.
This suggests the fraction of remaining I~ after processing
would be lower than the fraction prior to processing. If this
isindeed the case, this could result in reduced bioavailabil-

i Food Science and Food Safety

ity of the residual fraction of iodine after processing, com-
pared to its raw state, if the iodine bioavailability from I~
is higher than from other chemical forms, which was sug-
gested in Figure 2c. Conversely, changes in the structure of
the algae, such as the loosening of the fiber matrix, could
increase the bioavailability of iodine from processed brown
algae, compared to raw brown algae. Currently, there is
minimal data available to support or refute these spec-
ulations. No in vivo bioavailability studies have thus far
assessed the effect of processing on the bioavailability of
the remaining iodine fraction, and further investigations
into how processing affects the bioavailability of iodine
from brown algae are warranted.

3.2.4 | Safe consumption of brown algae

The bioavailability of iodine from brown algae is gener-
ally high, with in vivo bioavailability ranging from 31%
to 90%. Around 90% of the absorbed iodine is gener-
ally assumed to be excreted in urine after consumption
in iodine-sufficient individuals (WHO, 2007). Since the
bioavailability of iodine from seaweed can reach 90%, it
might be debatable whether the bioavailability should be
considered at all when calculating the amount of brown
algae that can safely be consumed. In the present work,
bioavailability was nonetheless considered in the calcula-
tion to indicate a maximum amount of brown algae, which
can safely be consumed.

The amount of brown algal biomass equaling a specific
amount of iodine is highly variable. The maximum recom-
mended intake of iodine for adults (600 ug) can be calcu-
lated by ingesting between 0.2—11 g processed, dry brown
algae (Table 4). Although there are some species-specific
and processing-specific tendencies, it is not possible to pre-
dict the result based on the species and type of processing.
Currently, the safe consumption of brown algae is there-
fore heavily reliant on specific measurements of algae from
each location and each set of processing conditions, as well
as the homogeneity of the raw material. Care should be
taken to provide representative samples for iodine analysis
to avoid significant variability between the iodine content
provided on the food packaging and the actual iodine con-
tent, an issue relevant to many food products containing
seaweeds on the market today (Aakre et al., 2021).

Seaweed is a new dietary component that remains
undiscovered by many Western consumers, but out of
those who include seaweed as a component of their diet,
many may consume substantially higher doses of iodine
than the recommended maximum intake. A recent obser-
vational study of iodine intake among seaweed consumers
in Norway (Aakre et al., 2020) assessed iodine uptake after
the consumption of a single seaweed meal, which the par-
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ticipants prepared themselves at home according to their
regular practice. The study found that the median iodine
intake in the group (n = 44) was 2430 ug/day, which
exceeded the tolerable upper intake level of 600 ug/day
set by SCF (2002) and the lowest observable adverse effect
level for iodine intake (1800 ug/day; Russell et al., 2001; Sci-
entific Committee on Food, 2002). Similar findings were
observed previously in a small group of vegans and vege-
tarians consuming seaweeds as part of their habitual diet
(n = 35; Groufh-Jacobsen et al., 2020). In the latter study,
the intake ranged from 521 to 1467 ug/day, with a mean
value of 866 ug/day. Thus, in these population groups,
there is a risk of developing thyroid disorders as a conse-
quence of excessive iodine intake. The iodine content in
seaweed food products on the market is often high, and val-
ues up to 12,000 ug/g were found in a study assessing the
iodine content of commercially available products (Aakre
et al., 2021). Thus, it is not surprising that consumers of
seaweed can have higher intakes than the recommended
maximum intake.

Safe consumption of brown algae requires both that the
iodine content is within the tolerable amounts per serving
size per day and the availability of information on iodine
content on the food packaging. Many seaweed products
contain excessive iodine (Aakre et al., 2021; Bouga & Com-
bet, 2015), and the majority of consumers are unaware
of the importance of avoiding excessive iodine in their
diet. The market availability of many seaweed products
thus introduces a risk of excessive iodine consumption.
This may further impose health risks on a population
level, especially for vulnerable groups, such as pregnant
women. In most European countries, including Norway,
it is not mandatory to declare the iodine content of sea-
weed products. The iodine content is rarely indicated on
the packaging of seaweed products available in and from
Norway today, and when it is provided, it often deviates
from the measured values of iodine content (Aakre et al.,
2021). Insufficient labelling or declarations have also been
observed by others (Bouga & Combet, 2015). This is unfor-
tunate since the failure to provide accurate data renders
it impossible for consumers to make informed decisions
regarding their iodine intake. This should therefore be a
focus area, both industrially and for food retailers.

The iodine content of macroalgae or foods containing
macroalgae is currently not regulated in the European
Union (EU) or Norway. However, regulations are being
discussed both on national and international levels, and
changes might be implemented during the next few years.
As of now (September 2021), regulating the iodine con-
tent in foods containing brown algae is up to the industry
producing foods containing seaweeds; this requires a great
awareness of these issues and a commitment to providing
healthy foods for the consumers. However, in the case of a

lack of specific regulations, this may signify to food produc-
ers that iodine consumption is safe and does not need to be
specifically controlled, particularly if this is combined with
insufficient communication between food authorities and
food producers regarding these issues. In our opinion, this
could have unfortunate consequences, as it may encour-
age the unregulated introduction of foods containing high
iodine contents in the market.

4 | CONCLUSION AND FUTURE
PERSPECTIVES

Brown algae are strong iodine accumulators and contain
higher amounts of iodine than any other known food
group. Iodine in brown algae is mostly in the form of I~,
but organically bound iodine and 10;™are also present in
some species. The bioavailability of iodine from brown
algae is high and varies between 31% and 90% when mea-
sured using in vivo bioavailability studies. Measurements
using in vitro bioaccessibility techniques have yielded sim-
ilar results relative to the in vivo bioavailability studies
for similar species; they, therefore, appear to provide reli-
able results. In contrast, in vitro bioavailability measure-
ments consistently yield much lower results than in vivo
bioavailability measurements; therefore, in vitro bioavail-
ability methods as they are today should not be trusted
to provide accurate results regarding the bioavailability
of iodine from brown algae. Although processing strate-
gies may reduce the iodine content of brown algae sig-
nificantly, the iodine content is still high after processing.
The tolerable amount of brown algae per day is thus also
quite low, with 0.2-11 g dw providing 600-ug iodine. Fur-
thermore, the loss of iodine content during processing is
currently not predictable, and in many cases, low amounts
of brown algae are sufficient to exceed the recommended
intakes and tolerable upper intake level of iodine.

4.1 | Future perspectives

We believe that the above-mentioned findings demon-
strate that many brown algal species are currently unsuit-
able for mass consumption. More research on develop-
ing cultivation strategies or processing schemes aimed at
reducing the iodine content is, therefore, necessary to pro-
duce safe and predictable products for consumers. In the
meantime, brown algae should be consumed with cau-
tion and in small quantities to avoid excessive intake of
iodine. Further regulations of foods containing seaweeds
with regards to allowable iodine contents per serving size
should be considered both on an EU level and on a national
level.

85U8017 SUOWILIOD BAIER.D 8|qedt|dde 8y} Aq peusenob afe sajone VO ‘8sn Jo se|nJ 10} Ariqi8ulUO A8]IM UO (SUORIPUOD-pUe-SWLRIAL0D" A3 |1 AfeIq 1 pU1|UO//SANL) SUORIPUOD PUe SWe | 38U 88S *[£202/TT/LT] uo AriqiTauliuo 8|1 ‘80Ul 8UeIy0D AQ 8T6ZT LEEY-TYST/TTTT OT/I0P/W0D A8 Im AreIq U1 |UO'11//:SANY WOJj pepeolumod ‘Z ‘2202 ‘LEErTHST



IODINE FROM BROWN ALGAE AND FOOD SAFETY

Comprehensive

REVIEWS _| ==

Other potentially toxic elements (cadmium, inorganic
arsenic, mercury, and lead) also need to be considered for
the determination of the safe amounts of brown macroal-
gae, which can be consumed each day for each species of
brown algae in future studies. Furthermore, there are sev-
eral species within the group of red and green macroalgae,
which are edible and may be considered for human con-
sumption.
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