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bstract

Chronic exposure to high doses of iodine induces thyroid dysfunction, but effects of chronic exposure to high amounts of iodine on pregnancy
nd fetal outcome are uncertain. In the present study, Balb/C mice were given different doses of iodine at the levels of 0 (sterile water), 1500, 3000,
000, 12,000 and 24,000 �g/L in drinking water for 4 months, then were mated and the developmental toxicity and teratogenicity were evaluated.
n obvious colloid goiter was observed, and serum total thyroxine (TT4) levels increased and serum total triiodothyronine (TT3) levels decreased

ignificantly in dams when iodine dose reached 3000 �g/L. Maternal effect was evident by the reduction of average daily food consumption

n higher doses of iodine groups. Embryotoxicity and teratogenicity were mainly indicated by the reduced body weight in female fetuses, the
ecreased number of live fetuses, and the increased incidence of resorptions, and especially skeletal variations. These results suggest that exposure
o maternally toxic doses of iodine may have a potential developmental toxic effect.

2006 Elsevier Inc. All rights reserved.
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. Introduction

The goal of eliminating iodine deficiency disease (IDD) has
een achieved since Universal Salt Iodization (USI) policy has
een widely carried out in many nations including China [1].
n the other hand, reports are increasingly appearing on the

oxic effects caused by high amounts of iodine intake. Exposure
o high amounts of iodine occurs via food [2], drinking water
3], medication [4] and iodized salt or iodinated oil [5]. Besides
oiter, high amounts of iodine intake may increase the risk of
yperthyroidism, hypothyroidism, iodine-induced autoimmu-
ity and thyroid cancer [6,7]; however, the effects of chronic
xposure to high doses of iodine on pregnancy and fetal out-
ome are uncertain [8].
Thyroid hormone is essential for growth, development
nd cell differentiation. Before the fetal thyroid gland and
ituitary–thyroid axis become functional (gestation day (GD)
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7–18 in rats and GD 90 in humans), fetal thyroid hor-
ones must come from the maternal circulation [9]. Mater-

al transfer of T4 constitutes a major fraction of fetal serum
4, even after onset of fetal thyroid secretion, they may con-

ribute to the maintenance of fetal development. Adequate
odine supply, fetal thyroid hormone production and circulating
hyroid hormone concentrations are essential factors in devel-
pment. Previous studies [10] revealed that iodine deficiency
uring pregnancy may result in stillbirths, abortions and con-
enital abnormalities such as cretinism, a grave, irreversible
orm of mental retardation; however, there is little informa-
ion available in literature about whether high amounts of
odine also have an effect on embryonic development as iodine
eficiency.

A retrospective study [11] reported that maternal hypothy-
oidism and hyperthyroidism have deleterious effects on the
utcome of pregnancy, including miscarriage and birth defects

uch as sunken chest, extra fingers, cleft lip and palate, and ear
eformities. The potential relationship between thyroid disease
nd birth defect needs attention. High amounts of iodine have a
omplex disruptive effect on the thyroid and may cause either

mailto:sunxf@mails.tjmu.edu.cn
dx.doi.org/10.1016/j.reprotox.2006.05.010
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significant increase in the number of non-pregnant or abortion
females in high doses of iodine exposure groups. Compared
to control group, average daily food consumption of maternal
mice was markedly reduced in 12,000 and 24,000 �g/L doses
26 X.F. Yang et al. / Reproducti

ypothyroidism or hyperthyroidism [12–14], but do changes of
aternal thyroid hormone status also induce developmental tox-

city and teratogenicity? We therefore conducted this study to
etermine whether chronic exposure to high doses of iodine
esulted in embryotoxicity and malformations.

. Materials and methods

.1. Animals

Young Balb/C mice obtained from Laboratory Animal Center of Hubei
rovincial Center for Disease Control and Prevention (Wuhan, China) were
aintained in constant temperature controlled rooms (22 ± 2 ◦C) with controlled

ighting (12 h light/12 h dark). Five animals were housed in groups of the same
ender, with free access to commercial laboratory chow and sterile water. The
ontent of iodine in the diet and water was 365 �g/kg and 8 �g/L, respectively.
he animals were cared for according to the Guiding Principles in the Care and
se of Animals. The experiments were approved by Tongji Medical College
ouncil on Animal Care Committee.

.2. Treatment with high doses of iodine

After 1-week acclimation to the laboratory environment animals were ran-
omly assigned to six groups of 15 animals each (10 female and 5 male)
ccording to body weight and given different doses of iodine at the levels of
, 1500, 3000, 6000, 12,000 and 24,000 �g/L by using sterile water as the vehi-
le. Four months later, female mice were placed into the metabolic cages of
ve mice each and urine samples over 3 h in the morning were collected for 3
ays to measure urinary iodine concentration. Females were then paired with
male in a 2:1 ratio overnight and examined for a vaginal plug the following
orning. The day on which a vaginal plug was observed was designated day
of gestation. The treatment with high doses of iodine continued through the

eriod of gestation.

.3. Maternal observations

Animals were examined daily throughout the experimental period for signs
f toxicity. Maternal body weights as well as food and water consumption were
ecorded. Dams were euthanized by cervical dislocation on day 19 of gestation.
he thyroid was separated and fixed in 10% neutral formalin, processed by the
tandard histological techniques, and stained with hematoxylin and eosin for
ight microscopic examination. Blood from each dam was collected. Aliquots
f serum from these blood samples were stored at −20 ◦C for thyroid hormone
nalysis.

.4. Fetal observations

After pregnant mice were sacrificed, the gravid uterus of the pregnant mice
as removed and weighed immediately, the numbers and positions of the live or
ead fetuses, as well as resorptions, were recorded. Live fetuses were weighed
ndividually, gender-determined, and examined for external abnormalities (exen-
ephaly, cleft palate, abdominal hernia, polydactly, open eyelid, and so forth).
ne-half or two-thirds of the fetuses were preserved in 95% ethanol and stained
y Alizarin red for skeletal examination. The remaining fetuses were fixed in
ouin’s solution for visceral evaluation.

.5. Iodine concentration and thyroid hormone analysis

Iodine concentration in diet, water and urine was measured by Cer-Arsenite

olormetric method as modified by Fischer et al. [15]. Urinary creatinine con-
entration was determined by alkaline picrate method. The urinary iodine
o creatinine ratio (�g/g Cr) was used to estimate urinary iodine concentra-
ion. Serum total thyroxine (TT4) and total triiodothyronine (TT3) were mea-
ured by RIA kits obtained from the Chinese Academy of Atomic Energy in
eijing.
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.6. Statistical analysis

Because of its skewed distribution, the median was used to describe the cen-
ral tendency of urinary iodine concentration. The Kruskal–Wallis method was
sed to test the differences in ranking of urinary iodine concentration. One-way
nalysis of variance (ANOVA) was used to analyze thyroid hormone levels,
aternal food and water consumption, maternal body weight gain, placental
eight. Two-way ANOVA with factors = treatment and sex was performed to

nalysis the gender difference in fetal weight. When significant effects were
bserved by ANOVA, the data for the treated groups were compared statisti-
ally with the control group by Duncan’s multiple range test. The ratios of live,
esorbed and dead fetuses were analyzed by variance and Duncan’s test after
rcsine transformation. The incidence of skeletal anomalies was analyzed by
2-test. Significance was set at the 0.05 probability level.

. Results

.1. Biological indicators of chronic high doses of iodine
xposure in female mice

The concentration of iodine in urine is currently the most
idely used as biochemical marker of iodine intake. After

xposure to high doses of iodine for 4 months, urinary iodine
oncentration of female mice increased in a dose-dependent
anner (r = 0.96, p < 0.01) (Fig. 1). An obvious colloid goiter
as observed in thyroid of dams exposed to high doses of iodine

Fig. 2). With iodine dose increasing, follicular epithelial cells
radually became flattened, and the follicles gradually became
istended with colloid. Compared to control group, serum TT4
evel increased and serum TT3 level decreased significantly in
ams when iodine dose reached 3000 �g/L, whereas exposure
o 1500 �g/L iodine had no obvious effect (Fig. 3).

.2. Pregnancy outcome following chronic high doses of
odine exposure

The effects of chronic high doses of iodine exposure on
regnancy outcome are summarized in Table 1. There was no
ig. 1. Effect of chronic excessive iodine exposure on urinary iodine level in
emale mice. The urinary iodine to creatinine ratio (�g/g Cr) was used to esti-
ate iodine concentration in urine and data were expressed as median, each

ar represented the median of a group of six samples. **p < 0.01 compared with
ontrols by Kruskal–Wallis method.
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Fig. 2. Morphology of maternal thyroid grand (HE, magnification 100×). Thyroid glands obtained from control dams (A) or dams exposed to 3000 �g/L (B),
12,000 �g/L (C) and 24,000 �g/L (D) iodine. As shown in (B–D), chronic excessive iodine exposure induced colloid goiter, follicular epithelial cells gradually
b
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ecome flattened, and the follicles gradually became distended with colloid.

able 1
regnancy outcome following chronic high doses of iodine exposure

ose groups (�g/L) 0 1500

ams
Number of dams pregnant (%) 10 (100) 9 (90)
Number of examined litters 7 8
Implants/litter 5.6 ± 2.4 6.6 ± 1.3
Average daily food consumption (g) 4.8 ± 0.4 4.6 ± 0.3
Average daily water consumption (ml) 4.9 ± 0.8 4.8 ± 0.9
Body weight gain (g) 11.386 ± 3.339 10.762 ± 2.058
Mean placenta weight (g) 0.126 ± 0.019 0.113 ± 0.014

etuses
Live fetuses/implants (%)a 92.3 ± 7.2 72.5 ± 9.4*

Resorbed fetuses/implants (%)a 7.7 ± 7.2 27.5 ± 9.4*

Dead fetuses/implants (%)a 0 ± 0 1.6 ± 4.4

etal body weight (g)
Males 1.21 ± 0.12 1.13 ± 0.29
Females 1.20 ± 0.13 1.09 ± 0.16
Ratio of males/total 0.48 0.47

ata represented mean ± S.D.
a Data were analyzed after arcsine transformation.
* p < 0.05 compared with the control group by ANOVA and Duncan’s test.
3000 6000 12000 24000

9 (90) 8 (80) 9 (90) 9 (90)
8 7 7 8
7.3 ± 2.1 5.7 ± 1.3 7.6 ± 1.3 7.6 ± 1.5
4.7 ± 0.3 4.5 ± 0.5 4.3 ± 0.4* 4.3 ± 0.3*

4.8 ± 1.2 4.5 ± 1.3 4.2 ± 0.7 4.2 ± 1.2
11.363 ± 3.531 10.840 ± 1.705 11.243 ± 2.651 11.138 ± 3.673
0.106 ± 0.009* 0.104 ± 0.011* 0.109 ± 0.019* 0.102 ± 0.012*

69.8 ± 14.6* 67.9 ± 17.5* 64.4 ± 10.0* 63.2 ± 17.4*

26.2 ± 10.8* 28.1 ± 13.5* 28.6 ± 13.1* 27.0 ± 15.3*

4.1 ± 5.7 4.1 ± 7.0 7.0 ± 9.0 9.9 ± 15.1

1.14 ± 0.11 1.21 ± 0.12 1.21 ± 0.06 1.18 ± 0.11
1.11 ± 0.11 1.05 ± 0.09* 1.05 ± 0.11* 1.05 ± 0.18*

0.50 0.46 0.44 0.46
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Table 2
Skeletal variations induced by chronic high doses of iodine exposure

Dose group (�g/L) 0 1500 3000 6000 12000 24000

Number of examined litters 7 8 8 7 7 8
Number of fetuses examineda 22 23 19 18 22 28
Number of skeletal malformation (%)b 2 (9.1) 6 (26.1) 8 (42.1)* 8 (44.4)* 11 (50.0)* 15 (53.6)*

Supernumerary ribs 2 5 6 6 8 11
Agenesis of sternbrae 0 1 0 1 2 0
Poor ossification of metacarpals and metatarsals 0 0 0 0 0 1
Abnormal fusion of supraoccipital 0 0 0 1 1 2
Malaligned vertebral centra 0 0 2 0 0 1
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a One-half or two-thirds of the live fetuses were used for skeletal examination
b No multiple defects found in the same fetus.
* p < 0.05 compared with the control group by χ2-test.

roups and average placental weight was also reduced in high
oses of iodine exposure groups except 1500 �g/L group. No
bvious changes in average daily water consumption and mater-
al body weight gain were noted among all of the doses groups
hroughout the gestation. The results of fetal observation showed
hat high doses of iodine exposure induced a decrease in the
ncidence of live fetuses and an increase in the incidence of
eabsorbed fetuses (Table 1). Excess iodine-associated reduc-
ion in fetal body weight was observed only in female fetuses of
000, 12,000 or 24,000 �g/L groups. Neither obvious external
lternations nor visceral malformations were found in fetuses in
ny treated groups.

.3. Skeletal variations induced by chronic high doses of

odine exposure

Exposure to high doses of iodine resulted in an increase in
he incidence of skeletal variations dose-dependently (r = 0.80,

ig. 3. Effects of chronic excessive iodine exposure on serum thyroid hormone
evel in maternal mice at term. Each bar represented the mean and S.D. of
uplicate determination from seven to eight dams. *p < 0.05 compared with the
ontrol group by ANOVA and Duncan’s test.
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< 0.05), and this increase was statistically significant in the
igh doses of iodine groups except 1500 �g/L group com-
ared to control group (Table 2). Skeletal alterations included
upernumerary ribs, agenesis of sternbrae, poor ossification of
etacarpals and metatarsals, abnormal fusion of supraoccipital

nd malaligned vertebral centra. No multiple defects found in
he same fetus. The form of ectopic or supernumerary ribs (SNR)
as commonly observed (Table 2).

. Discussion

To our knowledge this is the first study to examine the repro-
uctive toxicity induced by maternal chronic high amounts of
odine exposure before and during pregnancy. At what level
hould iodine intake be considered excessive? Suzuki defined
odine excess as the amount of iodide beyond the physiological
equirement for adequate thyroid hormone synthesis [16]. For
ost adults, 150 �g iodine is daily required for thyroid hormone

ynthesis and up to 200 �g per day for pregnant women. Zhao
t al. [17] suggested that maximum allowable iodine concentra-
ions may be set at 800 �g/L in the urine of adults or 300 �g/L
n drinking water if a 5% goiter prevalence is defined as a pub-
ic health problem. Under certain conditions, the consumption of
odine may be much higher. One study [18] found that the inhab-
tants of the Japanese island of Hokkaido who consume large
uantities of seaweed called kombu take in more than 200 mg
200,000 �g) of iodine per day, a 1000 times the recommended
aily requirement. Another study reported that the iodine con-
entration in the well water is above 1000 �g/L, up to 2800 �g/L
n some areas of China [19]. Generally, thyroid dysfunction was
ound to occur when iodine was administered at levels 10 times
he physiologic requirement; however, effect of excess iodine on
hyroid function varies in different species. The previous studies
howed that mice are more sensitive to excess iodine exposure
han rats [20].

In the present study, exposure to 1500, 3000, 6000, 12,000
nd 24,000 �g/L iodine in drinking water for 4 months, which
orresponded to 5-, 10-, 20-, 40-, and 80-fold of the adequate

odine intake for mice, resulted in significant increase in urinary
odine concentration. Additionally, an obvious colloid goiter was
lso induced. In the thyroid of dams exposed to high doses of
odine, the follicles were filled with colloid and the epithelial
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ells were flattened, which was different from the situation in
odine deficiency. Similar results have been reported in other
tudies on the animals or human subjects exposed to high doses
f iodine. This indicated that the model of chronic high doses of
odine exposure was established.

Iodine excess reduced maternal food consumption in higher
ose of iodine group (12,000 and 24,000 �g/L), but no change of
aternal weight gain in these groups was observed. This might

e related to an altered metabolic condition associated with a
igh dose iodine exposure. Reduction in placental weight might
e possibly a consequence of maternal toxicity. Chronic high
oses of iodine exposure produced embryotoxicity as indicated
y the decrease in the number of live fetuses and the increase
n the rate of resorptions and skeletal variations. Interestingly,
ower body weight was only found in female fetuses. This sug-
ested that females may be more susceptible to iodine excess
han males. Recently, several studies [21–23] were carried out
o observe the effect of food restriction on embryo development
n the rabbit and rat. The results showed that feed restriction
o feed levels that produce substantial reductions (50% com-
ared to ab libitum fed animals) in maternal body weight gain
ight result in developmental toxicity expressed by abortion,

educed fetal weight, and minor alterations in bone development.
n present study, reduction in maternal food consumption (about
0% reduction) was only observed in 12,000 and 24,000 �g/L
roups. But the developmental toxic effect such as increased
esorption, reduction in fetal body weight and reduction in pla-
ental weight had already been found in the lower dose groups.
herefore, adverse pregnancy outcome induced by excess iodine
t lower doses might not result from maternal toxicity. Whether
dverse pregnancy outcome induced by excess iodine at higher
oses might partly be the consequence of reduced maternal food
ntake or not still need further study.

The mechanisms involved in the maternal and embryo tox-
city induced by high doses of iodine exposure have not been
larified. The changes of thyroid hormone level may play an
mportant role. Depending on the dose of iodine, susceptibility
ariances of species and on the previous conditions of the gland,
odine excess can induce hypothyroidism or hyperthyroidism. In
he present study, high doses of iodine treatment resulted in an
ncrease of TT4 and a decrease of TT3, consistent with previous
nimal studies [24,25]. This change may be mainly related to
he inhibition of 5′-deiodinase activity, resulting in a decrease
n the generation of T3 from T4 [26]. Maternal thyroid hor-

one status affects fetal thyroid hormone level via the placenta,
hich modulate the transfer of iodine and small but important

mounts of thyroid hormone (especially T4) from mother to
etus [27]. Recent findings from University of Chicago research
28] represented the first evidence in humans that an excess of
hyroid hormone during pregnancy could impair embryogenesis
f growing fetuses through transplacental passage of maternal
hyroid hormone, and also indicated that hormonal replace-

ent must be assessed and fine-tuned so as not to exceed the

ormal requirements. Several clinical studies [29,30] reported
hat chronic maternal exposure to medications containing iodine
such as amiodarone and potassium iodide) may induce hypothy-
oidism and goiter in the offspring. One study [31] carried out

F
C

icology 22 (2006) 725–730 729

n Denmark, where mild to moderate iodine deficiency is preva-
ent, found that supplementation of moderate iodine (150 �g
er day) to healthy pregnant women with no previous history of
hyroid disease could inhibit thyroid function in the neonates.
o, besides the influence on maternal thyroid hormone, exces-
ive iodine transferred by placenta has a direct inhibition on the
evelopment and function of fetal thyroid. Although the detailed
echanism need further research, both effects might have led to

ypothyroidism in fetuses [32], which induced embryotoxicity
s indicated mainly by the fetal growth retardation in female
etuses and the increase in the incidence of resorptions and
keletal variations. These toxic effects were obviously observed
n the groups with doses starting at 3000 �g/L, which corre-
ponded to 10-fold of the adequate iodine intake for mice.
nder certain conditions, the amount of iodide ingested by
eople is beyond the physiological requirement tens or hun-
reds times [18,19]. Therefore, the potential developmental
oxic effects of chronic exposure to high doses of iodine need
ttention.

Thyroid hormone plays a key role in normal skeletal devel-
pment, linear growth and the maintenance of adult bone mass
33]. The delayed appearance of ossification centers is a frequent
nding in newborns with congenital hypothyroidism. The same
henomenon was observed in the present study. Other forms
f skeletal variations including agenesis of sternbrae, abnormal
usion of supraoccipital and malaligned vertebral centra, espe-
ially supernumerary ribs (SNR) also found in fetuses of mice
xposed to high doses of iodine. Thyroid hormone receptor (TR)
nd retinoic acid receptor (RAR) are members of the steroid hor-
one receptor superfamily, as well as have been shown to share

n identical P-box sequence, which implicates that they can bind
he same DNA sequences and can interact physically. Super-
umerary ribs in mouse fetuses induced by retinoic acid were
lso reported [34]. The molecular mechanisms of thyroid hor-
one and retinoic acid might overlap. Several studies [35–37]

ave found that axial skeletal defects (such as extra ribs) cor-
elated with the abnormal expression of developmental control
enes-Hox genes, which is now confirmed to be regulated by
etinoic acid. A thyroid hormone responsive element (TRE) was
lso found in the regulatory regions of some Hox genes [38].
owever, there is little evidence that Hox genes expression is

egulated directly by thyroid hormone. So, the molecular mech-
nisms of skeletal variations induced by excessive iodine need
urther investigation.

The current findings may have potentially important impli-
ations for pregnant women who lived in iodine excess areas
r supplemented with high amounts of iodine during preg-
ancy. Whether such changes in our exposures to high amounts
f iodine could be having an adverse impact on pregnancy
nd fetal outcome is a significant issue that needs further
ttention.
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