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Abstract

Iodine is a crucial component of thyroid hormones (THs), specifically triiodothyronine (T3) and
thyroxine (T4) and is vital for normal thyroid function. During pregnancy, a deficiency in iodine can
result in inadequate production of THs, leading to hypothyroidism. This condition can negatively
impact the intellectual development of the newborn. Numerous studies have demonstrated that
iodine deficiency during pregnancy correlates with lower IQ levels in children. This deficiency can
hinder critical processes such as neurogenesis, neuronal migration, and myelination, all of which are
essential for proper cognitive development. Research indicates that children born to iodine-deficient
mothers are at a higher risk of having lower 1Qs compared to those whose mothers received iodine
supplements during pregnancy. Therefore, ensuring sufficient iodine levels and optimal TH function
during pregnancy is crucial for the cognitive development of children. This highlights the importance
of nutrition and regular monitoring of thyroid health in pregnant women. This review focuses on the
key mechanisms of thyroid hormone homeostasis and discusses the implications of iodine deficiency
during pregnancy.
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1. Introduction

Iodine is an essential trace element required in small amounts for the synthesis of the THs , T3
and T4 [1]. Its role during pregnancy is particularly important as it contributes to the development of
the central nervous system (CNS). Due to physiological changes during pregnancy, iodine
requirements significantly increase from 150 ug per day in non-pregnant adult women to 250 pg per
day in pregnant women [2]. Epidemiological studies have shown that inadequate iodine
consumption during pregnancy is linked to reduced cognitive function in children, highlighting the
importance of monitoring thyroid health in pregnant women [3-5]

Thyroid Hormones Synthesis

THs are synthesized and released by the thyroid gland [6,7]. Anatomically, the thyroid gland is
one of the largest endocrine glands in the neck [8], composed of two lobes joined together by an
intermediate structure known as the isthmus [9]. The hormones produced by the thyroid gland are
3,5,3",5'- tetraiodothyronine, or thyroxine (T4), and 3,5,3'- triiodothyronine (T3) [10]. THs biosynthesis
requires iodine (I) which is an integral part of both T3 and T4 and supplied in the daily diet in the
form of iodide (I') [11]. Iodide is absorbed in the small intestine, and its absorption is facilitated by
the sodium/iodide symporter (NIS), which is expressed on the apical membrane of intestinal cells
[12]. In contrast, iodide is secreted into the lumen of the stomach and salivary glands through NIS
located on the basolateral membrane. Once in the small intestine, iodide is reabsorbed into the
bloodstream via NIS on the apical membrane, completing its circulation back into the body's systemic
circulation [13]. Circulating iodide is either absorbed by the thyroid gland via the NIS located on the
basolateral plasma membrane of thyrocytes or excreted from the body through urine [1].

The synthesis and release of THs are initially stimulated by the production of thyrotropin-
releasing hormone (TRH) in the hypothalamus, which stimulates the synthesis and secretion of
thyroid-stimulating hormone (TSH) in the anterior pituitary [14,15]. Subsequently, TSH binds to its
receptor on the thyroid gland, stimulating the biosynthesis and secretion of THs [15]. This regulation
axis is part of the neuroendocrine system known as the hypothalamic-pituitary-thyroid axis (HPT
axis) [16]. Furthermore, THs regulate the secretion of TRH and TSH via a negative feedback loop
mechanism [14]. This mechanism occurs because THs inhibit the transcription of TRH and TSH
subunit genes, as well as posttranslational modification and release of TSH [17]. The biosynthesis
process of THs involves several proteins and occurs within the thyroid follicles, which are the
functional units of the thyroid. Thyroid follicles are composed of thyrocytes that form well-defined
anatomical structures; at the apical side of thyrocytes is the lumen, and at the basolateral side of
thyrocytes there are blood capillaries [9,18]. Iodide (I-) is transported from the bloodstream into the
thyrocytes through NIS [19]. Subsequently, the efflux from the apical membrane towards the lumen
is mediated by ionic channels such as pendrins [20] and anoctamin [21]. Thyrocytes also produce and
secrete thyroglobulin (TG) into the lumen [22]. Then, the thyroperoxidase (TPO) catalyses the
oxidation of I for its subsequent incorporation into the tyrosine residues of thyroglobulin (TG) to
produce iodinated TG [18]. This enzymatic oxidation reaction occurs in the presence of hydrogen
peroxide (H20:2) [23], produced by the thyroid NADPH oxidase called dual oxidase 2 (DUOX2)
[24,25]. Iodinated TG forms 3-iodotyrosine or monoiodothyronine (MIT) and 3,5-diiodotyrosine or
diiodotyrosine (DIT) [26]. T3 and T4 are formed by the coupling reaction of MIT and DIT [27]. In this
reaction, the oxidations of iodotyrosines are also catalysed by TPO [10]. Finally, thyrocytes endocyte
THs from the follicular lumen through endocytic vesicles. Here, THs are proteolysed from iodinated
TG, in a process mediated by an iodotyrosine dehalogenase (DEHAL1) [28], liberating intrathyroidal
iodide. Subsequently, at the basolateral membrane, THs are released into the bloodstream through
monocarboxylate transporters (MCT) 8 and 10 [29]. The mechanism of THs biosynthesis can be
summarised in four stages: oxidation of the TPO by H20, iodination reaction, coupling reaction, and
iodide recycling and release of THs from follicles [18] (Figure 1). T4, also considered a prohormone o
reserve hormone, is the most abundantly secreted hormone by the gland [30]. Serum transport of T4
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is mediated by their strong binding to the principal plasma thyroid hormone-binding proteins,
thyroxine-binding globulin (TBG), transthyretin (TTR), and albumin [31]. Although in human TBG
is the protein with the highest affinity for THs, TTR also plays a significant role in TH transport in
specific tissues like placenta [32,33]. These proteins could change in several conditions like gestational
stage and hyperthyroidism [34]. In peripheral tissues, the deiodination process also occurs, leading
to the activation of THs and regulating their biological activities. This process is mediated by tissue
enzymes with differential expression that provide dynamic control of THs signaling [35]. These
enzymes, which catalyze deiodination, are known as type 1 (D1), type 2 (D2), and type 3 (D3)
deiodinases [36]. T3 which is considered the biologically active hormone is produced by T4
deiodination in peripheral tissues, primarily by D1 and D2 [25,26]. Conversely, D3 degrades T4 to
the inactive form known as reverse T3 (rT3) [36]. In this regard, it is proposed that the activating
deiodinase D1 and D2 and the inactivating deiodinase D3 are capable of modifying THs action
independently from THs serum concentrations changes based on the requirements of the specific
tissue [35,37].
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Figure 1. Synthesis of thyroid hormones. The stimulus starts from the hypothalamus with the production of
TRH which promotes the production of TSH in the anterior pituitary. The thyroid is stimulated by TSH to
synthesize T3 and T4 in the thyroid follicles and release it to circundant blood vessels. Created in BioRender.com.

Within the mechanisms of action of THs, two effects are known that these hormones exert. The
genomic effect, which is described by a direct action of THs on gene transcription, and, on the other
hand, the non-genomic effects.

The genomic effect begins with the entry of thyroid hormones into the cell, in which T4, after its
entry, is converted into T3 by D2. Once converted into T3, this hormone binds to the THs nuclear
receptors (TR), which together bind to the promoter region of target genes [38—43]. For example, TRs
may bind to genes necessary for the production of myelin basic protein in the CNS [44], or genes such
as Endothelin-1 and fibronectin, in umbilical cord vein endothelial cells (HUVEC) [42]. In the other
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hand, non-genomic effects begin with the binding of thyroid hormones to their membrane receptor,
integrin av33. From which occurs the activation of the signaling cascade that results in the activation
of cell proliferation signals, angiogenesis, secretion of growth factors in the membrane of
erythrocytes, leukocytes or hepatocytes, intracellular trafficking of proteins, among other functions
[45-47]. It has been described that both T3 and T4 can bind to the av[33 receptor, but this binding will
take place in different domains, activating different signaling pathways [48]. T3 binds to the S1
domain, which activates phosphatidylinositol 3 kinase (PI3K) promoting via TRa the transcription of
the hypoxia inducible factor-1a (HIF-1a). While in the S2 domain both T3 and T4 would bind, and
both would activate the extracellular signaling regulatory kinase (ERK1/2), which via TR31 would
promote cell proliferation [49]. It has also been described that the receptor's own av subunit in
response to T4, would enter the cell nucleus to bind to the promoter region of the HIF-1a, TR-31 and
COX-2 genes and promote their transcription [47].

Thyroid Hormones and Placenta

The placenta is a transient, highly specialized organ which allows gas and nutrient exchange,
while acting as a selective barrier. It also plays a crucial role in regulate THs concentration between
maternal and fetal circulation, ensuring fetal development [33]. Since the fetus initially depends
entirely on maternal THs, any disruption in their production or regulation may lead to complications
such as pre-eclampsia or miscarriage [50].

The biological activity and cellular effects of THs depend on their interaction with membrane
transporters, specific receptor proteins and their intracellular metabolism mainly mediated by
iodothyronine deiodinases (D) [51]. During pregnancy, THs cross the placenta via thyroid hormone
transporters (THT) including monocarboxylate transporters (MCT8 and MCT10), L-type amino acid
transporters (LAT1 and LAT2), and organic anion transporters (OATP1A2 and OATP4A1) [33]. These
transporters are differentially expressed in different placental cell types [52]. MCTs, OATPs and
LAT1 localize to villous syncytiotrophoblasts while MCTs and OATP1A2 are also found in
cytotrophoblasts and extravillous trophoblasts. Additionally, MCTs are expressed in the stroma [39].

Thyroid hormone receptors (THR) are widely expressed in placental structures, with THRal
being the predominant isoform in the human term placenta. Strong THR expression has been
detected in syncytiotrophoblast, villous, and extravillous cytotrophoblasts, and the chorionic villi
[53]. In the decidua, stromal and endothelial cells express TRal, TRa2 and TR{1, with expression
pattern changing through gestation [53,54]

D3 is the most highly expressed deiodinase in the placenta [55]. Placental D expression is
dynamic throughout pregnancy: D2 is more abundant on early gestation but declines toward term,
whereas D3 expression increases. Immunohistochemical studies show a predominant D3 expression
in syncytiotrophoblast during the first trimester, while D2 becomes more prominent in late
pregnancy [56]. These findings suggest that D3 may play a key role in regulating maternal T3 transfer
to the fetus.

Also, T4 can be transferred from maternal to fetal circulation through the chaperone action of
TTR, which facilitates the transport of TH across the placental barrier to the fetal capillaries [57].

The Critical Role of Thyroid Hormones for Fetal Development

Fetal development is complex and highly regulated by different factors. This process begins with
gastrulation and the generation of the 3 germ layers known as Ectoderm, Mesoderm, and Endoderm
[58]. The thyroid gland arises from the endoderm after 4 weeks of gestation and is located on the base
of the primitive pharynx. In this place a thickening called thyroid diverticulum is formed. Then, the
thyroid diverticulum will lead to the formation of thyroid follicles after 8 weeks of the gestation.
Finally, once the thyroid follicle matures, it will form the thyroid gland, approximately the six weeks
of gestation. It is worth to note that in the thyroid gland there are parafollicular cells (also known as
C cells), which have neuroendocrine nature and synthesize mainly calcitonin, which is involved in
calcium and phosphate balance [59]. On the other hand, the CNS is formed from the Ectoderm, which
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approximately occurs 20 days after the gastrulation process. Specifically, the Ectoderm begins to
thicken in the dorsal region of the embryo to form the neural plate, which will give rise to the neural
folds. These neural structures will shape the neural tube that will end up giving rise to the CNS [60].
The fetal brain is extremely plastic and vulnerable to environmental and nutritional influences and,
alterations in any of these conditions could have an impact on the health and development of the
fetus.

One of the factors involved in the development and maturation of the fetus is the thyroid gland,
which is responsible for secreting and producing the body's THs, triiodothyronine (T3) and thyroxine
(T4). These THs play multifaceted roles in the development of the organism and in the homeostatic
control of fundamental physiological mechanisms such as body growth and energy expenditure in
all vertebrates, and neurodevelopment [61].

Thyroid cells will not begin to secrete T3 and T4 until after 12 weeks of gestation, reaching
significant concentrations around 18 to 20 weeks [62]. At of birth, T3 and T4 concentration increase
rapidly [63]. The secretion of THs by the thyroid gland is highly controlled. The thyroid-stimulating
hormone (TSH), secreted by the pituitary gland, is the main control factor of THs secretion. Premature
babies have been reported to have lower concentrations of THs. This condition may be due to a
problem in the hypothalamic-pituitary-thyroid (HPT) axis. Likewise, in the case of babies from
mothers with severe autoimmune hypothyroidism, lower concentration of THs is a consequence of
placental transfer of maternal anti-thyroid antibodies [64-67].

As mentioned above, THs are fundamental for multiple processes in organisms, especially in
fetal neurological development. It has been reported that THs are crucial for migration,
differentiation, myelination, and cell signaling [68]. THs deficiency in the early stages of gestation,
can cause critical damage to embryonic development both physiologically and morphologically, as
they are responsible for the differentiation and maturation of key brain regions such as the cerebral
cortex, hippocampus and cerebellum [67,69]. Both congenital hypothyroidism and maternal
hypothyroidism can lead to cretinism, which produces intellectual retardation, deaf-muteness, gait
disturbances, and several cognitive problems. Indeed, it has been reported that low concentration of
THs can affect gray matter volume [69]. As reported, maternal THs transferred during the gestation
(particularly during the first trimester) are involved in the maturation and functional formation of
the brain, proliferation and migration of neurons, differentiation of neuronal and glial cells and
synaptogenesis, among others [65]. Moreover, alterations in THs concentration can also alter the
brain biochemistry. Here, a population of neurons that is strongly affected by THs deficiency is y-
aminobutyric acid (GABA)-ergic interneurons in the neocortex, hippocampus and cerebellum [70].
The decrease of y-aminobutyric acid (GABA) levels reduces the cell migration and myelination of
axons in the CNS [71]. Other abnormalities that have been observed and that can be attributed to the
low concentration of maternal THs include limited growth of axons and dendrites; decreased
neuronal connectivity; myelin deficits; and reduced synaptic densities [72]. On the contrary, elevated
concentrations of maternal THs accelerate neurological development with greater cell proliferation
and differentiation, resulting in decreased brain and body tissue weight and brain degeneration [73].
Experimental hyperthyroidism in wistar rats during gestation leads to morphological changes of the
placenta, displaying an altered basal zone and decidua, consistent with a reduction of the thickness
in the basal decidua and an increase in the basal zone thickness [74]. Moreover, the authors showed
an increased fetal number, weight, and placental weight on day 19 of gestation. These data suggests
that hyperthyroidism impacts placental function and fetal development, both could be related to
preterm labor observed in pregnant hyperthyroid women [75].

Iodine Metabolism During Pregnancy

Dietary iodide and recycled iodide from thyroid hormone (TH) metabolism are absorbed in the
small intestine, aided by the expression of the sodium-iodide symporter (NIS) on the apical side of
enterocytes [12]. This process allows iodide to enter the bloodstream. The recommended dietary
iodine intake for adults is 150 pg per day. During pregnancy, the need for iodine increases due to
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higher production of THs, increased iodide clearance and transfer to the fetus, and the rise in type III
deiodinase activity [12]. When iodide supply is insufficient, the thyroid gland adapts by increasing
iodide uptake [76].

Deiodination is the first step in the activation/inactivation process of THs and involves the
removal of one iodine atom from the outer tyrosyl ring of T4 to produce T3, which is considered the
biologically active form of THs.

D1 and D2 catalyze the outer ring deiodination of T4 and its conversion to active hormone T3
[77]. D3 converts T4 to reverse T3 and T3 to T2 and is highly expressed in the pregnant uterus,
placenta, and fetal and neonatal tissues [77].

Finally, T4 interacts with plasma membrane receptors, specifically integrin avf3. This
interaction triggers non-genomic action, such as promoting angiogenesis and the proliferation of
tumoral cells. Additionally, the binding of T4 to integrin avf3 affects the activity of specific
membrane ion pumps and stimulates the trafficking of protein within the cell [47,49,78].

lodide Requeriment During Pregnancy

The increase in iodine requirement due to urinary losses [79,80] increased TH production, and
iodine transfer to the fetus is compensate by increasing thyroid iodide uptake [81-85].

The recommended adequate iodine intake in adults is 150 pg/day. The World Health
Organization recommends an iodine intake of 250 pg/day in pregnant women [86]. The urinary
iodine concentration (UIC) is a sensitive indicator for current iodine intake because roughly 90% of
all iodine consumed is excreted in the urine [87].

The median Urinary Iodine Concentration (UIC) indicative of optimal iodine intake for pregnant
women is between 150 and 249 ug/L [88]. In pregnant women with adequate iodine levels, the
increase in iodide requirements due to renal loss and fetal iodide transfer often goes unnoticed.
However, for those with borderline low iodine intake, pregnancy can worsen iodine deficiency,
putting stress on the homeostatic mechanisms responsible for maintaining a euthyroid state [5]. A
healthy, non-pregnant woman typically requires about 80 pg of iodide per day to synthesize THs.
When iodide intake is optimal at 150 ug/d, a thyroid uptake of 35% is sufficient to achieve balance in
the system and maintain optimal iodine stores, which range from 10 to 20 mg (Figure 2A). Out of the
80 ug of iodide consumed, 15 pg is lost through feces, while the remaining 65 ug is divided between
the thyroid and kidney losses [89]. In situations where iodide intake is low, the thyroid compensates
by increasing iodide uptake to meet the daily requirement of 80 pg for TH production. Despite this
increase, a daily deficit of about 12 ug occurs, leading to a gradual depletion of thyroid iodine
reserves from the gland (Figure 2B). In iodine-deficient pregnant women, the iodide requirement
rises from 80 to 120 pg/d due to a 50% increase in TH production (Figure 2C). Although there is an
increase in iodide uptake by the thyroid, the total iodide intake is insufficient to meet the heightened
requirement for hormone production and the daily iodide deficit further increase to about 20 ug/d
[89,90].

25 ug 33ug 62 ug

Thyroid Thyroid Thyroid
35% uptake 50% uptake 60% uptake
10-20 # l > 5
55 g 19 ﬁ 35ug 29mg — 42pg =219 ﬂ

40 ug 32 g 42 g

Excretion in Excretion in Excretion in

lodine intake lodine intake
35 g 28 ug

urine urine urine
135 pg 67 g 70 ug

Excretion Excretion Excretion
infeces |« infeces |+ infeces |+
15 pg 15 pg 15 pg
A. Non-pregnant women with B. Non-pregnant women with C. Pregnant women with low
optimal iodine intake low iodine intake iodine intake
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Figure 2. Iodide metabolism in healthy non pregnant and pregnant women. (A) Non-pregnant woman with

optimal iodine intake. (B) Non-pregnant with low iodine intake. (C) Pregnant women with low iodide intake.

Physiological Adaptation of Thyroid Function During Pregnancy

The risk of iodine deficiency seems higher in women than men [91], predisposing women to
iodine deficiency. A combination of dietary, physiological, and lifestyle factors may explain why
women have lower iodine intake than men (Figure 3). Dietary preferences are one of them. Women
are more likely to follow plant-based diets poor in iodine. Physiological conditions like pregnancy
and menstrual blood loss may also play a role in iodine deficiency. Pregnancy may increase the risk
of iodine deficiency by a double mechanism. First pregnancy increases iodine requirements, and the
effect of multiple pregnancies on iodine storage depletion is cumulative. Secondly, pregnancies and
menstrual blood loss are often associated with iron deficiency. Iron deficiency and iron-deficient
anemia are widespread in women and may interfere with thyroid function [92-94]. Iron deficiency
decreases TPO iodination activity, a heme-containing enzyme, impairing iodine organification and
uptake. The combined iodine and iron deficiency may also explain the higher risk of iodine deficiency
and prevalence of thyroid diseases in women than in men [95].

The definition of iodine status uses the population's UIC. It does not reflect the situation of a
given subject or subgroup of the population. The drawback of using UIC to assess iodine status at
the individual level stems from the fact that UIC is highly variable from day to day depending on
other factors like the hydration status of the subject affecting urine dilution [96].

Pregnancy Menstrual blood loss Dietary preferences
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e T P £p.9.9.r.!t].'9<.i.'n9).....
Decreased TPO activity Low iodine intake

emiomn] e el

.| INCREASE RISK OF IODINE
- DEFICIENCY IN WOMEN

I l """""""""" E

: STIMULATION OF :
i THYROID METABOLISM

| THYROD pre .

INCREASE RISK OF THYROID DISEASES
IN WOMEN

Figure 3. Determinant of the risk of iodine deficiency in women.

During pregnancy, iodine requirements increase, first because of increased THs production and
iodine transfer to the fetus and second because of increased renal iodine clearance [97]. Iodine-
sufficient pregnant women can adapt to the increased iodine requirements without visible
consequences on the thyroid gland. However, in conditions of iodine deficiency, the thyroid capacity
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to maintain optimal thyroid function may be impaired, leading to functional and structural
alterations in maternal and newborn thyroid glands.

Pregnancy triggers several physiological modifications of thyroid function caused by increased
thyroid hormone-binding globulin concentrations (TBG) due to estrogen stimulation of hepatocytes
protein synthesis by week 7 of gestation. Compared with preconception concentrations, TBG
concentrations are 2.5-fold higher than in non-pregnant women [98,99]. The increase in serum TBG
leads to a rise in total T4 and T3, associated with a slight decrease in free THs [91,100]. The synthesis
of T4 increases during pregnancy to compensate for the increase in the hormone-binding capacity of
TBG [7] to maintain optimal free hormone concentrations [101]. By the end of the third trimester of
gestation, the stimulatory effect of the peak of human chorionic gonadotropin (hCG) induced a
transient increase in free T4 and a transient decrease of TSH. In normal conditions, in the second half
of gestation, TSH values are similar to concentrations of non-pregnant women. On the contrary, TSH
levels may increase above preconception reference ranges in women with low iodine intake (Figure
4) [102].

Fetal
dependency on
maternal '
thyroxine
T, degradation by
placental type 3
deiodinase

Fetal thyroid hormone
production

Conception Week 5 Week 10 Week 20 Birth
e=s)CGC e=TSH TBG e==wFree T4 emmmTotal T4

Figure 4. Changes in thyroid physiology during pregnancy. The increase in hCG in the first week triggers an
upregulation of TBG and free T4 and a decrease of TSH accordingly. The amount of free T4 decreases as the
degradation by placental type 3 deiodinase increases. As the offspring thyroid is developed enough to produce

it’s own hormones around week 20, the dependency on maternal thyroxine decreases at the same time.

Clinical and Biological Consequences of Mild lodine Deficiency in Pregnant Women and Newborns

Mild iodine deficiency [50-99 ug/L) frequently occurs in pregnant women in many countries,
including the European region [86]. Mild iodine deficiency may lead to goiter formation and an
increased thyroid volume in the newborn. However, THs concentrations remain within the normal
ranges in pregnant women and newborns [83,103] (Figure 5).
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PERIPHERAL METABOLISM
HUMAN CHORIONIC OF THYROID HORMONES
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Figure 5. Adaptation of the thyroid function during pregnancy in iodine sufficient and deficient conditions.

Unlike other nutritional deficiencies, where a single blood test is sufficient to determine whether
a subject is deficient, no individual laboratory test can diagnose iodine deficiency. The lack of an
individual marker of iodine status represents an obstacle to diagnosing iodine deficiency in a given
subject and for including truly iodine-deficient subjects in clinical trials. Most clinical trials use the
median UIC of the pregnant women in a given region, assuming that the median UIC represents the
iodine status of each pregnant woman included in a specific clinical trial. It is probable that as many
as 90 % of pregnant women in mildly iodine-deficient regions, based on the population median UIC,
have no biological signs of iodine deficiency [103]. The uncertain iodine status of pregnant women is
a clear bias in the design and the interpretation of outcomes of iodine supplementation clinical trials
concerning the benefit of iodine supplementation, particularly in mildly iodine-deficient pregnant
women [79,80].

Although there is not an individual parameter of iodine deficiency, a combination of different
thyroid parameters may be helpful to detect excessive thyroid hyperstimulation in otherwise
euthyroid pregnant women among these parameters: a low free T4, increased T3/T4 ratio, and
elevated TG concentrations.

Free T4 concentrations decrease slightly by the end of gestation, even in pregnant women with
an adequate iodine supply. In iodine-deficient women, however, the free T4 decrease is more
pronounced, although free T4 concentrations remained generally within the normal ranges. In
conditions of mild iodine deficiency, up to one-third of pregnant women may have free T4
concentrations near or below the normal limit [81,101]. Interestingly, this is not the case for newborns
with free T4 concentrations higher than their respective mothers, suggesting that the fetus is
protected from hypothyroxinemia [83]. lodine supplementation administered early in pregnancy
prevents the occurrence of hypothyroxinemia [81,82,104].

When iodine intake is low there is a preferential secretion of T3, leading to an elevated T3/T4
ratio [77]. Under conditions of normal iodine intake, the T3/T4 ratio ranges between 10 —22 x 102 in
pregnant women [105,106]. Again, iodine supplements can partially blunt the T3/T4 rise [103]. After
delivery in non-supplemented pregnant women, recovery of the T3/T4 ratio to normal may take
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several months [107], indicating that thyroidal stimulation may have long-lasting and cumulative
effects on the thyroid gland. Consequently, pregnancy is a goitrogenic determinant for pregnant
women with marginally low iodine intake, and this effect may be cumulative, as shown by the
positive association between parity and thyroid volume [84,85,108].

Thyroglobulin (TG) concentration has been correlated with thyroid volume and is increased in
regions of iodine deficiency [26,102,109,110]. Thyroglobulin seems more sensitive to variations of
iodine status than TSH, as it is often the only parameter associated with UIC in mildly deficient
pregnant women [102]. Therefore, TSH may be less useful to diagnose mild iodine deficiency early
in pregnancy. In addition to elevated TG concentrations, the presence of increased diffuse thyroid
volume (>18 mL) in otherwise euthyroid pregnant women may also be indicative of iodine deficiency
[103].

Therefore, it is feasible to use routine laboratory tests and standardized criteria to identify
iodine-deficient pregnant women by detecting excessive thyroidal stimulation. In practical terms, a
euthyroid pregnant woman with a Free T4 below or equal to the lower reference value of iodine
sufficient healthy pregnant women population, a T3/T4 ratio > 25 x 10?3, and a TG value above or
equal to the higher reference value would have a higher risk of iodine deficiency (Figure 6). It may
be helpful to use these surrogate markers of iodine status to select pregnant women who will benefit
most from iodine supplements.

T3/T4 > 0.025 Tg 2 higher
reference value
EUTHYROID presneen STIMULATION OF
PREGNANT  |—p 1 AND/OR t WITH —| ; AND/OR — THYROID
WOMEN | | | T METABOLISM
FT4 < lower Thyroid volume >
reference value 18 mL
Abnormal high T3 and low FT4 Abnormal high Tg and increased TV

Figure 6. Assessing iodine adequacy in pregnant women at an individual level.

In summary, the thyroid gland adapts to mild iodine deficiency by augmenting thyroid function
to maintain the euthyroid status during pregnancy. The primary step of this homeostatic mechanism
is the enhanced iodine uptake triggered by TSH, secondary to the slight decrease in free T4. Although
this compensatory mechanism succeeds in its objective, there is a price to pay: chronic
hyperstimulation, which leads to increased thyroid volume not only in pregnant women and
newborns but also to a higher risk of thyroid nodules later in life.

Meanwhile, the iodine uptake and synthesis of THs by the fetal thyroid starts at 10 12 weeks of
gestation, and thyroid secretion becomes effective by midgestation [111]. The fetal thyroid function
depends entirely on the iodine transferred from the pregnant women [111,112]. In conditions of mild
iodine deficiency, despite relative pregnant women'’s hypothyroxinemia, the newborn is protected
from hypothyroxinemia [83]. Similarly to pregnant women, iodine deficiency stimulated thyroid
activity of fetal thyroid, increasing TG concentrations in cord blood and thyroid volume compared
to iodine-sufficient newborns [83].

Two randomized iodine supplementation trials of pregnant women in Belgium and Denmark
with mild iodine deficiency reported similar findings for cord TSH and TG concentration [81,83].
Cord TSH concentrations were not different in the iodine-supplemented and non-supplemented
pregnant women. On the contrary, in the Danish and Belgian trials, iodine supplementation resulted
in a significant decrease in cord TG concentrations compared with newborns from non-iodine-
supplemented pregnant women. Interestingly, these results suggest that cord TG would be more
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sensitive to variation in iodine intake than TSH, as previously shown in an iodine-deficient region of
Italy [113].

In addition, thyroid volume in newborns in the Brussels trial was significantly larger in
newborns from non-supplemented pregnant women than newborns from supplemented pregnant
women.

Clinical and Biological Consequences of Severe lodine Deficiency In pregnant Women and Newborns

The most dramatic consequences of low iodine intake occur if iodine deficiency is severe. When
the UIC of school-age children is below 20 Lig/L, a population is considered severely iodine deficient
[86]. In severe iodine-deficient populations, goiter, cretinism, and hypothyroidism are endemic [114].
Hypothyroidism during pregnancy may result in both maternal and fetal hypothyroidism with
severe neurologic and cognitive deficits in the offspring. Unlike mild iodine deficiency, when iodine
deficiency is severe, the thyroid gland can no longer compensate to maintain euthyroid, and
hypothyroidism may occur during pregnancy or even before pregnancy. A double-blind controlled
trial conducted between 1966 and 1982 in an iodine-deficient region of the Western Province of Papua
New Guinea evaluated the efficacy of intramuscular administration of iodized oil as a prophylactic
measure against endemic cretinism, compared with saline as a control. The study found that pre-
conception supplementation with iodized oil prevented endemic cretinism. In addition, the
cumulative survival rate at 15 years was higher in the treated group than in the control group.
Children whose mothers received supplementation showed significantly better intellectual and
motor performance [115-117]. A recent study conducted in Greece in 2024 investigated the effects of
iodine intake on the motor and cognitive development of children aged 4 and 6 years. The findings
reveal that low iodine intake during childhood (UIC 100 ug/L) is linked to motor impairments in 4-
year-olds and decreased intelligence in 6-year-olds when compared to a control group [118].These
studies confirm that iodine deficiency during pregnancy leads to severe cognitive and motor deficits
and that iodine supplementation effectively prevents these deficits.

In some iodine-deficient regions, goitrogens in the staple food may aggravate even more iodine
deficiency during pregnancy by inhibiting iodine uptake [119,120]. Thiocyanate present in cassava
and the smoke of tobacco competitively inhibit iodine uptake. Flavonoids present in millet impaired
iodide organification by inhibiting TPO iodination activity [121]. In addition, other trace elements
may interact with thyroid metabolism as selenium and iron deficiency, modulating the adaptation of
the thyroid to iodine deficiency [92,94,122,123].

Endocrine disruptors (EDCs) are exogenous chemicals that interfere with hormone synthesis,
metabolism, or action, increasing the risk of adverse health outcomes [124]. A number of EDCs
impede iodine uptake by the thyroid gland, including perchlorate, nitrate and thiocyanate [125].
EDCs may also disrupt the thyroid during pregnancy [126-128]. Has been reported that high
perchlorate exposure in pregnant women is associated with low IQ in their 3-year-old children. This
study was part of the Controlled Antenatal Thyroid Study (CATS), in which involved over 21,000
pregnant women in the United Kingdom and Italy. The researchers found that pregnant women with
the highest levels of perchlorate in their urine were the most likely to have children with the lowest
IQ scores. This finding remained true even after looking at whether or not hypothyroidism was
corrected for, if present, beginning in the first trimester of pregnancy, thus suggesting that
perchlorate may have adverse effects independent of TH status. Pregnant women, in general, had
low urinary iodine levels in this study, consistent with inadequate iodine intake [129]. Meanwhile,
the impacts of maternal exposure to perchlorate, thiocyanate, and nitrate on offspring
neurodevelopment was explored on a birth cohort in China. This study showed that double
increment of thiocyanate and nitrate in urine samples during the first trimester was associated with
1.56 [95% CI: -2.82, -0.30) and 1.22 (-2.40, -0.03) point decreases in the offspring mental development
index (MDI) respectively [130]. These findings suggested that prenatal exposure to the three
chemicals (at current levels), especially thiocyanate and nitrate, may impair neurodevelopment.
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Iodine Excess

Acute high iodine intake can cause transient inhibition of TH synthesis by a mechanism known
as the acute Wolff-Chaikoff effect [131]. This inhibition is transient, and the thyroid “escapes” from
the Wolff-Chaikoff effect within a few days by downregulating the iodide thyroid uptake with the
restoration of normal TH synthesis [131]. Failure of the “escape” can result in iodine-induced
hypothyroidism [132]. The fetal thyroid gland is not fully able to escape from the Wolff-Chaikoff
effect until late in gestation, and fetal hypothyroidism may occur in case of acute iodine excess despite
thyroid function remaining normal in pregnant women [133].

The Wolff-Chaikoff effect generally occurs with acute iodine excess during medical or diagnostic
procedures, which are relatively infrequent during pregnancy. However, the use of antiseptics
containing iodine, mainly for cesarean section, has been associated with higher neonatal TSH,
increasing the recall rate for congenital hypothyroidism [134].

Iodine excess due to dietary or environmental sources is a more frequent condition associated
with increased prevalence of thyroid autoimmunity [81,135]. In countries exposed to iodine excess,
like Chile, the prevalence of hypothyroidism in the adult population, including pregnant women, is
highly elevated [136]. A cross-sectional study in China showed a U-shaped relation between thyroid
function and UIC among pregnant women in the first trimester of pregnancy; pregnant women
within the group with UICs of 150-249 ug/L had the lowest serum TSH and TG concentrations [137].
The WHO recommended safe upper iodine intake for pregnant women is 500 pg/d [86].

2. Discussion

Iodine and THs play an essential role in pregnancy, ensuring proper fetal development and
maternal health [138]. THs are involved in cellular development, growth, lipids and carbohydrates
metabolisms, cellular respiration, total energy expenditure, growth, tissue maturation brain
development [10]. Since iodine is an essential trace element of these hormones, adequate intake is
necessary to support both the mother and the brain and CNS development of fetus [139,140].

During pregnancy, more iodine should be consumed than at any stage of life since its renal
excretion is increased and part of it is diverted to the placenta for its passage to the fetus. The ideal
dietary allowance of iodine recommended by the World Health Organization (WHO) is 150 pgiodine
per day [114]. The physiological adjustments during pregnancy iodine requirements increase
significantly from 150 ug per day in non-pregnant adult women to 250 pg per day in pregnant woman
[2]. An iodine deficiency can have serious consequences that include impaired cognitive
development, leading to reduce IQ in the newborn [3,141,142].

Research has consistently shown that iodine deficiency during pregnancy is associated with
lower IQ scores in children. Studies indicate that even mild iodine deficiency can result in an average
IQ reduction of 8 tol5 points, meanwhile chronic moderate to severe iodine deficiency can reduced
expected average IQ by about 13.5 points [4,143].

Iodine deficiency during pregnancy is a major public health concern due to its irreversible effects
on brain development and intelligence in children. Ensuring adequate iodine intake through diet and
supplementation for the THs production is crucial to preventing cognitive impairments and
supporting optimal neurodevelopment. Therefore, it is recommended that pregnant, lactating, or
women planning a pregnancy take a daily supplement of 150 pg of iodine, begin supplementation
three months before a planned pregnancy, and avoid exposure to excessive doses of iodine, as it can
cause fetal hypothyroidism.

3. Conclusions

The primary physiological adaptation of the thyroid during pregnancy is an increase in TH
production, which begins in the first trimester. This heightened production of THs requires adequate
iodide intake. When dietary iodide is insufficient, this physiological adaptation can become
overwhelmed, resulting in thyroid overstimulation and impaired thyroid function. Pregnant women
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and newborns are particularly vulnerable to even slight deficiencies in iodide intake, making them a
key group for monitoring iodine staus in the population.

Severe iodine deficiency impaired neurodevelopment in offspring. However, even mild iodine
deficiency may affect thyroid function, which is often characterized by an increase in thyroid volume
due to overstimulation. It remains uncertain whether mild iodine deficiency impacts the cognitive
development of offspring, as both maternal and newborn THs concentrations typically remain within
normal ranges.

The risk of iodine deficiency appears to be higher in women than in men. Pregnant women
experience increased iodine requirements, and the cumulative effect of multiple pregnancies can lead
to further a depletion of thyoid iodine stores. Additionally, menstrual blood loss during pregnancies
is often linked to iron deficiency, which can interfere with thyroid function. The combination of
iodine and iron deficiency may contribute to the higher incidence of thyroid diseases in women
compared to men.

Starting iodine supplements during pregnancy may not fully replenish thyroid iodine stores.
Therefore, it is essential for women to begin their pregnancy with adequate iodine reserves to meet
the increased demands. This can be achieved by improving access to food products made with
iodized salt, which can help fill the nutritional gap not met by diet alone.
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