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Abstract

Exposure to perchlorate or other thyrotoxic compounds can cause hypothyroidism in most vertebrates, and this may affect levels of
endogenous antioxidants and cause oxidative stress. Arsenic also induces oxidative stress in animals by modifying the antioxidant capac-
ity and may alter the thyroid homeostasis. Therefore, hypothyroidism may affect the toxicity of arsenate. In order to test this hypothesis,
zebrafish (Danio rerio) were made hypothyroid by exposure to perchlorate, and toxicity of arsenate in hypothyroid and euthyroid fish
was compared. The endpoints were LC50 and thyroid histopathology. Additionally, the recovery of thyroid histopathological indices
after cessation of perchlorate exposure was determined. The current study showed that 96 h LC50 of perchlorate anion and arsenate
ion to juveniles fish (37 day post-fertilization) were 2532 and 56 mg l�1, respectively. In addition, hypothyroid fish were more sensitive
to arsenate, with a 96 h LC50 of 43 mg l�1. Growth rates were also significantly retarded by perchlorate exposure. After cessation of
perchlorate exposure, there was recovery of thyroid histopathology in terms of epithelial cell height, but not colloid area or growth rate.
In conclusion, perchlorate enhances arsenate toxicity to juvenile zebrafish, and the rate of thyroid recovery after cessation of perchlorate
exposure depends on the endpoints examined.
� 2007 Published by Elsevier Ltd.
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1. Introduction

The interactive effect of contaminant mixtures is an
active area of research (Altenburger et al., 2003), because
living organisms are commonly exposed to mixtures of
contaminants in natural environments. One possible inter-
action is that some chemicals with low acute toxicity may
enhance the toxicity of more toxic chemicals. For example,
many chemicals may disrupt thyroid function (Brown
et al., 2004), and it has been found that an altered thyroid
state may induce oxidative stress or compromise endoge-

nous antioxidant capacity in fish (Varghese et al., 2001).
Thus, thyroid disruptors may affect the toxicity of pro-
oxidant chemicals. One well-studied thyroid-disrupting
chemical is perchlorate Smith et al., 2001; Theodorakis
et al., 2006a, 2006c), and one well-studied pro-oxidant
chemical is arsenate (Liu et al., 2001).

Arsenic is listed as a US EPA contaminant of concern
because of risk of widescale environmental exposure, dele-
terious effects, and environmental persistence (Phillips,
1990). Aquatic habitats receive arsenic from many anthro-
pogenic activities, such as mining, smelting, metal refinery,
military activities, and agricultural application (ATSDR,
1998). Thus, there is a widespread risk of exposure and
effects from arsenic to humans, fish, and wildlife. Thus,
arsenate is the dominant form in surface water that
contains sufficient oxygen to support fish populations.
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Induction of oxidative stress is one of major mechanisms
by which arsenic causes toxicity (Liu et al., 2001).

Thyroid hormones have been reported to regulate anti-
oxidant levels in fish (Varghese et al., 2001), which suggests
that disruption of thyroid homeostasis may affect the
responses of organisms to oxidative stress. Thus, hypothy-
roidism could affect the toxicity of pro-oxidant com-
pounds. Since the toxicity of arsenate is primarily
mediated by oxidative stress (Liu et al., 2001), hypothy-
roidism caused by perchlorate exposure may change the
picture of arsenate toxicity to animals. In addition, arsenic
may disrupt thyroid homeostasis as well (Meltzer et al.,
2002). Hence, interaction between these two chemicals
may be additive in nature. This has been indicated in pre-
vious acute toxicity tests (Liu et al., 2005).

In zebrafish, thyroid hormones are necessary for embry-
onic to larval transition and larval to juvenile transition
(Brown, 1997; Liu and Chan, 2002). Hence, if thyroid dis-
ruption occurs during either transition, growth retardation
might occur (Brown, 1997). However, there were no
reports on how thyroid follicles are disrupted in hypothy-
roid zebrafish during early developmental stages.

Thus, the objectives of the current study were to obtain
basic acute toxicity data for these two anions to juvenile
zebrafish, to evaluate the effect of these two chemicals at
the thyroid histopathology level during early development
stages, to determine the effect of perchlorate-induced hypo-
thyroidism on arsenate toxicity, and to determine if the
thyroid can recover from perchlorate exposure and how
long the recovery will take if recovery occurs. These two
chemicals were chosen (1) as prototypical thyroid-disrupt-
ing (perchlorate) and pro-oxidant (arsenate) chemicals,
(2) because of their potential co-occurrence in surface
waters due to military, agricultural, or industrial activities
(Urbansky and Schock, 1999). The following hypotheses
were tested, (1) hypothyroidism enhances the toxicity of
arsenate to zebrafish, (2) arsenate is a thyroid disruptor
in zebrafish, and (3) the thyroid recovers after cessation
of perchlorate exposure.

2. Materials and methods

2.1. Chemicals

Perchlorate (anhydrous) was purchased from EM
Science (Gibbstown, NJ, USA) and arsenate (dibasic
7-hydrate) from J.T. Baker (Phillipsburg, NJ, USA). Stock
solutions were prepared by adding appropriate amounts of
chemicals to 18.3-MX Milli-Q water to ensure concentra-
tions of stock solution below the solubility limit of the
chemicals. The concentration of perchlorate was reported
as ClO�4 , and that of arsenate as ASO�4 .

2.2. Animals

Adult zebrafish (Danio rerio) were obtained commer-
cially from Ekkwill Waterlife Resources (Gibsonton, Flor-

ida). Fish breeding was as described by Patiño et al. (2003)
and Liu et al. (2005). Fish were raised and tested in
60 mg l�1 Instant Ocean� sea salts (Specrum Brands,
Inc., Atlanta, GA, USA). After spawning, eggs were col-
lected and washed. Viable eggs were selected and kept in
an incubator thereafter. Larvae were fed Hikari�1st Bite
(Hayward, CA, USA) during the early stage and later art-
emia cysts (Grantsville, UT, USA) and Bio-pure� brine
shrimp (Hayward, CA, USA). The food was fed ad libitum.
Juvenile fish were fed Aquatox� flake food (Zeigler Bros.,
Gardner PA). According to manufacturer’s information
on iodine content of their products, the iodide concentra-
tion in the test water was calculated as 0.4 lg/l, and in
the food as 9 mg/kg. The iodide concentration of the brine
shrimp is not known, but the iodide concentration in the
water in which they were raised was calculated to be
0.2 mg l�1.

2.3. Water chemistry

Dissolved oxygen and salinity were measured using an
YSI� model 85 meter (Yellow Springs, OH, USA). The
pH was measured using an Oakton� pH meter (Gresham,
OR, USA). Unionized ammonia was determined with a
Hach� spectrophotometer model DR/2000 (Loveland,
CO, USA). Measurement of perchlorate and arsenate in
water was conducted by ion chromatography and atomic
absorption spectroscopy, respectively, as described in Liu
et al. (2005, 2006a).

2.4. Juvenile acute toxicity test

A 96-h acute toxicity test of either arsenate or per-
chlorate was conducted following the standard procedure
(ASTM, 2003). Thirty-seven day post-fertilization (dpf)
juveniles were used in the test. A geometric series of five
concentrations of either chemical plus one control group
was used, with three replicates for each treatment (10 fish
in each replicate). The exposure was conducted in an
incubator, with temperature set at 28 �C and photope-
riod at 14, 10-h light/dark. A static-renewal method
was applied for the test. Every day, half of the test solu-
tion (250 ml) was changed. The mortality was checked
twice daily, and the dead fish were removed. The toxicity
was determined by converting mortality data to toxic
units, as described previously (Liu et al., 2005). Perchlo-
rate is stable and non-volatile under these conditions,
and so it is expected that a static-renewal system is
appropriate for this type of study. Arsenate is assumed
to be stable under static-renewal conditions, because it
is the oxidized form of the arsenic anion. Even so, in
order to take into account changes in perchlorate due
to biodegradation or other losses, or losses of arsenate
due to sorption or volatilization, water samples for veri-
fication of doses were collected before water changes
from each replicate beaker on day one and day four of
the test.
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2.5. Effect of perchlorate-induced hypothyroidism on

arsenate toxicity

In addition to the LC50 test for either chemical, a third
test was designed to evaluate the effect of hypothyroidism
caused by perchlorate exposure on arsenate acute toxicity
to zebrafish juveniles. Beginning from 6 dpf, larvae were
exposed to perchlorate anion at a concentration of
120.6 ppm (0.1 times the 96 h LC50 of perchlorate to 6
dpf zebrafish larvae; Liu et al., 2005) until 37 dpf (‘‘35-
day exposure”). This concentration was chosen because
preliminary study found that this concentration induced
hypothyroidism in zebrafish yet was not overtly toxic to
these fish. They were exposed to perchlorate from 6 to 37
dpf, because zebrafish experienced transition from larvae
to juvenile during this stage and we wanted to examine
the perchlorate exposure on thyroid status during this
transition. After 37 dpf, these juveniles were additionally
exposed to arsenate for another 96 h for a LC50 test. This
was done to determine if a hypothyroid condition enhances
arsenate toxicity. At the end of the exposure, the surviving
fish from all tests were sacrificed for thyroid histopathol-
ogy. There were 20 fish used for each treatment, divided
into five replicate tanks.

2.6. Thyroid recovery test after cessation of perchlorate

exposure

Larvae (6 dpf) were exposed to 120.6 mg l�1 perchlorate
until 37 dpf (juvenile stage), and then were transferred to
perchlorate-free water or the exposure was continued until
52 dpf (‘‘46-day exposure, perchlorate + depuration”). An
additional group was exposed to 120.6 mg l�1 perchlorate
continuously from 6 dpf until 52 dpf (‘‘52-day exposure”).
Control groups were set up for either exposure scenario.
All juveniles at the end of the exposure were sacrificed
for thyroid histopathology. There were 24 fish used for
each treatment, divided into five replicate tanks.

2.7. Effects of perchlorate on fish growth

In order to determine the effects of perchlorate-induced
thyroid depletion on fish growth, fish from each replicate
tank were pooled and weighed to determine average mass
per fish. This was done for the 35-, 42-, and 52-day expo-
sure treatments, as well as their respective controls. There
were five replicate tanks in each treatment.

2.8. Thyroid histology

Fish heads were fixed in Bouin’s fixative, embedded in
paraffin, serially sectioned on a microtome, and stained
as detailed in Liu et al. (2006b). Thyroid histopathology
endpoints, including follicle area, colloid area, and epithe-
lial cell height on the pictures were quantified using the
SimplePCI imaging system (version 4.01.1605, Compix
Inc., Sewickley, PA, USA). For epithelial cell height deter-

mination, five measurements along the follicle circumfer-
ence were made.

2.9. Statistical analysis

SAS software was used in data analysis unless otherwise
noted (SAS�, version 8.02, Cary, NC, USA). LC50 were
determined using the Probit Unit procedure. To obtain
concentration–response curves, a logistic model was used
(Haanstra et al., 1985).

Y ¼ c=ð1þ ebðX�aÞÞ ð1Þ
where Y = survival (%), c = survival in control (set to
100%), a = logLC50 (mg l�1), b = slope, and X = log con-
centration (mg l�1). The difference among slopes of concen-
tration–response curves and among treatments with respect
to thyroid histopathology was analyzed using one-way
ANOVA analysis followed by DUNCAN’s multiple com-
parison. The difference is considered significant at
p = 0.05. The data were expressed as mean (± S.D.) unless
specifically stated.

3. Results

3.1. Water chemistry

The average water characteristics in the test solution
were as follows, temperature, 27 ± 1 �C; dissolved oxygen,
5.61 ± 0.14 mg l�1; pH, 6.81 ± 0.34; salinity, 100 mg l�1 in
the arsenate toxicity test and 100 to 2700 mg l�1 in the
perchlorate toxicity test; ammonia concentration, 0.07 ±
0.01 mg l�1. Protocols for determining the water chemistry
were as reported in Liu et al. (2006b). This concentration of
ammonia exceeds the recommended limit of 0.035 mg l�1

(ASTM, 2003). Detection limits and% recovery rates are
described in Liu et al. (2005, 2006a). Concentrations of
chemicals are reported as actual concentrations, rather
than nominal. Protocols for determining arsenic and per-
chlorate concentrations in water, as well as variability of
actual measured concentrations, are reported in Liu et al.
(2006a).

3.2. Acute toxicity

The 96 h LC50 of perchlorate and arsenate anions with
or without pre-exposure to perchlorate (37 dpf) are listed in
Table 1. As shown in Table 1, arsenate was much more
toxic than perchlorate. Except for 24 h, there is significant
difference between LC50 for arsenate with and without pre-
exposure to perchlorate. Pre-exposure to perchlorate
resulted in a statistically significant increase in juvenile zeb-
rafish sensitivity to arsenate (i.e. no overlap of the 95%
confidence intervals). This was also observed in the concen-
tration–response curves (Fig. 1). With a pre-exposure to
perchlorate, the curve significantly deviated from that with-
out pre-exposure (p < 0.05). This indicates that perchlorate
mediates arsenate toxicity. However, there was no
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significant difference between curves of perchlorate and
arsenate (Fig. 1). There was no mortality in control fish
in any experiment.

3.3. Thyroid histopathology

Exposure of zebrafish to 120.6 mg l�1 perchlorate from
the larval to juvenile stages caused hypertrophy of the epi-
thelial cells and altered the epithelial cells from squamous

in control to columnar shape in perchlorate treatment, as
well as reduction in the cross-sectional area of the colloid
(Fig. 2). For the 96 h exposure to arsenate (no pre-expo-
sure) and perchlorate, no significant difference was found
between treatment and control for any endpoint, regardless
of the chemical (data not shown). Thus, 96 h acute expo-

Table 1
Acute toxicity as LC50 (mg l�1) of sodium perchlorate and sodium
arsenate to 37 dpf zebrafish juveniles

Chemicals LC50 (mg l�1) (95% confidence limit)

24 h 48 h 72 h 96 h

ClO�4 2816a 2693ab 2640ab 2532b

(2586–3032) (2473–2899) (2528–2739) (2392–2659)
HAsO�2

4 63a
u 60a

u 59a
u 56a

u

(45–81) (45–76) (54–62) (44–67)
HAsO�2

4
A 67a

u 48b
v 47bc

v 43c
v

(53–80) (44–53) (41–53) (42–43)

A With pre-exposure to sodium perchlorate (148.5 mg l�1) from 6 to 37
dpf. Superscript denotes statistically significant differences among expo-
sure periods, and subscript letters between exposures to sodium arsenate
with and without pre-exposure to perchlorate; values bearing same letters
denote no significant difference at 0.05 p level, otherwise significant dif-
ference exists.
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Fig. 1. Concentration–response curves for acute exposure to perchlorate,
arsenate, and arsenate with pre-exposure to perchlorate. Data are plotted
as a percent survival as a function of toxic units based on experimentally
derived 96 h LC50. X-axis is based on the log scale. The curve shape for
arsenate with pre-exposure to perchlorate is significantly different from
that without pre-exposure.

Fig. 2. Histological structure of thyroid follicles in zebrafish exposed to perchlorate (120.6 mg l�1) from 6 dpf through 37 dpf (A–C) and 52 dpf (D–F). (A)
the sagittal section of fish head area around the ventral aorta, (B) and (D), thyroid follicles in control group, (C) and (E), thyroid follicles in fish exposed to
perchlorate, and (F), thyroid follicles in zebrafish exposed to perchlorate from 6 to 37 dpf followed by elimination for 15 days Compare the squamaous
epithelial cells in (B) and (D) with the columnar epithelial cells in (C) and (E) (more pronounced hypertrophy). va = ventral aorta, f = thyroid follicle,
c = colloid, g = gill, and e = thyroid follicle epithelial cell.

1372 F. Liu et al. / Chemosphere 71 (2008) 1369–1376



Author's personal copy

sure of juveniles to either chemical did not affect the thy-
roid in terms of histopathology. This suggests that the his-

tological change in thyroid tissue is a slow process and
needs a longer period of time to be manifested.

The thyroid histopathology in the arsenate acute expo-
sure with pre-exposure to perchlorate is illustrated in
Fig. 3. Epithelial cell height in the perchlorate- and arse-
nate-exposed fish was significantly lower than that in the
fish exposed to perchlorate alone, but significantly higher
than that in the control. There were no statistically signif-
icant differences in follicle area and colloid area among
treatments (Fig. 3).

The thyroid histopathology in the depuration test is
illustrated in Fig. 4. Mean colloid area was statistically sig-
nificantly less, and epithelial cell height was statistically sig-
nificantly greater than controls after 31 days of exposure to
perchlorate (Fig. 4A). Epithelial cell height after depura-
tion was significantly reduced and showed no significant
difference from that in the control (Fig. 4B). However,
the colloid area after perchlorate exposure and elimination
was not significantly different from that in the continuous
perchlorate exposure (Fig. 4B). Therefore, the thyroid
recovery occurred in terms of epithelial cell height, but
not colloid area.

3.4. Fish growth

For the 35-day exposures, the mean mass of control
fish was statistically significantly greater than that of fish
exposed to 120.6 mg l�1 perchlorate from 6 to 37 dpf
(Fig. 5). In the recovery test, the mass of control fish
was statistically significantly greater than both the fish
exposed to 120.6 mg l�1 perchlorate for 46 days (from 6
to 52 dpf) and fish exposed to perchlorate for 37 days
and allowed to depurate for an additional 15 days (38–
52 dpf; Fig. 5). The number of replicates for each treat-
ment was five (n = 5).
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Fig. 4. Thyroid histopathology in zebrafish juveniles. (A) The perchlorate
exposure (120.6 mg l�1) was initiated from 6 dpf and finished at 37 dpf.
Asterisks indicate significant difference from controls (p < 0.05, t-test). (B)
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labeled with difference letters are statistically significantly different
(p < 0.05, Mean ± S.E., n = 20 for each treatment.
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4. Discussion

Thyroid hormones are necessary for zebrafish develop-
ment and growth. For example, previous studies have
found that exposure of zebrafish to goitrogens led to
retarded growth, and was negated by simultaneous admin-
istration of thyroxine (Brown, 1997). In addition, develop-
ment and metamorphosis were also delayed (Brown, 1997).
Likewise, thyroid hormones are required for embryonic to
larval transition, which is also retarded by exposure to goi-
trogens (Liu and Chan, 2002). Our results are in agreement
with these studies. With an exposure extending from 6 dpf
until 41 or 52 dpf, the zebrafish growth was severely
retarded. Depuration for 15 day starting from 37 dpf
(mean fish mass of 0.028 g) did not allow for an increase
in growth rates above continuously perchlorate-exposed
fish. Therefore, the recovery of growth rate from perchlo-
rate-induced hypothyroidism is a slow process.

Although adults are typically more tolerant to toxic
chemicals than larval stages, a single chemical can exert dif-
ferential toxicity to different life stages of the same species.
In the current study, the LC50 of perchlorate and arsenate
for juveniles are 2532 and 56 mg l�1, respectively. In the
larval stage (6 dpf), the values are 1204 and 205 mg l�1,
respectively (Liu et al., 2005). This indicates that juveniles
are more tolerant to perchlorate, but more sensitive to arse-
nate than larvae. The higher sensitivity of juveniles than
post-hatch larvae to arsenate is unexpected. The fate of
arsenate relative to an organism or a cell includes uptake
(i.e. absorption), metabolism, and excretion. Further work
is necessary to elucidate which processes lead to the differ-
ential sensitivity of zebrafish to arsenate at different devel-
opmental stages.

Perchlorate exposure enhances arsenate toxicity to juve-
nile zebrafish. Both LC50 and concentration–response rela-
tionship showed that sensitivity of juveniles to arsenate was

enhanced by pre-exposure to perchlorate. This is consistent
with the hypothesis that hypothyroidism enhances the toxic-
ity of arsenate. There was no significant difference between
the two chemicals regarding concentration–response curve
(Fig. 1). Chemicals that have similar modes of action and
similarly shaped concentration–response curves behave like
dilutions of each other, and may have similar or at least com-
pensating modes of action (Altenburger et al., 2003). Per-
chlorate causes a hypothyroid condition in fish
(Theodorakis et al., 2006a,c), which was reported to antag-
onize the antioxidant defense system (Konukoğu et al.,
1998). This may enhance arsenic toxicity because of oxida-
tive stress caused by arsenic exposure (Liu et al., 2001). This
may elucidate the observation in the current study that per-
chlorate exposure reduced the tolerance of zebrafish juve-
niles to arsenate. Preliminary studies have suggested that
perchlorate exposure may modify arsenate-induced oxida-
tive stress parameters in zebrafish (unpublished data).

Perchlorate salts are well documented as thyroid disrup-
tors, and the effect can be manifested as thyroid histopa-
thology as well as alteration of thyroid hormone status
(Brown et al., 2004). For example, hypertrophy (i.e.
increased epithelial cell height), hyperplasia, angiogenesis,
and/or colloid depletion were observed when fish and
amphibians were exposed to perchlorate in laboratory
and field situations (Carr et al., 2003; Patiño et al., 2003;
Capps et al., 2004; Crane et al., 2005; Mukhi et al., 2005,
2007; Bradford et al., 2006a; Burkhardt et al., 2006; Carr
and Theodorakis, 2006; Liu et al., 2006b; Park et al.,
2006; Theodorakis et al., 2006a,c; Mukhi and Patiño,
2007). In the current acute test described above, the thyroid
tissues of juvenile zebrafish were only affected after pro-
longed exposure to perchlorate. An interesting finding
was that acute arsenate exposure seemed to slightly amelio-
rate the effects of perchlorate However, more information
was needed to make a definitive conclusion regarding the
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effect of arsenic on thyroid status. It will be informative to
conduct a chronic study to evaluate the effect of arsenate
on thyroid status.

There is also evidence of a refractory effect of perchlorate
after a 15-day depuration period in the perchlorate-free
water. For example, the epithelial cell height in the ‘‘perchlo-
rate + depuration” was not different from controls (Fig. 4),
which may suggest recovery of thyroid tissue. However, no
significant recovery in colloid area was observed. Addition-
ally, perchlorate exposure caused significant growth retar-
dation, and growth rates did not seem to recover after
cessation of perchlorate exposure (Fig. 5). Thus, there seems
to be refractory effects of perchlorate exposure on growth of
zebrafish, even after cessation of exposure for 15 days. This
is probably not due to residual perchlorate residues, because
it is rapidly eliminated from fish tissues (Park et al., 2005;
Bradford et al., 2006b; Liu et al., 2006a). The fact that thy-
roidal effects (i.e. colloid area) of perchlorate exposure were
also persistent during the depuration phase is consistent
with the hypothesis that the effects on growth were related
to thyroidal perturbations.

The present study indicates that perchlorate exposure
affects growth rate of zebrafish, and that growth rate does
not seem to recover after the fish are moved to clean water.
Because perchlorate is a known thyroid disruptor, it is pos-
sible that these affects may be directly attributed to effects
of thyroid hormone on growth. However, growth may be
affected by indirect factors as well. For instance, alterations
of thyroid hormone levels or exposure to perchlorate itself
could alter food intake rates, and this may indirectly affect
growth rates. Additionally, there may be some toxic effects
of perchlorate other than thyroid hormone alterations that
affect growth rates. It could also be that the apparent
effects on growth rate are due to a combination of direct
and indirect effects. Additional research is needed to differ-
entiate among these alternative hypotheses.

5. Conclusion

Based on LC50s, we concluded that arsenate is much
more toxic than perchlorate to 37 dpf zebrafish juveniles,
and that perchlorate pre-exposure augments the sensitivity
of zebrafish juveniles to arsenate by reducing its LC50 and
changing the concentration–response curve shape. Acute
exposure of juvenile zebrafish to either chemical did not
alter the thyroid status in terms of thyroid histopathology
endpoints, including epithelial cell height, follicle area, and
colloid area. Acute arsenate exposure (96 h) following the
cessation of perchlorate exposure did not alter the acute
toxicity of perchlorate exposure in terms of thyroid histo-
pathology, and thyroid recovery was observed with respect
to epithelial cell height. Alteration of thyroid status is a
slow process and short-term exposure is not effective in this
regard. Transferring of perchlorate-exposed juveniles to
clean water for 15 day caused recovery of thyroid in terms
of epithelial cell height but not colloid area. The concentra-
tions of perchlorate used in this study are much higher than

those typically found in surface waters (Smith et al., 2001;
Mayer et al., 2006; Theodorakis et al., 2006b), although the
arsenic concentrations in surface waters may exceed those
used in this study (Kuwabara and Fuller, 2003). Given that
Bradford et al. (2006a) and Mukhi et al. (2005, 2007) and
Mukhi et al. (2005, 2007) have found effects of perchlorate
on thyroid histopathology at environmentally relevant con-
centrations, more research is needed to determine if the
trends seen in the present study are also seen when zebra-
fish are exposed to environmentally-relevant concentra-
tions of perchlorate.
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Konukoğu, D., Hatemi, H.H., Arikan, S., Demir, M., Akcay, T., 1998.
Radioiodine treatment and oxidative stress in thyroidectomised patients
for differentiated thyroid cancers. Pharmacol. Res. 38, 311–315.

Kuwabara, J.S., Fuller, C.C., 2003. Toxic substances in surface waters and
sediments – a study to assess the effects of arsenic-contaminated
alluvial sediment in Whitewood Creek, South Dakota. US Geological
Survey Toxic Substances Hydrology Program Professional Paper 1681.
US Geological Survey, Washington, DC.

Liu, F-J., Kendall, R.J., Theodorakis, C.W., 2005. Joint toxicity of
arsenate and perchlorate to zebrafish Danio rerio larvae. Environ.
Toxicol. Chem. 226, 237–245.

Liu, F., Cobb, G.P., Anderson, T.A., Cheng, Q-Q., Theodorakis, C.W.,
2006a. Uptake, accumulation and depuration of perchlorate and
arsenate in zebrafish (Danio rerio). Chemosphere 10, 1679–1689.

Liu, F., Wang, J-S., Theodorakis, C.W., 2006b. Thyrotoxicity of arsenate,
perchlorate, and their mixture in zebrafish Danio rerio. Environ. Sci.
Technol. 40, 3429–3436.

Liu, S.X., Athar, M., Lipai, I., Waldren, C., Hei, T.K., 2001. Induction of
oxyradicals by arsenic, implication for mechanism of genotoxicity.
Proc. Natl. Acad. Sci. USA 98, 1643–1648.

Liu, W.Y., Chan, W.K., 2002. Thyroid hormones are important for
embryonic to larval transitory phase in zebrafish. Differentiation 70,
36–45.

Mayer, K.P., Jackson, W.A., Snyder, S.A., Smith, P.N., Anderson, P.A.,
2006. State of the science: background, history, and occurence. In:
Kendall, R.J., Smith, P.N. (Eds.), Perchlorate Ecotoxicology. Society
of Environmental Toxicology and Chemistry (SETAC). Pensacola,
FL, pp. 1–20.

Meltzer, H.M., Maage, A., Ydersbond, T.A., Haug, E., Glatre, E., Holm,
H., 2002. Fish arsenic blood arsenic, selenium, and T4, T3 ratio. Biol.
Trace Elem. Res. 90, 83–98.

Mukhi, S., Carr, J.A., Anderson, T.A., Patiño, R., 2005. Novel biomark-
ers of perchlorate exposure in zebrafish. Environ. Toxicol. Chem. 24,
1107–1115.

Mukhi, S., Patiño, R., 2007. Effects of prolonged exposure to perchlorate
on thyroid and reproductive function in zebrafish. Toxicol. Sci. 96,
246–254.

Mukhi, S., Torres, L., Patiño, R., 2007. Effects of larval–juvenile
treatment with perchlorate and co-treatment with thyroxine on
zebrafish sex ratios. Gen. Comp. Endocrinol. 150, 486–494.

Park, J., Rinchard, J., Anderson, T., Liu, F., Theodorakis, C., 2005. Food
chain transfer of perchlorate in largemouth bass, Micropterus salmo-

ides. Bull. Environ. Contam. Toxicol. 74, 56–63.
Park, J-W., Rinchard, J., Liu, F., Anderson, T.A., Kendall, R.J.,

Theodorakis, C.W., 2006. The thyroid endocrine disruptor perchlorate
affects reproduction, growth, and survival of mosquitofish. Ecotox.
Environ. Saf. 63, 343–352.

Patiño, R., Wainscott, M.R., Cruz-Li, E.I., Balakrishna, S., McMurry, C.,
Blazer, V.S., Anderson, T.A., 2003. Effects of ammonium perchlorate
on the reproductive performance and thyroid follicle histology of
zebrafish. Environ. Toxicol. Chem. 22, 1115–1121.

Phillips, D.J.H., 1990. Arsenic in aquatic organisms, a review, emphasiz-
ing chemical speciation. Aquat. Toxicol. 16, 151–186.

Smith, P.N., Theodorakis, C.W., Anderson, T.A., Kendall, R.J., 2001.
Preliminary assessment of perchlorate in ecological receptors at the
Longhorn Army Ammunition Plant. LHAAP., Karnack, Texas.
Ecotoxicology 10, 305–313.

Theodorakis, C.W., Patiño, R., Snyder, E., Albers, A., 2006a. Perchlorate
effects in fish. In: Kendall, R.J., Smith, P.N. (Eds.), Perchlorate
Ecotoxicology. Society of Environmental Toxicology and Chemistry
(SETAC). Pensacola, FL, pp. 155–186.

Theodorakis, C., Richard, J., Park, J., McDaniel, L., Liu, F., Carr, J.,
Wages, M., 2006b. Thyroid endocrine disruption in stonerollers and
cricket frogs from perchlorate-contaminated streams in east-central
Texas. Ecotoxicology 15, 31–50.

Theodorakis, C., Richard, J., Todd, T., Liu, F., Park, J., Costa, F.,
McDaniel, L., Kendall, R., Waters, A., 2006c. Perchlorate in fish from
a contaminated site in east-central Texas. Environ. Pollut. 139, 59–69.

Urbansky, E.T., Schock, M.R., 1999. Issues in managing the risks
associated with perchlorate in drinking water. J. Environ. Manage. 56,
79–95.

Varghese, S., Shameena, B., Oommen, O.V., 2001. Thyroid hormones
regulate lipid peroxidation and antioxidant enzyme activities in Anabas

testudineus (Bloch). Comp. Biochem. Physiol. B. 128, 165–171.

1376 F. Liu et al. / Chemosphere 71 (2008) 1369–1376


