
Abstract Toxicological effects of the widely used

flame retardant, tetrabromobisphenol A (TBBPA) were

assessed in a partial life-cycle test with zebrafish (Danio

rerio). Exposure of adult fish during 30 days to water-

borne TBBPA in nominal concentrations ranging from 0

(control) to 1.5 lM was followed by exposure of the

offspring in early life stages up to 47 days posthatching

(dph) to the same concentrations. Adults exposed to 3

and 6 lM showed severe disorientation and lethargy

shortly after beginning of exposure and were euthanized.

Because semistatic exposure resulted in fluctuating

water concentrations, pooled fish samples were chemi-

cally analyzed for internal dose assessment. Egg

production was decreased in fish exposed to TBBPA

concentrations of 0.047 lM and higher, and a critical

effect level of 7.2 lg/g lipid with a lower 5% confidence

limit of 3.9 lg/g lipid for 50% decreased egg production

was calculated. Histology of adult ovaries indicated a

relative increase of premature oocytes in two surviv-

ing females exposed to 1.5 lM. Hatching of TBBPA-

exposed larvae was decreased except in animals exposed

to 0.375 lM. In the highest exposure concentration,

early posthatching mortality was high (81%) in larvae

and the surviving juveniles showed a significant pre-

dominance of the female phenotype. Exposure of eggs

from control parents up to 6 lM TBBPA resulted in

increasing malformation and pericardial fluid accu-

mulation from 1.5 lM; at higher concentrations, all

embryos failed to hatch. The presented results indicate

decreased reproductive success in zebrafish at envi-

ronmentally relevant TBBPA concentrations.
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Introduction

Tetrabromobisphenol A [2,2-bis-(3,5-dibromo-4-hy-

droxyphenyl)-propane; TBBPA] is today’s most abun-

dantly used brominated flame retardant (BFR). Annual

consumption of TBBPA in Europe alone was 7.800 t in

2002, representing 6% of the total global use (BSEF

2004). TBBPA is applied in a wide variety of consumer

products. Its predominant use (e.g., in circuitry boards)

is as reactive flame retardant, i.e., the flame retardant is

covalently bound to the polymer. However, approxi-

mately 10% is used as an additive flame retardant in a

wide variety of consumer products including housings

of domestic electric/electronic appliances (BSEF 2004),
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facilitating the release of TBBPA into the environment

(Birnbaum and Staskal 2004). The TBBPA may leach

from landfills (Osako et al. 2004), and consequently end

up in surface waters. As a result, TBBPA has been

found in aquatic sediment samples from all over the

world (Sellström and Jansson 1995; Watanabe and

Sakai 2003; Morris et al. 2004) and although usually

below the limit of detection in the water phase, TBBPA

has repeatedly been detected in fish (Asplund et al.

1999; Morris et al. 2004; Ohta et al. 2004) in levels up to

63 ng/g lipid weight in eel from freshwater and up to

245 ng/g lipid in whiting (muscle) from the North Sea

(Morris et al. 2004); recently, 583 ng TBBPA/g lipid

was detected in a pooled sample of 13 sand eel from the

Waddensea (RIVO 2003; unpublished data).

In fish, TBBPA is acutely toxic at high concentra-

tions as shown in a number of studies. LC50 concen-

trations reported include 0.51 mg/l (0.9 lM) in bluegill

sunfish, 0.40 mg/l (0.7 lM) in rainbow trout (WHO/

IPCS 1995), and a relatively high 3 mg/l (5.5 lM) in

zebrafish (Lee et al. 1993). Evidence for TBBPA tox-

icity at lower doses is limited and points to modulation

of the thyroid and reproductive hormonal systems:

TBBPA competes with the in vitro binding of thyroxin

to its human plasma-transporter protein, transthyretin

(Meerts et al. 2000; Hamers et al. 2004), and the rat

thyroid receptor (Kitamura et al. 2002), and increases

the response to T3 in cultured GH3 rat pituitary ade-

noma cells (Kitamura et al. 2005a). However, 10–8 M

(54 ng/l) TBBPA and higher may suppress T3-depen-

dent tail shortening in Rana rugosa tadpoles, indicating

anti-thyroid activity (Kitamura et al. 2005b).

Cultured MCF-7 breast cancer cells show a weak

estrogenic response to TBBPA (Körner et al. 1998; Olsen

et al. 2003), and TBBPA inhibits in vitro estradiol sul-

fonation (Hamers et al. 2004), indicating potential

for both direct and indirect estrogenic activity in vivo.

Increased uterus weights in ovariectomized mice exposed

to TBBPA for 3 days (20 mg/kg/day, intraperitoneal)

confirm estrogenicity in vivo (Kitamura et al. 2005a).

Since sex steroids and thyroid hormones influence

reproduction in aquatic vertebrates and may interact

during larval development (Cyr and Eales 1996; Ar-

cand-Hoy and Benson 1998), the presence of TBBPA

in aquatic environments raises concern as to their

possible impact on reproductive health in fish.

Regarding endocrine effects of TBBPA in fish, the

focus has been on the estrogen-dependent production

of the yolk precursor vitellogenin (VTG), which was

not affected by intraperitoneal exposure to TBBPA in

rainbow trout and eelpout (Christiansen et al. 2000;

Ronisz et al. 2004); however the combined effects of

possible disruption of estrogen or thyroid hormonal

systems on ecologically relevant parameters like

reproduction and early life-stage development in fish

exposed to TBBPA have not been taken into account.

In the present study, zebrafish (Danio rerio) were

exposed to TBBPA in a partial life-cycle test using a

benchmark approach to further investigate possible

ecotoxicological consequences. Egg production and

fertilization ratio were used to monitor reproduction,

and development and mortality were investigated in

offspring until juvenile stage (47 days posthatch).

Whole body sections of both adults and offspring were

examined histologically with special attention for

reproductive and endocrine target organs. TBBPA

concentrations were determined in water and fish (adult

and juvenile) for accurate dose-response assessment.

Materials and methods

The TBBPA (99.17% pure, containing TBBPA and

o,p¢-TBBPA as impurities; HPLC-analyzed) was ob-

tained as a composite mix of technical products from

various producers through BSEF (kindly provided by

Dr. Klaus Rothenbacher).

Exposure of adults

Adult reproductive zebrafish (D. rerio) were supplied

by a commercial importer (Ruinemans Aquarium BV,

Montfoort, The Netherlands) and kept under quaran-

tine conditions for a minimum period of 4 weeks.

About 7 days prior to testing, the animals were trans-

ferred to the test system containing standard formu-

lated water (Van der Ven et al. 2006). Each group was

kept in 6 l water in an all-glass aquarium, covered by a

glass plate. Water was continuously aerated via glass

tubes and water temperature was maintained at

27±2�C, pH ranged from 7.2 to 8.4 and oxygen levels

were >5 mg/l at all times. Nitrate levels were checked

before each renewal and were usually below 0.5 mg/l,

never exceeding 0.8 mg/l. A daily cycle of 14 h light,

10 h dark was maintained.

Adults were exposed to water-borne TBBPA during

30 days using dimethyl sulfoxide (DMSO, Acros, ’s

Hertogenbosch, The Netherlands) as solvent (final

DMSO concentration: 0.01% in all groups including

controls). A benchmark-dosing regimen was applied

using nominal concentrations of 0 (control), 0.023,

0.047, 0.094, 0.188, 0.375, 0.750, 1.50, 3.00, and 6.00 lM

(Table 1) in a single experimental unit per test con-

centration consisting of three males and three females,

except for the control group, which was in duplicate.

Animals were fed defrosted Artemia (Landman BV,
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Hoevelaken, The Netherlands) twice a day in an

amount that was consumed completely within 5 min.

Males were kept separate from females inside a nylon

mesh net (mesh size: 3 mm). Exposure was semi static

by medium renewal every 3–4 days. At the end of

week 4, water samples were collected in clean glass-

ware immediately after renewal (0 h), and immediately

before the end of exposure in week 5 (96 h later).

Water samples were also collected from two aquariums

under identical conditions, but without fish, at 0, 72,

and 96 h after renewal. Water samples were stored at

–20�C until chemical analysis.

With both sexes placed inside the nylon mesh for

24 h, reproduction was monitored 1 day after each

water renewal; then clutch size, fertilization ratio, and

hatching were determined. During exposure, the ani-

mals were monitored daily for (abnormal) behavior or

disease, and mortality. After 30 days, the adults were

euthanized in 100 mg tricaine methanesulphonate/L

(MS222, Sigma-Aldrich, Zwijndrecht, the Netherlands)

buffered with 500 mg NaHCO3/l, and length and

weight were determined, from which a condition factor

(CF; weight/length3) was derived. From each group,

one male and female were rinsed with water and dip-

ped dry before freezing and storage at –20�C for

chemical analysis; the remaining animals were fixed in

Bouin’s fixative, and after 24 h transferred to 70%

ethanol until histological processing.

Exposure of juveniles

During weeks 4 and 5 of adult exposure, replicate

groups of 50 fertilized eggs each (or less when not

available) were randomly selected per dose and placed

in 10-cm diameter glass petri dishes containing 60 ml

DSW with the same nominal TBBPA concentrations

as their parents. Hatching was recorded with a target

number of 2· 50 larvae sampled for continued expo-

sure by semi-static renewal (twice weekly). From 1 to

14 days posthatching (dph), the larvae were fed with

fresh rotifer suspension (Branchionus rubens) daily.

Starting at 7 dph, the larvae were fed with newly hat-

ched Artemia nauplii two times a day (suspension ad-

justed to 17% dry matter, starting with 5 ll per larva,

increasing to 120 ll per juvenile at 46 dph). At 15 dph,

the animals were transferred to all-glass aquariums

under similar conditions as described for adults, con-

taining 1.5 l water per 50 animals; this volume was

increased to 3 l at 21 dph. Water samples were col-

lected during week 5 of juvenile exposure from one

control group and dose groups 0.094, 0.375, and 1.5 lM

TBBPA directly after renewal (t = 0) and 72 h later

(t = 72), and stored at –20�C for chemical analysis.

On 46 dph, feeding was discontinued and animals

were euthanized on day 47 posthatching. Larvae were

monitored for abnormal behavior and growth, mal-

formations, and survival. Juveniles were euthanized

in buffered MS222, and length and weight were

determined. Four animals per replicate were rinsed

in clean water, dipped dry, frozen and stored at –20�C

for chemical analysis (TBBPA body burden).

Remaining animals were fixed in Bouin’s for histolog-

ical processing.

In addition, eggs from control parents were exposed

for 3 days using 96-well plates (Greiner, Alphen a/d

Rijn, the Netherlands). Fertilized eggs were individu-

ally placed in round-bottom wells containing 200 ll

of DSW with 0, 0.094, 0.188, 0.375, 0.75, 1.5, 3.0,

and 6.0 lM TBBPA. About 12 eggs per concentration

were randomly assigned to the plate; concentrations

were also randomized. Development and survival

in vivo was monitored three times a day using an

inverted microscope. The procedure was carried out in

duplicate.

The present study was approved of by the Ethical

Committee for Animal Welfare in Experiments of

RIVM and complies with Dutch legislation.

Histological processing and evaluation

After routine tissue processing and paraffin embed-

ding, whole-body serial sections (4 lM) were cut at

approximately 40 lM intervals from all adults except

those sampled for chemical analysis, and a randomly

chosen sub-sample of on average 30 juveniles per

concentration group, including cross sections through

gonads and thyroid. Sections were stained with hema-

toxylin/eosin (H & E) and evaluated in random order

by two independent observers.

Table 1 Internal tetrabromobisphenol A (TBBPA) concentra-
tions in male and female adult zebrafish

Dose Result (measurements in single fish)

Nominal water
concentration
(lM TBBPA)

TBBPA (ng/g ww) TBBPA (ng/g lw)

Male Female Male Female

Control-A < 11 < 6.3 < 262 < 166
Control-B < 11 < 7.7 < 262 < 175
0.023 lM 120 190 3,871 6,129
0.047 lM 590 1,500 16,857 30,612
0.094 lM 2,300 NA 71,875 NA
0.188 lM 1,800 9,800 36,735 376,923
0.375 lM 4,000 3,900 114,286 59,091
0.75 lM 9,100 6,200 178,431 193,750
1.5 lM 12,000 23,000 285,714 489,362

ww wet weight, lw lipid weight, NA not analyzed, and < (num-
ber) below limit of detection
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Chemical analysis of fish and water samples

Total body analysis was performed on all frozen sam-

ples. Per adult concentration group, one male and one

female were analyzed individually. Because of small

size, four juvenile fish from each concentration group

were pooled. Fish were thawed and dried with NaSO4,

and stored for 2 h. The dried sample was extracted

with a Soxhlet apparatus using hexane: acetone (3:1,

v/v, Promochem, Wesel, Germany). An internal stan-

dard (1 ml of 200 ng/ml 13C-TBBPA, CIL, Andover,

MA, USA) was added to the extract, which was sub-

sequently evaporated to 10 ml. An aliquot of the

extract was dried with nitrogen and the lipid content

was gravimetrically determined. The residual extract

was acidified (pH=2), and sulfuric acid was added to

remove the lipids. The cleaned extract was further

purified with silica gel using isooctane and isooc-

tane : diethyl ether (85:15, v/v, Promochem) as eluents.

Finally, the silica eluate was evaporated to dryness

with nitrogen, and 1 ml of methanol was added. The

TBBPA was determined with LC-MS/MS (LCQ

Advantage, Thermo Finnigan, San Jose, CA, USA)

using electrospray ionization. Identification of TBBPA

was based on the bromine cluster at m/z 444–452, and

for quantification, the daughter ion m/z 447 of the

parent molecular ion (m/z 543) was used. A Zorbax,

Eclipse XDB-C18 column was used with a gradient of

ammonium chloride (0.1 mM) and acetonitrile (ACN)

starting from 0 to 6 min. at ammonium chloride: ACN

(3:1, v/v); followed by ammonium chloride: ACN (1:9,

v/v) from 6 to 10 min.

Water samples were analyzed in duplicate. An ali-

quot of the samples was taken, and 1 ml of 200 ng/ml

13C-TBBPA was added as an internal standard. After

the water was acidified (pH = 2) and hexane was ad-

ded, it was shaken for 2 min. The organic layer was

separated. This procedure was repeated twice to en-

sure complete extraction of the water sample. The

combined hexane extract was evaporated to dryness

and methanol was added. The TBBPA was determined

with LC-MS/MS.

Statistics

Continuous data were explored by Analysis of Variance

(ANOVA) and linear regression, using SPSS 12.0.1

Software (SPSS Inc., Chicago, USA). Kruskall–Wallis

and Fisher’s exact tests (SPSS 12.0.1) were used for the

analysis of non-parametric entities.. Geometrical

means of the successive clutch sizes (eggs produced per

group when reproduction was successful) were used to

compare the egg production between groups; this is

because within groups, these observations were not

independent. A fitted dose-response model (PROAST

software, RIVM, Bilthoven, The Netherlands, Slob

2002) was used to calculate the concentration leading to

a 50% reduction in clutch size, together with a lower

5% confidence limit for that concentration.

Results

Exposure of adults

Chemical analysis

Results from chemical analysis of adult fish are shown

in Table 1. The TBBPA levels in animals, determined

on both wet, and lipid-weight basis, showed a strong

linear relation with the nominal water concentration

(linear regression: R2 = 0.80 and 0.65, respectively);

correction for lipid content did not change regression

statistics significantly; TBBPA content was not related

to gender. Less then 1% of the total amount of

TBBPA added was found in the animals after 30 days

of exposure. Water concentrations immediately after

renewal were 96±11% (SD) of the nominal concen-

trations. During the exposure cycles, water-TBBPA

concentrations dropped and reached a minimum after

96 h at 5.2±2.7% (SD) of the nominal values; a gradual

decrease was measured at 24, 72, and 96 h after

renewal in a pilot study (data not shown). The TBBPA

levels in aquariums without fish decreased to 71 and

61% of the initial levels after 72 and 96 h, respectively.

General parameters

During adult exposure, abnormal behavior was noted

within 1 h from the start of the experiment, in animals

exposed to 3.0 and 6.0 lM TBBPA, starting with slow-

down of swimming and reduced respiration, followed

by progressive loss of equilibrium. After a few hours,

these animals were recumbent on the bottom of the

tank and were euthanized for ethical reasons, and fix-

ated for histological processing only; water samples

were not collected. Apart from these euthanized ani-

mals, there was no exposure-related morbidity or

mortality. No dose-dependent differences in weight,

length or CF were noted in either sex.

Reproduction and hatching

Although, the number of eggs produced per group on

days when reproduction was monitored was variable

throughout the experiment and between concentration

4 Arch Toxicol (2007) 81:1–9
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groups, the total number of eggs produced by all

groups exposed to TBBPA was lower than the number

produced by each control group (Fig. 1). There was

substantial variation in the number of clutches pro-

duced with a relatively high number in adults at 1.5 lM

TBBPA (Fig. 1). Average clutch size showed a more

consistent dose response and was well below 200 eggs/

clutch (three females) from 0.047 lM TBBPA on-

wards. A fitted dose-response model using internal

concentrations calculated 50% reduction of clutch size

(geometric mean) at an internal concentration of

7.2 lg TBBPA/g lipid with a lower 95% confidence

limit of 3.9 lg/g lipid (Fig. 2). Egg-fertilization ratio

was not affected by TBBPA (Fig. 3). Hatching of

embryos from exposed eggs was decreased, except in

embryos exposed to 0.375 lM TBBPA (Table 2),

which hampers interpretation of dose-response char-

acteristics.

Adult histology

Whole-body histological sections revealed an increased

estimated area occupied by previtellogenic oocytes in

both microsopically analyzed females that had been

exposed to 1.5 lM TBBPA during 30 days; this con-

dition was seen in one out of the four control females

and did not occur in the intermediate dose groups

(Fig. 4). Early atresia of oocytes characterized by

hypertrophy and vacuolization of surrounding granu-

losa cells, hyalinization and fragmentation of the zona

radiata, and disruption of yolk vesicles, were observed

in females from all groups (35% overall prevalence),

and was slightly less frequent (one out of four; not

statistically significant) in the control groups. No dose-

related changes were found in male gonads. Thyroid

tissue appeared similar throughout all groups, showing

variably sized colloid containing follicles lined by cubic

epithelial cells, interpreted as moderately active.

Without exception, female livers stained more strongly

basophilic than male livers; differences in staining

intensity were not dose related. Fragmentation of

chromatin (karyorrhexis) in renal tubular epithelium

was observed in 76% of the females but not in males,

and was not related to TBBPA dose. The acute

behavioral effects in animals exposed to 3.0 lM

TBBPA and higher were not accompanied by histo-

pathological changes.
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Exposure of juveniles

Chemical analysis

In juvenile zebrafish, TBBPA levels ranged from below

the detection limit to 5.6 lg/g lipid in animals exposed

to a nominal dose of 1.5 lM.

The TBBPA levels in exposure water directly after

renewal were 80±16% (SD) of the nominal dose. After

72 h, levels had dropped to 22±6% (SD) of the nomi-

nal dose. Water was not analyzed at 96 h after renewal.

Juvenile growth, development, and survival

Juveniles from dose groups 0, 0.023, 0.094, 0.375, and

1.5 lM were exposed to similar nominal concentrations

as their parents until 47 dph; in adult dose groups 0.047,

0.188, and 0.75 lM, egg production during the last week

of adult exposure was insufficient for subsequent

exposure of offspring. Hatching ratios were significantly

reduced in all exposed groups except when exposed

to 0.375 lM (Table 2); a dose-response relation was

not observed. Whereas at lower doses, posthatching

mortality was low, at 1.5 lM 81% of all larvae died

during the first week of exposure (Table 2). Mortality

was preceded by retardation of development (smaller

animals, no swim-up even after 72 h posthatching) and

malformations (abnormally curved spines, accumula-

tion of clear fluid in the pericardial region and body

cavity). Larvae at lower exposure levels showed no

malformations and no effects on length, weight or CF at

the end of the exposure period were noted. Exposure of

eggs from untreated parents resulted in severe retar-

dation of development (delayed closure of hindgut),

caudal and cranial malformation as well as edema in the

pericardial and cranial yolk sac region (Fig. 5), and

failure to hatch at concentrations of 3.0 and 6.0 lM.

The number of developmentally retarded embryos was

significantly increased in eggs exposed to 3.0 lM

TBBPA and higher, from 23 h postfertilization (Fisher’s

exact test: P = 0.01); after 47 h, all embryos exposed to

6.0 lM had died. Surviving embryos including controls

hatched at 55 h postfertilization; hatching of normally

developing embryos was not delayed.

Juvenile histology

No dose-related changes were observed in surviving

juveniles after 49 days of exposure. Gonad development

was sufficient to allow for sex differentiation; only

premature gonad tissue was observed. Whereas in all

other groups, male differentiation was observed in

50–55% of the animals, in the 1.5 lM group (internal

concentration: 5.6 lg/g lipid weight), a statistically

significant lower number was found (Fig. 6) and more

female gonads were observed (79%; abundant oocytes of

perinucleolar stage). As in adults, thyroid tissue pre-

sented moderate activity in all groups; there was no

difference in the estimated number of follicles throughout

the groups. A striking variation of staining intensity and

intracellular vacuolization of liver was noted throughout

all groups, which was not dose or gender related.

Discussion

The TBBPA levels in fish were linear to the nominal

concentrations (Table 1); the amount of TBBPA

Table 2 Hatching of embryos from adults during week 4 of
exposure, and survival of hatched juveniles after the first week of
exposure to tetrabromobisphenol A (TBBPA)

Nominal water
concentration
(lM TBBPA)

Eggs sampled
during week 4

Hatching
(%)

Posthatch
survival (%)

0 600 79.7 97
0.023 100 43.0* 98
0.047 54 33.3* NA
0.094 164 20.1* 100
0.188 300 13.0* NA
0.375 369 80.0 96
1.5 315 58.1* 19*

NA not applicable

*Significantly decreased compared to controls (Fisher’s exact
test: P < 0.01)

Fig. 4 Ovary of control
(a) and exposed (1.5 lM
TBBPA; b) zebrafish. Note
the relative increase of the
smaller, non-granulated
previtellogenic oocytes
in the exposed ovary.
VO vitellogenic oocytes,
PO previtelogenic oocytes
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recovered from fish represented < 1% of the total

amount offered per fish, indicating minimal bioaccu-

mulative potential of TBBPA in zebrafish. This

observation is consistent with the reported short half-

life of TBBPA in other fish species (WHO/IPCS 1995;

Morris et al. 2004). The absence of a significant dif-

ference in TBBPA levels between males and females

may indicate that oviposition is not a major route of

excretion in zebrafish. The relatively low recovery of

TBBPA from fish together with of the dramatic drop of

TBBPA water levels during the exposure cycles points

to substantial loss of added TBBPA during exposure.

Together with the limited decrease of TBBPA levels in

aquariums without fish, these data suggest metabolism

of the compound by the fish. Major TBBPA metabo-

lites have not been characterized in fish and were be-

yond the scope of the present study. Methylation of the

compound has been described in experimental aquatic

exposure; methylated TBBPA is more hydrophobic

and as a consequence, bioaccumulation may exceed

TBBPA bioaccumulation (Hakk and Letcher 2003). If

the animals in the present study accumulated methyl-

ated forms as a function of TBBPA exposure, part of

the effects discussed below should perhaps be attrib-

uted to these metabolites.

The acute effects observed following exposure of

adult animals to 3.0 lM TBBPA and higher are in

agreement with previous observations (Lee et al.

1993). According to Veith and Broderius (1990) base-

line toxicity should be considered at these TBBPA

concentrations. The high mortality in larvae during the

first week of exposure to 1.5 lM TBBPA indicates a

higher sensitivity to toxic effects of TBBPA compared

to older juveniles and adults; accumulation of clear

fluid (edema) in the abdominal cavity and pericardial

area in developing embryos and larvae exposed to high

TBBPA concentrations indicate vascular or osmoreg-

ulatory dysfunction.

Although both reduced egg production and hatching

indicated a negative effect of TBBPA on reproductive

success, a consistent dose-response was only observed

for the decreased egg production. Because of the nor-

mally abundant and variable egg production in zebra-

fish, a relatively large critical effect size of 50% clutch-

size reduction was favored for dose-response modeling.

In a study, where zebrafish were orally exposed to

PCBs (Örn et al. 1998), 30–60% reduced egg produc-

tion was accompanied by a reduction of mature oo-

cytes in the ovaries. The relative overrepresentation of

immature oocytes and incidental severe oocyte atresia

in zebrafish exposed to 1.5 lM TBBPA may be con-

sistent with the decreased egg production; there were

no indications for a unifying mechanism, particularly

since the histological observations were not obviously

concentration dependent. Although a reduction in

mature oocytes was noted in ovaries of zebrafish ex-

posed to estrogens (Van den Belt et al. 2002; Van der

Ven et al. 2003), in the present study there were no

indications for an increase of estrogen-dependent

production of the yolk precursor VTG (liver-cell

morphology and staining properties). Chromatin frag-

mentation (karyorrhexis) in kidney tubules has been

reported as related to estrogen exposure in zebrafish

(Olsson et al. 1999). The karyorrhexis observed in

this study more likely reflects endogenous estrogen

levels than estrogenic activity of TBBPA, since it

was restricted to adult females, and there was no

relation to TBBPA exposure. Juvenile gonad devel-

opment may be a more sensitive parameter for estro-

genic effects (Brion et al. 2004; Maack and Segner

2004). Presently, female developmental stages pre-

dominated at an internal concentration of 5.6 lg

TBBPA/g lipid, a similar level at which the clutch size

in adults was reduced. Iit remains unclear whether this

observation was a result of the preferential develop-

ment of a female phenotype, or of a higher mortality

Fig. 5 Embryo of control
(a) and exposed (6.0 lM
TBBPA; b) zebrafish at 28 h
postfertilization. Note caudal
and cranial malformation,
delayed closure of hindgut
(arrow) and distension of the
cranial yolk sac wall (edema;
asterisk) in TBBPA-exposed
specimen
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rate in males. Although the above explanation is fa-

vored by the present observation of progressed oocyte

development, alternatively, when zebrafish are pro-

togynous (Maack and Segner 2003), the condition may

also represent delayed development, consistent with

the observed abnormal development during the first

week in larvae exposed to 1.5 lM and close observa-

tion of eggs individually exposed to higher doses. Both

delayed development and preferential development of

female phenotype have been observed in zebrafish

exposed to E2 (Brion et al. 2004). Particularly, in

juvenile fish, where plasma estradiol levels can be very

low (0.3 pmol/g tissue in juvenile steelhead trout; Yeoh

et al. 1996), an internal concentration of 5.6 lg

TBBPA/g lipid (approximately 0.4 nmol/g wet weight)

could have some estrogenic influence. The fact that

thyroid hormones are also crucial for the development

in fish (Power et al. 2001), and may act synergistically

with gonadotropic hormones (Cyr and Eales 1996),

hampers interpretation of the present results in

mechanistic terms; however, in spite of tentative anti-

thyroid effects of TBBPA in tadpoles (Kitamura et al.

2005b), none of the findings in this study were consis-

tent with the effects in zebrafish exposed to the anti-

thyroid drug propylthiouracil in a partial life-cycle as-

say (Van der Ven et al. 2006).

Conclusion

The present study indicates that exposure of zebrafish

to TBBPA can result in effects on population-relevant

parameters as egg production, juvenile survival, and

gender development of offspring at TBBPA-body

burdens around 5–7 lg/g lipid. In feral fish, levels

one order of magnitude lower have been reported.

Although the results could be consistent with the

estrogenic activity of TBBPA, the extent to which such

a mechanism plays a role remains unclear without

further supportive evidence. There were no indications

for anti-thyroid activity.
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