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Abstract

In pharmacologic doses, perchlorate inhibits thyroidal iodine uptake and subsequently decreases
thyroid hormone production. Although pharmacologic doses may be used in the treatment of
hyperthyroidism, recent literature has focussed on the detection of low levels of perchlorate in the
environment, groundwater and foodstuffs and their potential adverse effects on human thyroid
function. This is of particular concern to the developing foetus and infant, whose normal
neurodevelopment depends on adequate iodine intake for the production of thyroid hormones.
Further research is needed to clarify the potential health effects of low-level chronic
environmental perchlorate exposure. The health impact of environmental perchlorate may be
dependent upon adequate iodine intake and should be interpreted in combination with other
environmental exposures that are also potential thyroidal endocrine disruptors.
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Perchlorate is an inorganic anion that is a potent competitive inhibitor of the sodium-iodide
symporter (NIS) found on the basolateral membrane of thyroid cells. In pharmacological
doses, perchlorate decreases the active transport of iodine into the thyroid. During the 1950s,
perchlorate (in high doses of 600—1000 mg daily) was used to treat hyperthyroidism.12 Its
use diminished after several cases of aplastic anaemia were observed, perhaps due to the
large doses employed.3

However, perchlorate use has recently regained some popularity. In the early 1980s,
perchlorate doses of up to 900 mg daily, but usually far lower, were used for as long as 1
year for the treatment of Graves’ disease without serious side effects.* Recently, lower doses
have been used safely and effectively in the treatment of Graves’ disease and iodine-induced
hyperthyroidism.>¢ Perchlorate has also been successful in transiently restoring
euthyroidism in patients with amiodarone iodine-induced hypothyroidism by decreasing
intrathyroidal iodine concentrations’ and for prophylaxis against iodine-induced
hyperthyroidism from the administration of iodinated contrast agents.8 Although still in use
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in Europe and other regions, medicinal perchlorate is no longer readily available in the U.S.
since the producer discontinued production owing to limited demand.

Environmental perchlorate comes from a variety of sources, is extremely stable as an
inorganic salt and persists in low levels in soil and groundwater over long periods.? The
question of whether low-level environmental perchlorate exposure has significant
consequences for human health has generated considerable controversy. In this review, we
summarise iodine nutrition and thyroid hormone production, environmental sources of
perchlorate exposure, the effects of perchlorate on thyroid function, the major human
assessments of perchlorate, potential impacts of perchlorate levels on vulnerable
populations, recent issues surrounding perchlorate regulation and the current
recommendations for iodine nutrition.

lodine nutrition and thyroid hormone production

Concern about environmental perchlorate exposure centres on its inhibition of iodide uptake
into the thyroid. Decreased iodine intake may decrease thyroid hormone production.
Perchlorate exposure, therefore, might be particularly detrimental in iodine-deficient
individuals. However, single measurements of urinary iodine cannot be used to determine
iodine status in an individual, given the day-to-day variation in dietary iodine intake. Median
urinary iodine levels are used instead and reflect dietary iodine sufficiency across
populations.10

lodine deficiency continues to be an important global public health issue, with an estimated
2.2 million people (38% of the world's population) living in iodine-deficient areas.1 In
1990, the United Nations World Summit for Children set forth the goal of eliminating iodine
deficiency worldwidell, and considerable progress has since been achieved. This has largely
been led by programmes of universal salt iodisation (USI) in various countries, in line with
the recommendations of the World Health Organization (WHO).12 However, many
countries remain iodine deficient.1314 In the U.S., data from large population studies have
shown that median urinary iodine levels decreased by approximately 50% between the early
1970s and the early 1990s, although the population overall remained iodine sufficient.1®
Subsequent studies have shown that this decrease has stabilised.16

Environmental sources of perchlorate exposure

Low-level perchlorate exposure appears to be ubiquitous. Perchlorate is produced by natural
atmospheric processesl” and has been measured in rainwater, snow!8 and groundwater.1®
Environmental perchlorate is highly soluble and extremely stable under normal atmospheric
conditions.20 Perchlorate samples from drinking water and groundwater held for up to 638
days can be recovered to within 95% of the original concentrations using ion
chromatography.?! A large area of natural perchlorate, co-existing with other substances that
date back several thousands of years, was recently reported in the southwestern part of the
U.S. and is presumed to have leached into surrounding groundwater.22

The use of perchlorate salts in various manufacturing industries in the past few decades,
particularly in the western U.S., has contributed to its widespread presence at low levels. It
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has been a by-product of industrial production of solid rocket fuel, road flares, fireworks,
matches, and airbag inflation systems. High levels of perchlorate can also be found in some
crop fertilisers exported from Chile23, whose Atacama Desert region has high natural
perchlorate levels.2

Following the development of sensitive measurement methods (e.g., ion chromatography
and tandem mass spectrometry) in the late 199052526, low levels of perchlorate have been
detected in various sources. In the U.S., it has been found in many substances, including
tobacco, alfalfa, tomato, cow's milk2%, cucumber, lettuce, soybeans?’, eggs?® and
vitamins.2® In 1998, the U.S. Environmental Protection Agency (EPA) added perchlorate to
the Drinking Water Candidate Contaminant List.3°

Perchlorate has also been detected in many other consumable products worldwide. In Japan,
perchlorate was detectable in dairy milk in concentrations exceeding that of U.S. surveys.3!
In Canada, it has been found in a variety of fruits and vegetables, milk, tap and bottled
water, wine and beer products.32 A Chinese study reported perchlorate concentrations in
rice, bottled water and milk from different regions.33 Finally, perchlorate has been detected
in the drinking water of India, although levels were lower than that of the U.S.34

Effects of perchlorate on thyroid function

In the normal thyroid, iodide is actively transported across the basolateral membrane of
thyroid cells and used to produce thyroid hormone. Transport is achieved through the NIS
by an energy-dependent mechanism. NIS has been cloned from the rat3°> and human3®
thyroid. Investigations have demonstrated that NIS activity is Na*-dependent and
electrogenic, and the stoichiometry of cotrans-port is 2 Na*:1 anion.3” NIS has been
identified at the molecular level of some extrathyroidal tissues, such as the lactating
mammary gland (where concentrating iodine would be useful to the breastfed infant), the
salivary gland and gastric38 and intestinal mucosae3?, areas where the physiological
functions of iodide transport have yet to be elucidated.

Perchlorate competitively inhibits iodide at the level of the NIS with 30 times the affinity for
iodide.40 It is also actively transported by the NIS into the thyroid in a dose-dependent
manner.#142 Perchlorate is not significantly metabolised in humans, and thus perchlorate
exposure is best assessed by urinary levels.}” During lactation, perchlorate exposure may
also be assessed by breast milk concentrations.1’ lon chromatography and tandem mass
spectrometry are selective, sensitive and rapid methods for perchlorate measurements in
human urine samples*3, blood** and breast milk.4>

Studies of perchlorate exposure in healthy volunteers

Studies in the late 1990s reporting the prevalence of environmental perchlorate levels have
since generated an interest in assessing human exposure risks. Following the detection of
perchlorate in the groundwater of the southwestern U.S., we reported two studies assessing
the effect of 3 mg and 10 mg of perchlorate daily (dissolved in spring water), respectively,
for 14 days on thyroid function.6:47 A significant decrease in thyroidal 123 uptake on day
14 of perchlorate ingestion was observed with the 10-mg dose, an expected effect of
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perchlorate on iodide transport. Neither perchlorate dose, both far higher than environmental
exposures, affected serum thyroid function tests.

In a larger study, Greer et al. assessed the perchlorate dose response on the thyroidal 123|
uptake and thyroid function in 37 human subjects.*8 In these volunteers, drinking water with
perchlorate concentrations at 0.007, 0.02, 0.1 or 0.5 mg kg ~! per day was administered for
14 days. The investigators found no changes in thyroid function for doses up to 35 mg.
However, a decrease of the thyroidal 123] uptake was noted at the 1.4 mg per day dose (but
not the 0.5 mg per day dose), thereby suggesting a no-effect level for perchlorate of 0.5 mg
per day, which is far higher than typical environmental exposures.

These short-term studies were followed by a report on the effects of low-dose (placebo, 0.5
mg or 3.0 mg) perchlorate administered as part of a prospective, double-blinded, randomised
trial of perchlorate to 13 healthy volunteers over 6 months. Similar to the results of the
previous shorter-term studies, there were no changes in serum thyroid function tests and no
effect on the thyroidal 1231 uptake in all dose groups®?, although this study was not
adequately powered to assess these outcomes.

Occupational perchlorate exposure

The impact of perchlorate has also been studied in U.S. perchlorate production workers, a
group whose exposure is longer term and at far higher exposure levels. A study at one
production plant, which monitored perchlorate exposure by estimates of airborne contact,
found no changes in thyroid function in the workers when assessed during or after shift
work.%0 Another study by Lamm et al. in perchlorate production workers also demonstrated
no changes in thyroid function among the four strata of workers with increasing doses of
mean urinary perchlorate values.>!

In the largest study of perchlorate exposure at a U.S. perchlorate production facility, 29
perchlorate workers were studied who had been exposed intermittently to high perchlorate
levels over a median duration of 5.9 years.52 Thyroidal iodide uptake was slightly decreased
in the hours following overnight exposure, but serum thyroid function tests were not
affected by this long-term, intermittent, high-level exposure to perchlorate, resulting in urine
concentrations of 43 mg | 1. The above studies of perchlorate exposure in healthy
volunteers and perchlorate production workers have been recently summarised.5354

Population studies of perchlorate exposure

In the 2001-2002 U.S. National Health and Examination Survey (NHANES), perchlorate
was detected in all 2820 spot urine specimens (median urine perchlorate concentration 3.6
mg | 71)55 and was negatively associated with total thyroxine (T4) and positively associated
with thyroid-stimulating hormone (TSH) values in women, primarily those with urine iodine
concentrations <100 mg | 1.6 However, these relationships were not observed in men; in a
follow-up subset analysis of this dataset (which analysed only women of childbearing age)
using creatinine-adjusted urinary values®’; nor in a large European study assessing the
serum thyroid function of iodine-deficient pregnant women.>8 Some of the reasons for the
inconsistent trends seen in these and the other studies were recently reviewed.5® Additional
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research is needed to clarify whether low-level perchlorate exposure truly affects thyroid
function.

Perchlorate exposure during pregnancy

The unborn foetus and developing infant may be especially vulnerable to perchlorate
exposure. Adequate iodine nutrition is needed for thyroid hormone synthesis, and thyroid
hormone plays a vital role in foetal neurodevelopment in utero.60 Maternal placental supply
of T4 is the major contributor to foetal serum T4 levels in early pregnancy and plays a
crucial role in infants’ neurodevelopment in utero.51 In a severely iodine-deficient area of
China, maternal iodine supplementation in the third trimester and the immediate post-partum
period resulted in improved brain growth and developmental achievements in their
offspring.50 In infancy, iodine deficiency may result in developmental delays, particularly in
language and memory skills.52 Maternal hypothyroidism, including subclinical disease, may
lead to impaired neurological development and intelligence quotient (IQ) scores in their
offspring.63.64 lodine deficiency remains the leading cause of preventable mental retardation
worldwide.

During pregnancy, sufficient iodine nutrition is particularly important. Thyroid hormone
requirements increase, particularly during the first trimester®, due to higher concentrations
of thyroxine-binding globulin, placental inner-ring deiodination of thyroxine to the inactive
iodothyronine (reverse T3) and transfer of small amounts of thyroxine to the foetus,
especially during the first trimester when foetal thyroid function is absent. In addition, the
glomerular filtration rate and clearance of proteins and other molecules are both increased in
pregnancy, thereby likely causing increased renal iodide clearance and a decreased
circulating pool of plasma iodine.56 Thus, although the foetal thyroid is capable of trapping
iodide by about week 12 of gestation®”, high maternal perchlorate concentrations could
potentially decrease thyroidal iodine available to the foetus by inhibiting placental NIS.
Perchlorate and other environmental inhibitors of the NIS have been found in measurable
quantities in human amniotic fluid.®8

There are limited data regarding low-level environmental perchlorate exposure and maternal
thyroid function during pregnancy. A Chilean study found no increases in TSH or decreases
in free thyroxine or urinary iodine concentrations in pregnant women living in three areas
(all of which had more than adequate mean urinary iodine levels) with long-term
environmental perchlorate exposure.5 A follow-up analysis of this cohort also confirmed
the lack of association between individual urinary iodide or perchlorate concentrations and
thyroid function in the pregnant women.”® Our studies of large cohorts of first-trimester
pregnant women from the U.S., Europe and Argentina found that environmental perchlorate
exposure did not affect maternal thyroid function.>8:71.72

The data assessing the effect of maternal perchlorate exposure in neonates and children and
thyroid function remain unclear. Brechner et al. reported that newborns whose mothers
resided in areas with high perchlorate levels in drinking water in U.S. had higher TSH
values than those who did not’3, although a further analysis of these data showed that the
differences were due to factors other than perchlorate exposure.’® In one study of three cities
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in northern Chile, perchlorate concentrations up to 120 um 1= in drinking water were not
associated with differences in serum TSH levels in newborn and school-age children.”® The
TSH values of neonates at age 1 month living in a U.S. region where perchlorate levels are
up to 15 ppb in drinking water were not affected by environmental perchlorate exposure.”®
Similar findings were observed in another U.S. community where perchlorate was detected
in groundwater wells.”” In Israel, neonatal thyroxine levels were not affected by serum
perchlorate levels far exceeding those of the U.S. EPA recommendations.”8

Perchlorate exposure during lactation

Lactating women and their infants may also be particularly vulnerable to the thyroidal
effects of environmental perchlorate exposure. lodine is actively secreted into breast milk
through NIS’?, and breastfed infants are completely reliant on adequate maternal dietary
iodine intake.8% Similar to its mechanism on thyroid cells, perchlorate is a competitive
inhibitor of the NIS found on lactating breast cells.*! Perchlorate transfer into breast milk
may thus decrease breast milk iodine levels®! and adversely affect infant thyroid hormone
levels, either by decreasing iodine in breast milk or by directly affecting infants’ thyroid
hormone synthesis.

Recently, the U.S. Food and Drug Administration reported in a Total Diet Study that infants
and children have the highest intakes of perchlorate by body weight based on estimated
intake.82 Measured breast milk iodine and perchlorate levels have been assessed only in a
few small U.S. studies. Perchlorate has been detected in human breast milk ranging from 1.4
t0 92.2 mg ul~1 (10.5 pg 171, mean) in 18 U.S. states83 and 1.3 to 411 pg 1”1 (9.1 pg 172,
median) in the Boston, U.S. area.8* Perchlorate has also been detected in human colostrum
(the substance from the postpartum mammary gland prior to the production of breast milk)
of 46 women in the Boston, U.S. area, ranging from < 0.05 to 187.2 pmol I-1.85

Kirk et al. reported that the breast milk iodine content was inversely correlated with breast
milk perchlorate concentrations in six women with breast milk perchlorate levels 10 ug
I-1.83 This association was not observed in the 23 of 49 breast milk samples with perchlorate
content 10 pg I"1 in a Boston-area cohort.84 Breast milk perchlorate is known to have some
temporal variability.88 Using a model of parallel and competitive transport of perchlorate
and iodine excretion in the urine and breast milk of lactating women, Dasgupta et al. have
reported that 12 of 13 infants were ingesting inadequate iodine amounts in breast milk and
that 9 of 13 infants were consuming perchlorate amounts above the upper limit proposed by
the U.S. National Academy of Sciences.8” An analysis of simulated perchlorate exposure
also suggested that a majority of breastfed infants may be ingesting perchlorate levels in
breast milk exceeding the U.S. EPA recommendations.88

Formula-fed babies may also be at risk for perchlorate exposure. Perchlorate levels of 0.22
to 4.1 pg I (1.5 pg I"1, median) were found in all 17 brands of the U.S. infant formula
recently assessed®4, confirming previous data reporting perchlorate content in infant
formula.8? Infants consuming certain brands may be at risk for ingesting perchlorate
amounts exceeding that of the U.S. EPA recommendations.%©
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Other environmental inhibitors of the sodium/iodide symporter

The effects of perchlorate on iodine availability should be interpreted in the context of other
NIS inhibitors. These include thiocyanate, a metabolite of cyanide that is produced as a by-
product of cigarette smoke and found in a large variety of foods, and nitrate, which is
produced naturally. Comparatively, perchlorate is a very potent inhibitor of the NIS; its
effects are 15-fold greater than thiocyanate, 30-fold compared to iodide, and 240-fold
compared to nitrate.*0 Nonetheless, because exposure to thiocyanate and nitrate is
ubiquitous, the additive effects on iodide uptake may be important when assessing iodine
availability. Some have urged that the detection, concentrations and potencies of these other
NIS inhibitors also be considered in studies reporting environmental perchlorate exposure®,
which were not assessed in the large U.S. population study reporting the adverse effects of
perchlorate exposure on thyroid function in women.>6

There are many other pathways by which environmental chemicals can disrupt thyroid
function.?1-95 No studies to date have examined the additive effects of endocrine disruptors
which affect the other aspects of thyroid hormone synthesis and metabolism.

Regulation of perchlorate exposure

There has been considerable debate regarding safe levels of perchlorate exposure. A
reference (RfD) dose of 0.0007 mg kg ~1 per day of perchlorate was proposed in a 2005 U.S.
National Academy of Sciences report.% This dose, which defines the estimate of a
substance's daily human exposure that is likely to be without any appreciable lifetime
effects,%” was based primarily on the prospective study by Greer et al. of varying perchlorate
doses administered to 37 adult volunteers.*® This RfD dose is approximately equivalent to
an EPA-defined Maximum Contaminant Level (MCL) of 24.5 ppb in drinking water based
on standard estimates. The results of one investigation suggest that the current MCL
threshold should pose little or no risk to the large majority of U.S. individuals, including
pregnant women, based on various potential drinking water estimates.%8

The potential health-related issues of environmental perchlorate exposure stemming from a
U.S. National Academy of Sciences report were recently summarised®%:190 and call for
ongoing investigations into safe thresholds for perchlorate exposure. Currently, there are no
WHO guidelines for the regulation of perchlorate, although a meeting planned in 2010 by
the United Nations and WHO plans for a full assessment of its toxicologic and exposure
properties.101

Current recommendations

The most vulnerable populations of environmental perchlorate exposure are the developing
foetus and newborn infant, as sufficient iodine nutrition is necessary for their normal thyroid
function at a crucial time of neurodevelopment. Until more is known about the effects of
environmental perchlorate exposure on iodine nutrition and thyroid function, adequate
iodine nutrition in pregnant and lactating women should be optimised. Globally, the WHO
has advised that in areas with uneven or lapsed iodised salt distribution (in which 20-90% of
the households consume iodised salt), women of childbearing age should receive 150 ug
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iodine per day.1%* The WHO recommends 250 ug of total iodine intake daily during
pregnancy and lactation, and the U.S. Institute of Medicine recommends 220 ug during
pregnancy and 290 pg during lactation.102 Guidelines by the AmericanThyroid Association
urge that prenatal vitamins for U.S. and Canadian women contain 150 pg iodine daily during
pregnancy and lactation93, and the U.S. National Academy of Sciences advocates that
iodide be included in all prenatal multivitamins.%6

In summary, improved detection methods in the past decade have allowed perchlorate to be
measured in various food and water sources and across all populations in the U.S. Health
implications of chronic, low-level, ubiquitous perchlorate exposure need to be further
explored. The issue of environmental perchlorate exposure and its potential effects on
thyroid function, particularly in the foetus and infant, remains controversial.
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