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The Extrathyronine Actions of lodine as Antioxidant,
Apoptotic, and Differentiation Factor in Various Tissues

Carmen Aceves, Brenda Anguiano, and Guadalupe Delgado

Background: Seaweed is an important dietary component and a rich source of iodine in several chemical forms in
Asian communities. Their high consumption of this element (25 times higher than in Western countries) has been
associated with the low incidence of benign and cancerous breast and prostate disease in Japanese people.
Summary: We review evidence showing that, in addition to being a component of the thyroid hormone, iodine
can be an antioxidant as well as an antiproliferative and differentiation agent that helps to maintain the integrity
of several organs with the ability to take up iodine. In animal and human studies, molecular iodine (I,) sup-
plementation exerts a suppressive effect on the development and size of both benign and cancerous neoplasias.
Investigations by several groups have demonstrated that these effects can be mediated by a variety of mecha-
nisms and pathways, including direct actions, in which the oxidized iodine dissipates the mitochondrial
membrane potential, thereby triggering mitochondrion-mediated apoptosis, and indirect effects through iodo-
lipid formation and the activation of peroxisome proliferator—activated receptors type gamma, which, in turn,
trigger apoptotic or differentiation pathways.

Conclusions: We propose that the International Council for the Control of Iodine Deficient Disorders recom-
mend that iodine intake be increased to at least 3mg/day of I, in specific pathologies to obtain the potential
extrathyroidal benefits described in the present review.

Introduction

ODINE IS A CRUCIAL COMPONENT in the formation of thyroid

hormone, and public health policies have been established
to supply deficient populations with the necessary amount of
this element in order to eradicate the iodine deficiency dis-
eases, that is, endemic goiter and cretinism. The International
Council for the Control of Iodine Deficiency Disorders pro-
posed that 150299 ug/day is adequate to cover the thyroid
requirement, and the 10th edition of Recommended Dietary
Allowances published in 1989 suggested that the maximal al-
lowable dietary dose of iodine be 1.0 mg/day for children and
2.0mg/day for adults (1). These limits were established con-
sidering that particular individuals with underlying or evi-
dent thyroid pathologies (Table 1) can develop hyper- or
hypothyroidism if they are exposed to doses higher than
1.5 mg/day (2-4). However, reviews by Baker and Hollowell
in 2000 (4), Biirgi in 2010 (5), and Leung and Braverman in
2012 (6) reported that iodine supplements at low (1.5-8 mg/
day) and intermediate doses (10-32 mg/day), ingested from a
variety of sources (Table 2), are well-tolerated in euthyroid
subjects, maintaining levels of thyroid hormones (thyroxine
and triiodothyronine) and thyrotropin within normal limits
(3-16). Only very high doses (>30 mg/day), mainly as iodide

(I"), generate hypothyroidism and goiter, which rapidly re-
vert to normal when these individuals stop taking the high-
iodine supplement. On the other hand, considerable evidence
indicates that iodine per se can ameliorate physiopathologies
of several organs that take up iodine, primarily the thyroid,
mammary, and prostate glands and potentially the pancreas,
gastric, and nervous systems, and it may act as an antioxidant
in the whole organism if this element is ingested at concen-
trations higher than 3 mg/day (17). Dose-response studies in
humans demonstrated that iodine at concentrations of 1.5
mg/day or less had no effect, whereas concentrations of 3, 5,
and 6 mg/day, mainly in the form of molecular iodine (L),
exhibited significant beneficial actions in benign pathologies
(mastalgia or prostatic hyperplasia) and antineoplastic effects
in early and advanced breast cancer (14-16,18,19). These
studies included treatments lasting from 5 weeks up to 2
years, and at these concentrations they do not exert any sec-
ondary effect. Some of these studies also analyzed higher
concentrations of iodine (9 and 12 mg/day) and showed that
these doses resulted in the same benefits but caused transient
hypothyroidism in 20% of the studied individuals, while
also producing an assortment of minor side effects (upper
respiratory tract infection [26%], headache [20%], sinusitis [12%)],
nausea [9.9%], acne [9.0%], back pain [9.0%], diarrhea [9.0%],
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TABLE 1. PREDISPOSING Risk FACTORS ASSOCIATED WITH
PERMANENT, JODINE-INDUCED THYROID DYSFUNCTION

1. Individuals with underlying thyroid disease:
® Graves’s disease
® Hashimoto thyroiditis

Euthyroid with a history of subacute thyroiditis

Euthyroid with a history of postpartum thyroiditis

Euthyroid with a history of type 2 amiodarone-induced

thyroiditis
¢ Euthyroid with post-hemithyroidectomy
¢ Euthyroid after interferon-o therapy

2. Individuals with chronic iodine deficiency exposed to
iodine at doses higher than 2mg

3. Fetuses, preterm neonates, and newborn infants exposed
to high doses of iodine through the placenta and milk

4. Elderly people with subclinical hypothyroidism

5. Patients with certain nonthyroidal disease such as chronic
dialysis and cystic fibrosis, especially those taking
sulfisoxazole

6. Patients taking medications such as expectorants or
amiodarone that contain high concentrations of iodine

7. Patients taking lithium

8. Individuals with a family history of goiter or thyroiditis

Data taken from Refs. (2-4).
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dyspepsia [8.1%], rash [8.1%], and abdominal pain [6.3%])
which disappeared when the high iodine supplement is stopped
(15). Antiproliferative and apoptotic effects have also been ob-
served in preclinical studies, in which rodents (20,21) or tumoral
cell lines (3,22) are exposed to micromolar concentrations of I.

Here we review information related to the antioxidant, apo-
ptotic, and differentiation effects of iodine that do not include the
actions of thyroid hormones. Chemically, the elemental form of
iodine (I,) with an atomic weight of 125.9015 is the only sub-
stance that should be called “iodine”; however, the term “iodine”
is widely used to describe many compounds in which the active
principle is iodine per se. These include the different oxidation
states of iodine (iodinium [I*], iodine free radical [I], I, efc.),
iodine-containing salts (KI, Nal), and preparations of I, together
with stabilizing components (povidone-iodine, iodine tincture,
or Lugol). In the present work, the term “molecular iodine” or I,
corresponds to any aqueous solution (I, water solution, povi-
done-iodine, iodine tincture, or Lugol) that contains I, “iodide”
or I refers to solutions of KI or Nal, and the generic term “io-
dine” does not identify the specific chemical form of this element.

Discussion
lodine in normal tissues

Several tissues share with the thyroid gland the capacity to
actively accumulate iodine; these include the salivary glands,

TABLE 2. SOURCES AND EFFECTS OF Excess IoDINE

Iodine dose Treatment Chemical form Effects on thyroid
Source of iodine (mg/day) time of iodine function References
KI supplements Days-weeks Todide 3-6
Water solution (5-15mg) >2 Transient subclinical
hypothyroidism
1 tablet (50 mg) >30 Thyrotoxicosis (2-10 %)
Amiodarone Months—years  Free iodide 6-7
1 tablet (100 mg) 3 Thyrotoxicosis (1.7%);
hyperthyroidism (1%)
1 tablet (600 mg) 21 Hypothyroidism (2-10%)
Iodinated contrast medium 7-10 One dose Free iodide = Hyperthyroidism or 6,8
(200 mL/dose) hypothyroidism (1-2%)
Seaweed Weeks—-months Iodide, I, 6,9,10
Blended brown seaweed 1-3 Normal values or transient
(1 bowl, ~250 mL soup) subclinical hypothyroidism
(2-10%)
High level of consumption >20 Risk of papillary thyroid
(>6 g seaweed/day) cancer (1-10%)
Iodopovidone (5% solution 14-28 Days-weeks I, Values remain within 11,12
mouthwash using 2—4mlL) normal range
Purified water solutions Months-years I, 4,13
(8 mg/L per tablet)
1 tablet 1-5 Normal values
4 tablets 10-32 Transient hypothyroidism
and goiter
Aqueous I, solution Months-years I, I,/iodide 14-16
I, water solution, Lugol solution, 1-6 Values remain within
or 1-2 tablets (3 mg per tablet) normal range
3-4 tablets (3mg per tablet) 9-12 Transient subclinical

hypothyroidism

KI, potassium iodide; I, molecular iodine.
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gastric mucosa, lactating mammary gland, the choroid
plexus, ciliary body of the eye, lacrimal gland, thymus, skin,
placenta, ovary, uterus, prostate, and pancreas, and they may
either maintain or lose this ability under pathological condi-
tions (23). The I™ transport system in these extrathyroidal
tissues involves the expression of the specific sodium iodide
symporter (NIS) and in some cases also pendrin (PDS/
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SLC26A4) (3). In previous reports, our group demonstrated
that the mammary cancer cell line MCF-7 can accumulate
both I™ and I,, where I" is internalized by NIS (inhibited by
KClO,), whereas I, uptake is independent of NIS, PDS, Na®,
and energy, but it is saturable and dependent on protein
synthesis, suggesting a facilitated diffusion system (24).
Moreover, as shown in Figure 1, the thyroid gland, the
mammary gland, and the prostate can accumulate both types
of iodine, and they are captured by different mechanisms. The
thyroid gland, the lactating mammary gland, and the prostate
exhibit a significant uptake of I, which is internalized by NIS
(inhibited by KCIO,). In the thyroid and the lactating mam-
mary gland, I, uptake is three times lower than I™ uptake, and
only about half of the I, capture is inhibited by KCIO, In
contrast, in nubile animals, mammary and prostate tissues
captured 300 times less I, than the thyroid and 4 times less
than the lactating mammary gland, and NIS did not partici-
pate in its internalization (25). These findings suggest the
notion that I, could contribute to maintaining the normal in-
tegrity of these organs. Eskin ef al. showed that iodine defi-
ciency alters the structure and function of the mammary gland
of virgin rats (26), and that I, is effective in diminishing ductal
hyperplasia and perilobular fibrosis secondary to iodine de-
ficiency. Similarly, I, treatment (3-6 mg/day) of patients with
benign breast disease is accompanied by a significant bilateral
reduction in breast size and remission of disease symptoms,
effects not observed when I™ or protein-bound I™ is admin-
istered (14,15). Moreover, similar benefits have been found in
benign prostatic hyperplasia, in animal models with 0.05% I,
supplementation (17), and in human patients with early be-
nign prostatic hyperplasia (stages I and II) where an 8-month
Lugol (5mg/day) supplement was accompanied by dimin-
ished symptoms and prostate-specific antigen values, and an
increased urine flow rate (16). All these data agree with epi-
demiological reports showing a direct association in the Jap-
anese population between the low incidence of breast and
prostate pathologies and the moderately high dietary intake
of iodine (27-29). Seaweeds, which are widely consumed in
Asian countries, contain high quantities of iodine in several
chemical forms, that is, I, I, and iodate (IO3); the average
iodine consumption in the Japanese population is 1200-
5280 ug/day versus 166 and 209 ug/day in the United King-
dom and the United States, respectively (27,30-32). Con-
troversial reports related to algae consumption show that
only certain types of seaweed correlated with lower breast
cancer incidence in the Korean population (33) or with the

<
FIG. 1. Effect of perchlorate (KClO4) on 1251~ and %L,
uptake. Rats were first injected intraperitoneally with KClO,
(20mg/kg) or saline (sham injected), and 2 hours later, with
50 uCi of either *°’I~ or '*°I,. Animals were sacrificed 1.0
hour after the radioactivity administration. Radioactivity
uptake (cpm) was measured in several tissues and normal-
ized to that in the liver (a nonuptake organ); the results are
expressed as cpm tissue/cpm liver. Thyroid tissues were
obtained from female and male rats. Results are expressed as
mean+SD, n=7 rats/group. Data were analyzed with a one-
way analysis of variance, and differences between means
were evaluated by the Tuckey test. *"Different letters indi-
cate significant differences between groups, p<0.05. MG,
mammary gland. [Data adapted from Aceves et al. (17).]
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FIG. 2. Iodine antioxidant power. The antioxidant capacity

of molecular iodine (I;) and potassium iodide (KI) was ana-
lyzed with the ferric reducing/antioxidant power assay
(FRAP). Ascorbic acid was used as positive control. Three
reagents were used: sodium acetate and acetic acid buffer
(300mM, pH 3.6); 10mM 2,4,6-tripyridyl-s-triazine in a 40 mM
solution of hydrochloric acid; and a 20 mM solution of ferric
chloride hexahydrate prepared with high-performance liquid
chromatography-grade water. FRAP reagent was prepared
fresh before each analysis by combining these three reagent
solutions in the proportions 10:1:1. Ascorbic acid standards
were freshly prepared before analysis. The FRAP assay was
carried out in a microplate, with sodium acetate buffer (60 uL),
ascorbic acid standards (60 uL) or samples (60 uL), and 240 uL
of the FRAP reagent; after a 4-minute reaction, the microplate
was read at 620nm.

presence of higher thyroid cancer (papillary) rates in post-
menopausal Japanese women who regularly consumed high
quantities of seaweed (10). The authors interpreted these
findings as indicating that the iodine content of seaweeds is
highly variable or that other components present in the algae,
such as arsenic, could also be contributing to the correlation
between high seaweed intake and cancer. Nevertheless, in
spite of the high nutritional iodine consumption, Asia does
not differ from the rest of the world in the prevalence of
thyroid disorders (1,28).

Antioxidative effects

Several studies have shown iodine to be a potent antioxi-
dant (34). In the brown algae Laminaria, which contains a
300,000-fold greater iodine concentration than any other
living organism, the inorganic iodine acts as an antioxidant,
neutralizing hydrogen peroxide in a two-step process, by
converting it first to hypoiodous acid and then to water,
thereby preventing formation of a hydroxyl radical (35). Si-
milar antioxidant effects have been described in other photo-
synthetic organisms, and it has been suggested that in some
invertebrates a diet of these iodinated organic molecules
serves as a “primitive” thyroid gland (36). Berking et al. (37)
demonstrated the antioxidant action of I"™ in polyps of the
jellyfish Aurelia aurita, whereas Elstner and co-workers found
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this antioxidant effect in the rabbit eye (38). Micromolar
amounts of I” decrease damage by free oxygen radicals, in-
crease the total antioxidant status in human serum (39,40),
and defend brain cells in rats from lipid peroxidation (41).
Thyroxine and other iodothyronines act as antioxidants and
inhibitors of lipid peroxidation after they are oxidized by
hemoglobin and their iodine is released (42,43). I, supple-
ments decrease lipid peroxidation in normal and tumoral
mammary tissues from rats with methylnitrosourea (MNU)-
induced mammary cancer (44), and prevent the cardiac
damage induced by the antineoplastic agent doxorubicin
when I, (0.05% in drinking water) is administered 2 days
before starting the antineoplastic treatment (45). Although the
specific mechanisms involved in the antioxidant effect of io-
dine have not been analyzed in depth, several studies show
that I™ could be acting directly as an electron donor that
quenches free radicals such as OH® or H,O,; alternatively, it
may act as a free radical that readily iodinates tyrosine,
histidine, and double bonds of some polyunsaturated fatty
acids in cellular membranes, making them less reactive with
oxygen radicals (46). Figure 2 illustrates the reductive capacity
of different chemical forms of iodine in comparison with
ascorbic acid, using the in vitro ferric reducing/antioxidant
power assay; it shows that I, exerts a 10- or 50-fold greater
antioxidant action than ascorbic acid or KI, respectively.

Iodine also has well-known anti-inflammatory effects. It is
well established that povidone—iodine, besides its excellent
antibacterial effect (47), also exerts an anti-inflammatory ac-
tion by neutralizing radical oxygen species (48). Moreover, I,
inhibits the generation of nitric oxide in murine macrophages
and tumor necrosis factor-o expression in human monocytes/
macrophages (49). These specific actions of iodine agree with
reports describing the anti-inflammatory effects of marine
algae, which, as noted above, contain the highest iodine
concentration of living organism, and suppress the levels of
proinflammatory messengers such as nitric oxide, pros-
taglandine-E2, and proinflammatory cytokines (tumor ne-
crosis factor-o, interleukin-6, and interleukin-1p) (50).

Effects on apoptosis

Iodine is not only the main substrate for the synthesis of
thyronines by the thyroid, but it also participates directly in
the regulation of thyroid function and thyrocyte proliferation.
This phenomenon is called “autoregulation,” which has been
defined as the ability of the thyroid to regulate its own func-
tion and growth, depending on the intrathyroidal availability
of iodine (51). An excess of I~ causes inhibitory actions that
include a decreased organification of iodine, hormone secre-
tion, decreasing thyroid blood flow, thyroglobulin prote-
olysis, glucose and aminoacid transport, protein and RNA
biosynthesis, and thyroid follicular cell growth in vivo (0.05%
in drinking water) and thyrocyte proliferation in vitro (200
500 uM) (52). With the exception of blood flow and vascu-
larization, all other inhibitory actions of iodine can be re-
versed by drugs that block the enzyme thyroid peroxidase
(TPO), such as methylmercaptoimidazole or propylthiouracil
(53). These results are in agreement with data showing that I~
exerts antiproliferative and apoptotic effects in thyrocytes, but
that the rate-limiting step for these effects depends on TPO
activity. In the presence of H,O,, this enzyme oxidizes I” and
covalently links it to proteins or lipids. The specific iodine
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species generated by TPO has not been identified, but several
candidates exist, such as iodinium (I'"), iodine free radical (I°),
hypoiodite (IO ™), and I, (46). Vitale et al. (54) showed that an
excess of KI (10-50 mM) induces apoptosis in primary thy-
rocytes cells, but if TPO activity is blocked with pro-
pylthiouracil, the apoptotic effect of I~ is eliminated.
Moreover, comparing lung cancer cells (without natural io-
dine uptake) transfected with NIS or NIS/TPO, Zhang et al.
(55) observed that KI (30 mM) induced apoptosis only in NIS/
TPO transfected cells.

The first report demonstrating that iodine exhibited an
antineoplastic effect in extrathyroidal tissues was by Kato et al.
(20) in the rat mammary cancer model induced by the car-
cinogen 7,12-dimethylbenz[o]anthrancene. This suppressive
effect was exerted by 0.05% Lugol. Recently, we reported that
in this model, KI, I, or a mixture of both (1:21,/17) can induce
antineoplastic actions and that the protective effect of 0.1% KI
is lost when the enzyme lactoperoxidase (LPO), which is
present in these mammary cancers, was inhibited by me-
thylmercaptoimidazole, indicating that1~ from KI needs to be
oxidized to have the apoptotic effect (21). In this study our
group also demonstrated that a 0.5% mix prevents 7,12-
dimethylbenz[a]anthrancene-induced DNA adduct forma-
tion in premalignant and cancer tissues. These findings are
particularly relevant since LPO can oxidize natural or syn-
thetic estrogens to catechol estrogens (56,57). The resulting
estrogenic quinones have been shown to react with DNA to
form mutagenic adducts that can initiate or promote cancer
(56). This notion agrees with the report of Cavalieri’s group
showing that higher levels of E,-DNA adducts are present in
the urine of breast cancer patients and women at high risk for
this disease (58).

Various groups have described effects of iodine in several
cancer cell lines and have proposed different mechanisms and
pathways that mediate the antiproliferative effect of I, in-
cluding a direct action, where the oxidized iodine dissipates
the mitochondrial membrane potential, thereby triggering
mitochondrion-mediated apoptosis, or an indirect effect
through iodolipid formation and the activation of peroxisome
proliferator—activated receptors type gamma (PPARy), which,
in turn, trigger the BAX-caspase apoptotic pathway (3,59,60).

It is well known that the mitochondrial transmembrane
potential (MMP) is required for a variety of mitochondrial
functions, including protein import, ATP production, and
regulation of metabolite transport. The mitochondrial inter-
membrane space contains several proteins that can either in-
duce apoptosis involving caspases (e.g., cytochrome c) or can
execute a caspase-independent apoptotic death program
through the apoptosis-inducing factor. Release of these factors
requires abatement of the MMP, and thiol depletion is a
powerful trigger (61). I, treatment (1040 uM) is accompanied
by depletion of cellular thiol content and dissipation of the
MMP in estrogen-responsive (MCF-7) and nonresponsive
(MDA-MB231) human cell lines (60), and the preincubation of
MCF-7 cells with N-acetyl-cysteine (NAC), a thiol-containing
agent, prevented the apoptotic effect of I, (62). Moreover,
comparative studies of mitochondria isolated from tumoral
versus extra-tumoral human breast tissue showed that the I,
treatment increased mitochondrial permeability in tumoral
tissue and decreased it in extra-tumoral tissue, suggesting a
differential sensitivity toward iodine in the two physiological
conditions (63).

ACEVES ET AL.

The indirect action of I, could be exerted by its formation of
covalent bonds to specific lipids such as arachidonic acid (AA)
or eicosapentaenoic acid, forming 6-iodo-5-hydroxy-8,11,14-
eicosatrienoic acid (also called 6-iodolactone; 6-IL) or alpha-
iodohexadecanal, respectively (51). These iodocompounds
have been detected in thyroid tissue of rat, pig, horse, and
human origin, and they mimic some of the inhibitory effects of
excess I~ on several thyroid parameters (64,65). Although the
specific iodinated components have not yet been character-
ized in other tissues, several studies have reported elevated
prostaglandin levels in cancerous compared with normal
tissues (66,67). Prostaglandins are produced from AA by the
enzyme cyclooxygenase, indicating the presence of high
levels of AA in several tumors (68,69). In relation to the
mammary gland, we reported that MNU-induced tumors
contain four times higher basal concentrations of AA, and
after 0.05% I, treatment, 6-IL levels were 15-fold higher than
in normal mammary tissue, suggesting a role for 6-IL in the
antiproliferative effect of I, (70). These findings have been
corroborated in human cancer cell lines in which lipids similar
to 6-IL were identified after I, treatment (71), or the addition
of I, or 6-IL triggered apoptosis (22,62). In this regard, the
consistent observation that cancer cells are more sensitive
than normal cells to I, (22,62,71) led us to propose that the
high concentration of AA in tumoral cells is the crucial com-
ponent that, when iodinated, is responsible for the anti-
proliferative effect of I, (71).

In the search for cellular mechanisms associated with iodine
effects, studies from our laboratory demonstrated that both I,
and 6-IL supplementation significantly modified the expres-
sion of PPARs (72). These receptors, originally associated with
regulating lipid metabolism, are widely expressed, and they
form part of the nuclear receptor family that binds thyroid
hormones, steroids, and vitamins. To date, three isotypes,
PPARx, PPARSB/J, and PPARy), have been identified. These
three subtypes display differential tissue distribution, and each
is involved in specific functions such as early development, cell
proliferation, differentiation, apoptosis, and metabolic ho-
meostasis (73,74). In our experiments, 20-200 uM I, increases
the expression of PPARy mRNA and protein, decreases ex-
pression of mRNA for PPAR«, and has no effect on PPARf/ ¢
expression in MCF-7 cells. We also showed that 6-IL is a spe-
cific agonist of PPARy with an in vitro affinity six times higher
than AA (72). These findings agree with the observation that
the affinity and selectivity of the PPARy isoform for some fatty
acids is increased by the conformational changes resulting from
the incorporation of halogens (phenyl acetate < phenyl buty-
rate <p-chlorophenyl acetate <p-iodophenyl butyrate) (75).
Moreover, recent reports have shown that antineoplastic ef-
fects of iodine or iodolipids are exerted on different types of
cells that, first, can take up I, and, second, exhibit apoptotic
induction by PPARy agonists. Such cells include prostate,
lung carcinoma, pancreas carcinoma, melanoma, glioblas-
toma, and neuroblastoma cells (22,62).

In analyzing iodine/PPARy interactions, our laboratory
has obtained results showing that treatment with I, or 6-IL
induced apoptosis accompanied by increases in p53, p21,
BAX, and caspases 3 and 7 (22,71,72). All these effects have
been reported in cancer cells in response to specific agonists of
PPARy (73). Moreover, in an early phase clinical study con-
ducted in 22 patients with mammary cancer, we found that
2-5 weeks of 5mg/day I, treatment caused significant
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increases of apoptotic rate and PPARy expression, whereas
there was a significant decrease in proliferation and diminished
translocation of the estrogen receptor alpha to the nucleus,
suggesting that the antineoplastic effect of iodine involves
PPARy activation (18). In accordance with these findings, a
recent report of Eskin’s group showed that in MCF-7 cells,
iodine treatment may inhibit the estrogen response through
upregulating proteins such as CYP1A1 and BRCA1 (76), both
of which are also modulated by PPARy (77,78).

Effects on cellular differentiation

Another possible effect of iodine is the induction of cel-
lular differentiation. It is known that iodine plays a central
role in thyroid physiology by maintaining the normalcy of
thyroid tissue (79). Epidemiological studies associating io-
dine intake and thyroid cancer led to controversy; chronic
iodine deficiency is firmly established as a risk factor for
follicular thyroid cancer, whereas some studies suggested
that iodine supplementation programs could increase the
incidence of papillary thyroid cancer in chronic iodine-
deficient populations (80,81). In relation to differentiation
induction, cancer studies have shown that sufficient iodine
prevents the transformation from differentiated to anaplastic
thyroid cancer, the most aggressive type of thyroid cancer
with a median survival of 4-12 months from the time of
diagnosis (79). Both in vivo (MNU-induced model, human
patients, xenotransplants in the nu/nu Foxnl mouse) and
in vitro (MCF-7, MDA-B231) models of mammary cancer
have shown that I, treatment induces, in addition to an
important apoptotic effect, increased expression of NIS, PDS,
LPO, and/or estrogen alpha receptors as well as a reduction
of invasive and metastatic inducers such as vascular endo-
thelial growth factor, urokinase-type plasminogen activator,
Bcl2, and survivin, indicating a consistent effect on differ-
entiation (18,19,70,82). Although the mechanism of these
effects has not been elucidated, it is possible that this action
again involves PPARy activation. Indeed, some authors be-
lieve that PPARy activation is antiproliferative by virtue of
its differentiation-promoting effects. Treatment with PPARy
agonists inhibits cancer cell growth in various cancer types
both in vitro and in vivo by inducing G0-G1 cell-cycle arrest,
promoting differentiation, and reverting the epithelial-
mesenchymal transition. The epithelial-mesenchymal tran-
sition, which plays an important role in the physiological
processes of embryo development (gastrulation, neural crest
migration, mesoderm establishment, efc.), has also been
shown to participate in chronic fibrotic disorders and cancer
progression (83,84). At the molecular level, epithelial-
mesenchymal transition is defined by the loss of cell-cell
adhesion molecules (e.g., E-cadherin), induction of mesen-
chymal markers such as vimentin and N-cadherin, and
acquisition of chemoresistance by upregulation of ATP-
binding cassette transporters and antiapoptotic markers
such as Bcl2, Bcl-xl, or survivin (85). In functional studies
we demonstrated that a 5uM 6-IL supplement induces
neutral lipid accumulation in MCF7 cells accompanied by
decreases in Bcl2 and vascular endothelial growth factor
(72). Similar results were found in an early phase clinical
study conducted in 21 patients with advanced mammary
cancer treated with 5mg/day of I, and chemotherapy
(fluorouracil-epirubicin-cyclophosphamide or docetaxel-
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epirubicin [FEC/DE]); the FEC/DE-I, group showed
higher levels of PPARy and lower levels of Bcl2 and sur-
vivin expression, as well as a total absence of the che-
moresistance observed in 30% of the patients treated with
the chemotherapy alone (FEC/DE-placebo) (19,86).

Summary and Comments

Animal and human studies have shown that (a) oral ad-
ministration of I and I, exhibits distinct pharmacological and
toxicological profiles, where 1™ is more thyrotoxic than I, and
(b) I, but not I, has beneficial effects in both benign and
cancer pathologies of organs that are capable of iodine uptake,
but only if this element is ingested in milligram amounts. We
propose that the International Council for the Control of Io-
dine Deficiency Disorders considers the importance of these
studies and recommend, for pathologies of tissues that take
up iodine (primarily thyroid, mammary, and prostate glands
and potentially pancreas, gastric, and nervous systems) and
under the care of a physician, an iodine intake of at least 3 mg/
day in the form of I,.
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