
Correspondence: Tasuku Nawaji (E-mail: nawaji-tasuku@ceri.jp)

Comparing time-series of chemical concentrations 
in zebrafish (Danio rerio) embryos/larvae exposed to 

teratogens with different hydrophobicity; caffeine, sodium 
valproate, and diethylstilbestrol

Tasuku Nawaji1, Naohiro Mizoguchi1, Mika Ono1, Takeshi Matuura1, Masanori Seki1  
and Hiroki Teraoka2 

 
1Chemicals Evaluation and Research Institute, Japan, Kurume, 3-2-7, Miyanojin, Kurume, Fukuoka 839-0801, Japan

2School of Veterinary Medicine, Rakuno Gakuen University, 582, Bunkyodai-Midorimachi, Ebetsu, Hokkaido 069-8501, Japan

 [Recommended by Shuji Tsuda]

(Received February 6, 2018; Accepted February 6, 2018)
 

ABSTRACT — Developmental toxicity is an adverse developmental outcome, i.e., death, malforma-
tion, growth retardation, or functional deficiency. Recently, alternative methods of assessing developmen-
tal toxicity using zebrafish (Danio rerio) as a preliminary screening have attracted attention because of 
their low cost and high throughput. However, most toxicity evaluations have been based on a chemical 
concentration in an aqueous solution, and the chemical concentrations in embryos/larvae and their tempo-
ral behavior have in most cases been unclear, regardless of differences of chemical hydrophobicity. In the 
present study, we selected three teratogens with different hydrophobicities (caffeine, CA, log Kow -0.07; 
sodium valproate, VA, log Kow 0.26 (pH 7.4); and diethylstilbestrol, DES, log Kow 5.07), and we meas-
ured their concentrations in embryos/larvae exposed to these chemicals every 24 hr post-fertilization (hpf) 
until 144 hpf. Kinetic analysis based on a one-compartment fish model that yields first order kinetics for 
CA and VA revealed that concentrations of both CA and VA in embryos/larvae increased gradually and 
became saturated by around 100 hpf. In contrast, DES concentrations in embryos/larvae reached a maxi-
mum at 48 or 72 hpf and then decreased gradually. The present study suggests that the temporal pattern of 
chemical concentrations is a function of the hydrophobicity of the chemicals.
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INTRODUCTION

Developmental toxicity is an adverse developmental 
outcome, i.e., death, malformation, growth retardation, 
or functional deficiency (Hood, 2016). In drug develop-
ment, the presence of developmental toxicity in drug can-
didates has usually been tested using rodent and non-ro-
dent mammalians, e.g., rats and rabbits (International 
Conference on Harmonisation, 1994), but such testing 
has proven to be time-consuming and very expensive  
(Piersma, 2004). Recently, alternative methods using 
zebrafish (Danio rerio) as a preliminary screening have 
attracted attention because of their low cost and high 

throughput (Gibert et al., 2013).
In published reports, embryos have usually been 

exposed from two hours post fertilization (hpf) until 
as long as 144 hpf, and indicators of developmen-
tal abnormalities have been monitored microscopically  
(Brannen et al., 2010; Selderslaghs et al., 2012; Yamashita  
et al., 2014). Evaluation of developmental toxicity via 
these methods has been based on the concentration of 
each compound in the water (Cw). However, Cw does not 
reflect the actual amount to which the embryos/larvae is 
exposed in vivo, the amount of the toxicant that is directly 
associated with developmental toxicity.

Only a few papers have reported the toxicant con-
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centrations in zebrafish embryos/larvae. Some of those 
papers have reported the chemical concentration of each 
compound in zebrafish embryos/larvae (Ce) at only one 
point in time, or they have reported the time-series of the 
concentration in the embryos/larvae up to at most 120 hpf 
(Ball et al., 2014; Diekmann and Hill, 2013; Huang et al., 
2010).

Bioaccumulation is the accumulation of chemi-
cals in an organism through any route (Sanz-Landaluze  
et al., 2015). In general, bioaccumulation in a typi-
cal fish, including zebrafish, can be described in terms 
of two first-order kinetic processes, i.e., uptake and 
depuration, based on a one-compartment fish mod-
el (OECD, Organization for Economic Cooperation and  
Development, 2012). The kinetic parameters and biocon-
centration factors (BCFs) calculated on the basis of the 
first-order model using zebrafish embryos/larvae have 
previously been reported by Sanz-Landaluze et al. (2015). 
However, it has been presumed that compounds with dif-
ferent values of the n-octanol/water partition coefficient 
(Kow) would be differentially permeable into the zebrafish 
body and that the temporal patterns of Ce during the tests 
would differ because of differences in hydrophobicity, but 
no experimental data evidencing such differences have 
been reported.

The purpose of this study was to analyze the Ce of ter-
atogens representing different Kow values and to com-
pare the characteristics of the Ce time series. We exposed 
zebrafish embryos to three chemicals, caffeine (CA), sodi-
um valproate (VA), and diethylstilbestrol (DES), which 
are known to be human and/or rodent teratogens. Their 
log Kow values are -0.07 for CA, 0.26 (pH 7.4) for VA, 
and 5.07 for DES (Lombardo et al., 2001; Kyowa Hakko 
Kirin, 2017; Hansch et al., 1995). We measured the Ce of 
teratogens every 24 hpf up to 144 hpf and performed the 
appropriate kinetic analyses.

MATERIALS AND METHODS

Test organisms
Wild-type zebrafish (Danio rerio, NIES-R strain, 

National Institute for Environmental Studies, Japan) 
were used for all experiments. The adult fish were main-
tained with dechlorinated tap water (26 ± 1°C) under 
flow-through conditions on a 16-hr light/8-hr dark cycle 
and were fed with recently hatched (< 24 hr old) brine 
shrimp (Artemia) from Great Salt Lake (EGGS-90,  
Kitamura, Kyoto, Japan). Fertilized eggs were obtained 
by placing two male fish into breeding tanks, each of 
which contained one female fish, in the morning on the 
day of the experiment.

Conditions of exposure to test compounds
CA and VA were purchased from Wako Pure  

Chemicals (Osaka, Japan). DES was obtained from Tokyo 
Chemical Industry (Tokyo, Japan).

Developmental toxicity tests for these test chemicals 
were performed to determine exposure concentrations 
that would be used to calculate Ce. Details of the tests are 
shown in the Supplemental data and Supplemental Table 1.  
Supplemental Table 2 shows the concentrations of each 
compound in the water (Cws) measured during the devel-
opmental toxicity tests. Supplemental Table 3 shows the 
percentages of developmental abnormality and mortali-
ty in the tests and observed representative effects. To cal-
culate the chemical concentrations of each compound in 
zebrafish embryos/larvae (Ces), we first determined the 
test solution concentrations that caused developmen-
tal abnormalities or mortality during exposure. Those 
test solution concentrations were 155 and 621 mg/L for 
CA, 41.5 and 166 mg/L for VA, and 0.537 and 1.07 mg/L 
for DES. In addition, we tested a DES concentration of 
0.268 mg/L, which caused minor developmental abnor-
malities, to obtain more information about the tempo-
ral behavior of Ces for teratogens with high solubility in 
fat. Each test solution was prepared with dilution water 
only (reconstituted water: ISO 6341-1982) (OECD, 1992) 
for CA and VA and with dilution water containing 0.01% 
dimethyl sulfoxide for DES. Normal embryos by 5 hpf 
were exposed to the test solutions (about 2 mL/embryo) 
in glass beakers. The beakers were sealed and maintained 
for up to 144 hpf at 28 ± 1°C on a 14-hr light/10-hr dark 
cycle. The test solutions of CA and VA were not renewed, 
whereas the DES solution was renewed every 24 hr to 
maintain the actual Cw.

Measuring concentrations of test compounds in 
test solutions

We measured the Cws of the three test compounds in 
all tests. For CA and VA, the Cws in the test solutions 
were measured at the start and end of the exposure peri-
od. For DES, the test solutions were analyzed in two sets: 
(1) duplicate solutions freshly prepared and (2) duplicate 
solutions before renewal or at the time of 100% mortali-
ty. The solutions sampled were appropriately diluted with 
acetonitrile to produce the same composition as the eluent 
for each compound. The treated samples were analyzed 
by high performance liquid chromatography (HPLC) 
using a LC-2010AHT instrument (Shimadzu, Kyoto, 
Japan) equipped with an L-column2 ODS (octadecyl sil-
ica) column (length, 150 mm; inner diameter, 2.1 mm; 
particle size, 5 μm; Chemicals Evaluation and Research 
Institute, Tokyo, Japan). Each 20-μL sample was eluted 
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in a mobile phase of acetonitrile: water (1:9 v/v for CA,  
4:6 v/v for VA, and 5:5 v/v for DES), and each toxicant 
was detected at a different wavelength (270 nm for CA, 
210 nm for VA, and 254 nm for DES).

Measuring concentrations of test compounds in 
zebrafish embryos/larvae

The exposed embryos (3-20 embryos per replica-
tion, three or four replicates/level/time point) were ana-
lyzed every 24 hpf up to a maximum of 144 hpf. The 
chorions of embryos were removed with forceps under 
a microscope prior to sampling for the Ce measure-
ments. The dechorionated embryos or the larvae were 
weighed as wet body weight and were individually trans-
ferred through a series of two glass beakers containing 
100 mL of fresh dilution water to remove chemical res-
idues on the body surface. The water on their body sur-
faces was removed with a filter paper. After that step, the 
embryos/larvae were homogenized with a silicon pes-
tle in a 1.5-mL sampling tube containing a mixed sol-
vent of the same composition as each liquid chromatogra-
phy eluent to extract the test compound. The mixture was 
centrifuged at 10,000 g for 5 min. The supernatant was 
collected, brought up to a volume of 1 mL, and filtered 
through a Millex® filter with a 0.2-μm pore size (Merck 
KGaA, Darmstadt, Germany). The filtrate was analyzed 
by HPLC or liquid chromatography-mass spectrometry 
(LC-MS). The equipment and conditions for measuring 
the Ces of CA and DES were the same as those used to 
measure their Cws. The Ce of VA was analyzed by LC-
MS with an LCMS-8050 (Shimadzu) and a Nexera X2  
(Shimadzu) equipped with an ACQUITY UPLC BEH 
C18 column (length, 50 mm; inner diameter, 2.1 mm; 
particle size, 1.7 μm; Nihon Waters, Tokyo, Japan). Each 
20-μL sample was eluted in a mobile phase of acetonitrile 
(with 0.1% formic acid): water (with 0.1% formic acid) 
(4:6 v/v). VA was monitored by electrospray negative ion-
ization mode (142.9 m/z).

Kinetic analysis
We carried out a kinetic analysis using the Cws of 

CA and VA and the corresponding Ces measured every  
24 hpf. We applied the methods described in OECD Test 
Guideline 305 annex 5 to estimate values of the uptake 
rate constant (k1; L kg-1 h-1) and the depuration rate con-
stant (k2; h-1), the time required for the Ce to reach 95% of 
the steady-state (SS) value (TSS95; h), and the kinetic BCF 
(BCFK; L kg-1) (OECD, 2012). We estimated the k1 and k2 
values based on a time series of concentration data and 
the following equation

Ce = Cwk1[1 - exp(-k2t)]/k2  (1)

where Ce is the geometric mean of the Ces at each time 
point (mg kg-1), Cw is the geometric mean of the Cws (mg 
L-1), and t is time (h). We also estimated TSS95, BCF, and 
BCFK with the following equations (OECD, 2012)

TSS95 = -ln (0.05)/k2 = 3.0/k2, BCF = Ce/Cw, BCFK = k1/k2

RESULTS AND DISCUSSION

Table 1 shows the Cws of test compounds used to 
determine Ces. The geometric means of the measured Cws 
expressed as percentages of the nominal concentrations 
were 97.2-98.0% for CA, 88.5-95.0% for VA, and 89.6-
101% for DES. The measured Cw of each test compound 
was therefore close to the nominal value throughout the 
study. In the following description, the Cws are reported 
as the nominal concentrations.

Figure 1 shows the Ces of each compound measured 
every 24 hpf up to a maximum of 144 hpf.

The Ce of CA at an exposure level of 155 mg/L 
increased steadily until 144 hpf, but the rate of increase 
gradually declined. The maximum concentration during 
the test was 174 mg/kg at 144 hpf, which was very simi-
lar to the Cw at 144 hpf (151 mg/L, BCF: 1.15 L kg-1). The 
Ce of CA at an exposure level of 621 mg/L was measured 

Table 1.    Measured concentrations of test compounds in test solutions used to determine the concentrations in zebrafish 
embryo/larva (Ces).

Caffeine Sodium valproate Diethylstilbestrol

Test level 
(mg/L)

Geometric mean of 
measured concentration

(mg/L)
(% of nominal 
concentration)

Test level 
(mg/L)

Geometric mean of 
measured concentration 

(mg/L)
(% of nominal 
concentration)

Test level 
(mg/L)

Geometric mean of 
measured concentration 

(mg/L)
(% of nominal 
concentration)

155 151 (97.2) 41.5 36.7 (88.5) 0.268 0.240 (89.6)
621 609 (98.0) 166 158 (95.0) 0.537 0.530 (98.6)

1.07 1.08 (101)
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only until 96 hpf because there was 100% mortality at 
120 hpf. The Ce of CA at an exposure level of 621 mg/L 
increased steadily until 96 hpf, and the Ce at 96 hpf was 
503 mg/kg (BCF: 0.826 L kg-1).

The Ce of VA at an exposure level of 41.5 mg/L 
increased until 48 hpf; at 72 hpf it was in the range  
107-116 mg/kg (BCF: 2.92-3.16 L kg-1). The Ce of VA 
at an exposure level of 166 mg/L was measured until  
72 hpf because there was 100% mortality at 96 hpf; the 
Ce increased steadily until reaching 400 mg/kg at 72 hpf 
(BCF: 2.53 L kg-1).

Kinetic analyses were performed on the plots of the Ce 
of CA at an exposure level of 155 mg/L and on the plots 
of the VA concentration in embryos/larvae at an exposure 
level of 41.5 mg/L at all time points. Table 2 shows the 
calculated kinetic parameters. Figure 1 (a) and (c) show 
the fitted curves with k1 and k2 values calculated from 
equation (1). Similar curve fitting was not performed for 
CA and VA because the number of plots was insufficient 
for the analysis. Curve fitting was also not performed for 
DES because the uptake and depuration of DES did not 
follow first-order kinetics based on a one-compartment 
model. The k1 for VA (0.087 L kg-1 h-1) was 2.8 times that 
of CA (0.031 L kg-1 h-1), but the k2s for CA and VA were 
similar (0.027 and 0.030 L kg-1, respectively). Therefore, 
the BCFK of VA was 2.4 times that of CA. This difference 
is consistent with the observation that the higher the Kow 
of a compound, the higher the BCF tends to be (Arnot 
and Gobas, 2006). The TSS95s for CA and VA were almost 
the same (110 and 99 h, respectively). Collection of more 
information about Ce combined with kinetic analyses 
might enable us to predict Ce without analytical measure-
ments.

In contrast, the Ce of DES showed temporal behav-
ior different from that of CA and VA. The Ces of DES at 
exposure levels of 0.268, 0.537, and 1.07 mg/L reached 
maximum values at 48 or 72 hpf and then gradually 
decreased to less than half the corresponding maximum 
concentrations. The Ce at an exposure level of 0.268 mg/L 

reached a maximum of 62.1 mg/kg (BCF: 259 L kg-1)  
at 48 hpf and decreased to 9.24 mg/kg (BCF: 38.5 L 
kg-1) at 144 hpf. The Ce at an exposure level of 0.537 
mg/L reached a maximum of 122 mg/kg (BCF: 230 L 
kg-1) at 72 hpf and decreased to 61.1 mg/kg (BCF: 115 
L kg-1) at 144 hpf. The Ce of DES at an exposure level of  
1.07 mg/L was measured only until 96 hpf because there 
was 100% mortality at 120 hpf. The Ce at an exposure lev-
el of 1.07 mg/L reached a maximum of 322 mg/kg (BCF: 
299 L kg-1) at 72 hpf and decreased to 155 mg/kg (BCF: 
144 L kg-1) at 96 hpf.

DES is highly soluble in fat, and we presume that the 
gradual decrease of Ce after 48 or 72 hpf was due to a 
decline of total lipid concentration in whole embryos/lar-
vae because of the energetic costs of development and 
growth. To address this hypothesis, we estimated the total 
lipid concentrations of whole embryos/larvae exposed 
to DES concentrations of 0.268 and 0.537 mg/L in the 
present study using previously reported data (Fraher et 
al., 2016) (Fig. 2, details of the calculation method are 
shown in Supplemental data). The total lipid concentra-
tion for both exposure levels decreased gradually until  
72 hpf and more rapidly from 72 hpf to 120 hpf. The con-
centrations at 120 hpf in the 0.268 and 0.537 mg/L treat-
ments decreased to 63% and 48% of the corresponding 
concentrations at 24 hpf. We therefore hypothesized that 
the Ce of DES gradually increased up to 48 or 72 hpf by 
absorption through the gills and the skin and by alloca-
tion to fat in whole embryos/larvae. Then the Ce gradu-
ally decreased in association with the decline of the total 
lipid concentration in whole embryos/larvae. To test this 
hypothesis, more information would need to be collect-
ed about the concentrations of compounds that are highly 
soluble in fat. In contrast, the liver is unlikely to have had 
much of a metabolic function at 48 or 72 hpf because the 
zebrafish liver does not become visible until approximate-
ly 96 hpf (Chu and Sadler, 2009). Therefore, metabolic 
activity in the liver would not have been mainly respon-
sible for the decline of the DES Ce. Nevertheless, drug-
metabolizing enzymes in the liver and/or in sites other 
than the liver might have partially contributed to the rap-
id decrease of the DES Ce at 72 hpf and later. Although 
no peaks other than DES were observed on the chroma-
togram obtained under the analytical conditions used to 
measure DES in the present study (data not shown), small 
amounts of metabolites might have been detected via 
additional detailed analyses targeting DES metabolites. 
More studies would be required to clarify the factors that 
caused the decrease of the DES Ce.

In conclusion, our study provided unique information 
about the temporal pattern of Ces for compounds with dif-

Table 2.   Kinetic parameters calculated via kinetic analysis.

Parameter Caffeine Valproate sodium salt
155 mg/L 41.5 mg/L

k1 (L kg-1 h-1) 0.031 0.087
k2 (h-1) 0.027 0.030
BCFK (L kg-1) 1.2 2.9
TSS95 (h) 110 99
k1: uptake rate constant, k2: depuration rate constant, BCFK: 
kinetic bioconcentration factor, TSS95: time required for the 
concentration of the compound to reach 95% that at steady state 
in zebrafish embryo/larva.
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Fig. 1.  Chemical concentrations of each compound every 24 hpf in zebrafish embryos/larvae exposed to (a) a caffeine (CA) solu-
tion of 155 mg/L, (b) a CA solution of 621 mg/L, (c) a valproate sodium salt (VA) solution of 41.5 mg/L, (d) a VA solution 
of 166 mg/L, (e) a diethylstilbestrol (DES) solution of 0.268 mg/L, (f) a DES solution of 0.537 mg/L, and (g) a DES solu-
tion of 1.07 mg/L. Each plot shows the mean value of several replicates (CA: four replicates, VA and DES: three replicates). 
Each error bar shows the standard deviation of the replicates. Theoretical curves show the first-order kinetic model for (a) a 
CA solution of 155 mg/L and (c) a VA solution of 41.5 mg/L.
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ferent hydrophobicities that caused developmental toxici-
ty. In particular, for compounds like DES that are highly 
soluble in fat, the temporal pattern of Ce can vary wide-
ly in spite of a stable Cw. To clarify such behavior, more 
data for compounds highly soluble in fat are needed. In 
addition, more data about the temporal pattern of Ce for 
various kinds of compounds might lead to generalizations 
about the temporal pattern of every compound group. Par-
ticular attention should be paid to gaps between Cw and 
Ce if developmental toxicity is evaluated via Cw without 
measuring Ce. The gradually decreased Ce of DES may 
be related to the decline of the total lipid concentration in 
whole embryos/larvae.
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