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The present study evaluates the in vitro developmental toxicity of 4- and 5-ring polycyclic aromatic hydrocar
bons (PAHs) including benz[a]anthracene (BaA) and benzo[a]pyrene (BaP) and six of their monomethylated
congeners, and dibenz[a,h]anthracene (DB[a,h]A) using the zebrafish embryotoxicity test (ZET). In general, the
tested PAHs induced various developmental effects in the zebrafish embryos including unhatched embryos, no
movement and circulation, yolk sac and pericardial edemas, deformed body shape, and cumulative mortality at
96 h post fertilization (hpf). The methyl substituent on different positions of the aromatic ring of the PAHs
appeared to change their in vitro developmental toxicity. Comparison to a previously reported molecular docking
study showed that the methyl substituents may affect the interaction of the PAHs with the aryl hydrocarbon
receptor (AhR) which is known to play a role in the developmental toxicity of some PAHs. Taken together, our
results show that methylation can either increase or decrease the developmental toxicity of PAHs, and suggest
this may in part relate to effects on the molecular dimensions and resulting consequences for interactions with
the AhR.
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1. Introduction
Polycyclic aromatic hydrocarbons (PAHs) are a class of organic
compounds comprised of three or more fused benzene rings, containing
only carbon and hydrogen atoms (Blumer, 1976; Hodson, 2017; Masood
et al., 2017). Most PAHs are formed by incomplete combustion of
organic materials through natural-biological or anthropogenic processes
(EFSA, 2008). It is known that anthropogenic PAHs have two major
sources: petrogenic and pyrogenic (Saha et al., 2012, 2009). Pyrogenic
PAHs are formed by incomplete combustion of organic matters and fossil
fuels (e.g., wood and coal) (Balmer et al., 2019; Saha et al., 2009).
Petrogenic sources of PAHs include crude oil and partially refined crude
oil products such as heavy fuel oil, distillate aromatic extract and gas oil
(Tsitou et al., 2015). Unsubstituted PAHs are abundant in pyrogenic
substances while alkylated PAHs (e.g., monomethylated, dimethylated
and ethylated PAHs) account for a relatively large proportion of the
PAHs present in the petrogenic substances (Hodson, 2017; Rhodes et al.,
2005; Yang et al., 2014). It has been suggested that methylated PAHs
may possess different toxicity than their unsubstituted parent

compounds (Marvanová et al., 2008; Sun et al., 2014; Turcotte et al.,
2011).
While the mutagenic and carcinogenic properties of many unsub
stituted/naked and substituted PAHs have been intensively investigated
(Fahmy and Fahmy, 1973; Flesher and Lehner, 2016; Hecht et al., 1987;
Hoffmann et al., 1974; Santella et al., 1982; Trilecová et al., 2011; Tuyen
et al., 2014), there is limited knowledge on the developmental toxicity of
these substances, especially for the alkylated PAHs. In epidemiological
studies, prenatal exposure to individual PAHs has been linked to
increased incidence of miscarriage during early pregnancy (Wu et al.,
2010), intrauterine growth retardation (Choi et al., 2008), and
decreased birth weight and length (Choi et al., 2006; Delhommelle,
2010; Perera et al., 2005, 2003; Tang et al., 2006). To date, the majority
of the in vivo developmental toxicity data of PAHs are from the best
studied 5-ring PAH, benzo[a]pyrene (BaP). Prenatal exposure to BaP
caused decreased fetal body weight and increased incidences of
resorption to the offspring of pregnant rats (Archibong et al., 2002; Bui
et al., 1986). Moreover, maternal exposure to BaP or 7,12-dimethyl-benz
[a]anthracene (DMBA) before conception was associated with
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interference with normal fetal growth in mice (Detmar et al., 2008).
To date, the existing knowledge on the developmental toxicity of
subsituted PAHs mainly relates to some 3- and 4-ring alkylated PAHs.
Comparative studies between phenanthrene (PHE) and its alkylated
congeners showed that alkylated PHEs exerted higher embryotoxic po
tency than PHE itself in the early developmental stage of Japanese
medaka and marine medaka (Mu et al., 2014; Turcotte et al., 2011). For
chrysene (CHR) and benz[a]anthracene (BaA), the presence of an alkyl
substituent either increased or decreased the embryotoxicity relative to
the unsubstituted parent PAHs in Japanese medaka embryos (Lin et al.,
2015). From these findings, it can be hypothesized that the position of
the alkyl substituent on the aromatic ring of PAHs influences the
developmental toxicity of these substances.
Further testing of this hypothesis on the developmental toxicity of
methylated PAHs, using experimental animals in vivo would be
considered unethical given the large number of compounds to be tested.
Hence, new approach methodologies (NAMs) would be preferred. The
zebrafish embryotoxicity test (referred to as ZET hereafter) is one of the
alternative assays widely used to evaluate the in vitro developmental
toxicity of chemical substances (Beker van Woudenberg et al., 2013;
Dach et al., 2019; Goodale et al., 2013; Hawliczek et al., 2012; Incar
dona et al., 2006; De Jong et al., 2011; Kamelia et al., 2019; Selderslaghs
et al., 2009). The ZET is not considered as an animal test if the zebrafish
embryos in the test do not exceed 120 h post fertilization (hpf) (EU,
2010; Sellick, 2011). The ZET makes use of an intact, transparent, and
fast-developing vertebrate organism to study the potential effects of
chemicals on embryonic development, with the development of zebra
fish embryos being highly similar to the embryogenesis of human
(Beekhuijzen et al., 2015; Rothenbücher et al., 2019; Sipes et al., 2011).
The transparent chorion of zebrafish embryos makes it possible to
perform non-invasive observations of the morphological changes in the
zebrafish embryos. There are several advantages of the ZET over the
other alternative assays for developmental toxicity testing (e.g., the
embryonic stem cell test (EST), the whole embryo culture (WEC) and the
limb bud micro-mass assay). First of all, in the ZET, zebrafish embryos
are exposed to chemicals/substances during the whole vulnerable stage
of embryogenesis which provides a more complete evaluation of the
chemical’s effect on the whole organogenesis period than obtained in
other in vitro tests (Rothenbücher et al., 2019). Moreover, the ZET is
cheap, fast, easy to conduct and thus enabling a medium-throughput
screening of hazards (Le Bihanic et al., 2014a; Rothenbücher et al.,
2019). Up to now, the ZET has been successfully applied to assess in
vitro developmental toxicity of several individual substituted and
unsubstituted PAHs (Dach et al., 2019; Geier et al., 2018; Incardona
et al., 2006; Knecht et al., 2013; Kühnert et al. Hodson, 2017Kühnert
et al., 2017; Turcotte et al., 2011), and many PAH-containing substances
(Hedgpeth et al., 2019; Kamelia et al., 2019; Kim et al., 2019; Matson
et al., 2008). To assess the effect of the chemical substances on the
development of zebrafish embryos, the ZET utilizes a semi-quantitative
method known as the extended general morphology scoring (GMS)
system (Beekhuijzen et al., 2015). Exposed zebrafish embryos are scored
at specific time-points following exposure to test compounds for embryo
lethality, growth retardation and morphological abnormalities based on
the endpoints included in the extended-GMS (Beekhuijzen et al., 2015).
The present study aims to test the hypothesis that the developmental
toxicity of monomethylated PAHs as compared to the unsubstituted
parent PAH is influenced by the position of the methyl substituent. To
this purpose, nine 4- and 5-ring PAHs were evaluated for their potential
developmental toxicity in the ZET including: BaA and its three methyl
ated congeners: 4-methyl-benz[a]anthracene (4-MeBaA), 8-methyl-benz
[a]anthracene (8-MeBaA), 9-methyl-benz[a]anthracene (9-MeBaA);
BaP and its three methylated congeners: 3-methyl-benzo[a]pyrene (3MeBaP), 7-methyl-benzo[a]pyrene (7-MeBaP), 8-methyl-benzo[a]pyr
ene (8-MeBaP); and dibenz[a,h]anthracene (DB[a,h]A) (see chemical
structures in Supplementary material 1).

2. Materials and methods
2.1. Test compounds
Benzo[a]pyrene (BaP, CAS No. 50–32-8), benz[a]anthracene (BaA,
CAS No. 56–55-3), dibenz[a,h]anthracene (DB[a,h]A, CAS No. 53–703), 7-methyl-benzo[a]pyrene (7-MeBaP, CAS No. 63041–77-0), 8methyl-benzo[a]pyrene (8-MeBaP, CAS No. 63041–76-9), 4-methylbenz[a]anthracene (4-MeBaA, CAS No. 316–49-4), 8-methyl-benz[a]
anthracene (8-MeBaA, CAS No. 2381-31-9), 9-methyl-benz[a]anthra
cene (9-MeBaA, CAS No. 2381-16-0), and 3,4-dichloroaniline (CAS No.
95–76-1) were purchased from Sigma-Aldrich (Zwijndrecht, The
Netherlands). 3-Methyl-benzo[a]pyrene (3-MeBaP, CAS No. 16757–816) was synthesized by the Biochemical Institute for Environmental
Carcinogens (Grosshansdorf, Germany). All test compounds were with
purity of ≥98%. All stocks and dilutions of test compounds were pre
pared in dimethyl sulfoxide (DMSO) (Merck, Darmstadt, Germany).
2.2. Zebrafish embryotoxicity test (ZET)
Eggs of wild-type zebrafish (Danio rerio) AB line were purchased
from the research facility Carus, Wageningen University and Research,
The Netherlands. The adult zebrafish were maintained in a flow-through
aquarium system at 28 ◦ C with 14 h light/10 h dark cycle. Zebrafish eggs
were produced via spawning groups by placing adult male and female
zebrafish at a ratio of 15:20 in an individual tank several hours before
the beginning of the dark cycle on the day before the test. Collected eggs
were rinsed a few times with egg water (prepared as described below),
examined under a microscope, and then sorted using a disposable plastic
pipette under inverted microscope. Only fertilized embryos that fol
lowed normal developmental stages were selected for subsequent ex
periments while embryos that showed abnormalities, including
unfertilized and coagulated embryos, were discarded. The egg water was
prepared by adding 10 ml 100-times egg water stock solution (3 g sea
salt (Tropic marine, Wartenberg, Germany) in 500 ml demineralized
water) to 990 ml demineralized water. The egg water was aerated for
around 1 h, adjusted for pH to the range of 7.0–8.0, and stored at 26 ◦ C
until use.
The ZET was initiated at 4–5 hpf and terminated at 96 hpf. The
chorion of zebrafish embryos remains intact when used for exposure at
4–5 hpf. The exposure was performed in 24-well plates (Greiner bio-one,
The Netherlands). In each plate, 20 wells of the 24-well plate were used
for exposure to test compounds, 10 wells for one concentration of test
compound, and the remaining 4 wells were used for the internal plate
control (see Supplementary material 2 for the plate layout). Exposure
medium was prepared by mixing 400-times concentrated DMSOdissolved solutions of the test compounds with egg water, and the
final concentration of DMSO in egg water was kept at 0.25% v/v. Given
that previously the no observed effect concentration (NOEC) for the
solvent DMSO in the ZET was determined to be 0.25% v/v, and that at
concentrations of ≥0.5% v/v DMSO, there is a possibility that zebrafish
embryos would develop tail malformations (i.e., kinked tail) (Selder
slaghs et al., 2009), the DMSO concentration was kept at a maximum of
0.25% v/v. The exposure medium was transferred (2 ml/well) into 20
wells of the 24-well plate, and for the internal plate control, 2 ml egg
water was added into each of the 4 remaining wells. One zebrafish
embryo was then transferred to each well of the 24-well plate (1 em
bryo/well). The plates were sealed with self-adhesive film covers
(Greiner bio-one) to prevent evaporation throughout the exposure
period. All test compounds were tested at a range of concentrations up to
50 μM, except for DB[a,h]A which could be dosed up to only 25 μM due
to solubility limitation. Three types of controls: negative control (egg
water), solvent control (0.25% v/v DMSO) and positive control (4 μg/ml
3,4-dichloroaniline) were included in each independent experiment.
Plates were incubated at 26 ◦ C with a photo period of 14 h light/10 h
dark. The exposure was static, and the exposure medium was not
2
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renewed during the whole experiment up to 96 hpf. Embryos were
scored daily (every 24 h) until 96 hpf for developmental abnormalities
and embryo lethality using an inverted microscope, based on the
extended general morphological scoring (extended-GMS) system
described by Beekhuijzen et al. (2015). This extended-GMS system in
cludes two parts: 1) general development of zebrafish embryos (GMS),
and 2) dysmorphogenic (or malformation) endpoints. The general
development scoring in the ZET consists of 12 endpoints with a
maximum total score of 17 points, i.e., detachment of tail, somite for
mation, eye development and pigmentation, movement, circulation,
presence of heartbeat, pectoral fins, pigmentation of head and body,
pigmentation of tail, hatching, presence of protruding mouth, and yolk
extension (see Supplementary material 3). The dysmorphogenic
endpoint scoring was done at 96 hpf only and consisted of 6 endpoints
(maximum total score of 6 points), i.e., yolk sac edema, pericardial sac
edema, malformation of the tail, deformed body shape, malformation of
the head and jaw, and malformation of the sacculi/otoliths. Any devi
ation from normal developmental stages of zebrafish embryos results in
a lower extended-GMS score, which corresponds to a certain extent of
developmental retardation. It is worth mentioning that the exposure
time windows of 0–24, 0–48 and 0–72 hpf did not show substantial
differences (i.e., developmental effects on zebrafish embryos) between
test compounds and controls (see Supplementary material 4), thus only
data from the exposure time window of 0–96 hpf were used for data
presentation and analysis. The ZET was considered valid if the following
criteria were observed (at 96 hpf): (1) ≤1 dead embryos (out of 4) in the
internal plate control of the exposed-plate, (2) ≤1 dead embryos (out of
10) in the negative control plate, (3) ≤1 dead embryos (out of 10) in the
solvent control plate, (4) ≤7 alive embryos (out of 10) in the positive
control plate (≥30% embryo lethality). Three independent ZET experi
ments were performed for each test compound.

representing the concentration that induced 20% reduction of either the
GMS score or the extended-GMS score in the ZET. A BMR20 was selected
as a threshold because 20% was the highest response in the GMS or
extended GMS score induced by the test compounds without concomi
tant embryo lethality. All analyses were performed according to the
manual provided on the EFSA BMD modeling web-tool site (https://sh
iny-efsa.openanalytics.eu/). The performance of each fitted model was
evaluated based on the goodness-of-fit, the scaled residuals, and the
visual inspection of model fitting. The final BMC20 values were selected
from the accepted model with the lowest Akaike’s Information Criterion
(AIC) (Haber et al., 2018) (see Supplementary material 5).
In addition to concentration-response curves, a heatmap was devel
oped to visualize the effects of each test compound on the endpoints
scored in the ZET. To this purpose, the average percentage of incidence
(from 3 independent ZET experiments), obtained by dividing the total
number of viable zebrafish embryos displaying effects on a specific
endpoint included in the ZET scoring (at 96 hpf) by the total number of
viable embryos, was used as data input for the heatmap. An exposure
was considered as a ‘hit’ for a specific endpoint on the heatmap if the
average percentage of embryos showing the corresponding effect was
equal to or greater than 50% (i.e., ≥50%). The lowest concentration of
test compound that caused a “hit” on the heatmap was indicated using a
gradient red color code with an increasing shade of red for the
decreasing concentrations tested. An unpaired Student’s t-test was per
formed in GraphPad Prism 5.0 to determine the statistical significance
between the percentage of affected embryos at a specific test concen
tration and that of the solvent control (0.25% v/v DMSO). Results pre
sented in the heatmap represent data from 3 independent ZET
experiments.

2.3. Data analysis

Fig. 1 shows the concentration-dependent effects of all tested PAHs
in the ZET based on GMS, extended-GMS, and embryo lethality
(decreased survival) at 96 hpf. All tested PAHs, except 7-MeBaP,
induced concentration-dependent decreases in the GMS and extendedGMS at 96 hpf, where for some test compounds, including BaP and 4MeBaA, such effects coincided with a decrease in embryo survival at
96 hpf in the ZET. Using the obtained concentration-response curves in
the ZET, the BMC20 value for both GMS and extended-GMS were
determined and the resulting BMC20s are presented in Table 1.
Furthermore, a heatmap (Fig. 2) was developed to illustrate the affected
endpoints included in the ZET scoring at 96 hpf. Overall, 5 out of 12
general morphology development endpoints were affected following
exposure to the test compounds when scored at 96 hpf, which include
absence of movement, absence of circulation, unhatched embryos, un
developed mouth, and yolk extension not nearly empty. Moreover,
except for malformed sacculi/otoliths, all dysmorphogenic endpoints, i.
e., pericardial sac edema, yolk sac edema, malformation of the tail (i.e.,
kinked tail), deformed body shape, and deformed head and jaw, were
induced by all tested PAHs except 7-MeBaP, at 96 hpf in the ZET (Fig. 2).
Fig. 3 presents representative images of normally developed and mal
formed zebrafish embryos at 96 hpf (Fig. 3A), as well as images of
normally developed or malformed embryos observed upon exposure to
each PAH at the respective 3 test concentrations in the range from 5 to
50 μM at 96 hpf (Fig. 3B).
Exposure to the unsubstituted parent 4-ring PAH BaA (Fig. 1A)
induced a concentration-dependent developmental retardation in
zebrafish embryos (scored at 96 hpf) with a BMC20extended-GMS value of
5.29 μM (Table 1). The affected general morphology development
endpoints following exposure to BaA included absence of movement,
which was observed only at 50 μM, absence of circulation, absence of
protruding mouth and yolk extension not empty, which were observed
starting at 5 μM (Figs. 2 and 3B). Regarding the dysmorphogenic end
points, exposure to BaA caused pericardial sac edema, yolk sac edema,
retarded head and jaw, deformed body shape, and malformed tail (i.e.,

3. Results

The ZET results were expressed as percentage of response of the total
GMS score (12 endpoints, including only the general morphology
development of the zebrafish embryo, maximum score of 17 points),
total extended-GMS score (18 endpoints, including the 12 endpoints for
the general morphology development plus 6 dysmorphogenic/malfor
mation endpoints, maximum score of 23 points), and embryo survival at
96 hpf. Results from both GMS and extended-GMS scoring were pre
sented because the extended-GMS covers 6 dysmorphogenic endpoints
known to be relevant for assessing the developmental toxicity potency of
PAH-containing substances in the ZET (Kamelia et al., 2021, 2019), and
the GMS scoring is a standard scoring system for evaluating the general
morphology development of zebrafish embryos following exposure to
chemical substances.
Figures of concentration-response curves upon exposure to test PAHs
in the ZET were made using GraphPad Prism 5.0 (California, USA). Data
were fitted to sigmoid concentration-response curves (non-linear
regression analysis) with three parameters. Results were presented as
mean percentage of response ± standard error of the mean (SEM) from 3
independent experiments. An unpaired Student’s t-test (two tailed) was
performed in GraphPad Prism 5.0 to determine the statistical signifi
cance of the differences between the solvent control and exposed sam
ples in the GMS, and between the solvent control and exposed samples in
the extended-GMS at every tested concentration of each test compound.
To determine the benchmark concentrations (BMC), concentrationresponse curves obtained in the ZET were fitted to all quantal
concentration-response models from the European Food Safety Au
thority (EFSA) benchmark dose (BMD) modeling web-tool, based on the
R-Package PROAST version 66.40 developed by the Dutch National
Institute for Public Health and the Environment (RIVM). The quantal
models of the ESFA BMD modeling web-tool include two-stage, log lo
gistic, weibull, log probit, gamma, logistic, probit, exponential, and hill
models. The benchmark response (BMR) was set to 20% (i.e., BMC20),
3
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Fig. 1. Concentration-dependent effects of the nine PAHs on embryo survival (red dotted line with unfilled circle symbol), GMS (black line with unfilled diamond
symbols) and extended-GMS (blue line with unfilled square symbols) at 96 hpf in the ZET. Results represent data from 3 independent ZET experiments and are
presented as mean percentage ± standard error of mean (SEM). The significant differences in GMS between solvent control and exposed samples, and in extendedGMS between solvent control and exposed samples at each tested concentration are represented by hashtag and asterisk symbols, respectively, in the figure: #/*p <
0.05, ##/** p < 0.01, ###/*** p < 0.001，####/**** p < 0.0001. Abbreviations: BaA: benz[a]anthracene; 4-MeBaA: 4-methyl-benz[a]anthracene; 8-MeBaA: 8-methylbenz[a]anthracene, 9-MeBaA: 9-methyl-benz[a]anthracene; BaP: benzo[a]pyrene; 3-MeBaP: 3-methyl-benzo[a]pyrene; 7-MeBaP: 7-methyl-benzo[a]pyrene; 8-MeBaP: 8methyl-benzo[a]pyrene; DB[a,h]A: dibenz[a,h]anthracene; GMS: general morphology scoring; 96 hpf: h post fertilization. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

inducing embryo lethality up to the highest concentration tested
(BMC20extended-GMS: 15.1 μM). The absence of movement, unhatched
embryos, absence of circulation, undeveloped mouth and yolk extension
not empty were the effects observed following exposure to 3-MeBaP in
the ZET. In addition, 3-MeBaP caused pericardial sac and yolk sac
edema, deformed body shape, and retarded head and jaw starting at the
concentration of 15 μM (Fig. 2). Exposure to 7-MeBaP did not cause any
developmental retardations in zebrafish embryos (Fig. 1G), except for
the effect on hatching, which occurred mainly at the highest concen
tration tested (50 μM) (Fig. 3B), thus no BMC values could be derived for
7-MeBaP. Of all PAHs tested, 8-MeBaP was the most potent test com
pound to induce developmental retardation in zebrafish embryos as it
has the lowest BMC20extended-GMS value of 0.38 μM (Table 1). The
BMC20extended-GMS of 8-MeBaP is ~10 times lower than for its parent BaP
(Table 1). The affected general development endpoints of the zebrafish
embryos exposed to 8-MeBaP include effects on pectoral fins, absence of
movement and circulation, undeveloped mouth and yolk extension not
empty, and failure to hatch (Fig. 2), which were observed from 0.5 μM
onwards. In addition, exposure to 8-MeBaP resulted in pericardial sac
and yolk sac edema starting from 0.5 μM, and kinked tail, deformed
body shape and retarded head and jaw, starting from 1.5 μM (Figs. 2 and
3B).
Of the three unsubstituted 4- to 5-ring PAHs tested, DB[a,h]A was the
only PAH that exerted no lethality effect in zebrafish embryos (scored at
96 hpf) up to the highest concentration tested of 25 μM, while showing
developmental effects with a BMC20extended-GMS of 6.71 μM. As shown in
Figs. 2 and 3B, DB[a,h]A caused failure to hatch starting at 5 μM,
whereas the absence of movement, absence of circulation, no protruding
mouth, yolk extension not empty were observed at a higher tested
concentration starting at 15 μM. In addition, DB[a,h]A also caused
several dysmorphogenic effects such as pericardial sac and yolk sac
edema starting at 5 μM, and deformed body shape, and retarded head
and jaw starting at 15 μM (Fig. 2 and 3B).

Table 1
Results from BMD analysis of the ZET data on the GMS and extended-GMS at 96
hpf for the nine PAHs tested. The percentage of embryo survival at the BMC20s
of the concentration response curves for the GMS and extended-GMS score are
also listed in this table.
Test
compounds

BMC20GMS
(μM)

BMC20extendedGMS (μM)

% of embryo survival at
BMC20extended-GMS values

BaA
4-MeBaA
8-MeBaA
9-MeBaA
BaP
3-MeBaP
7-MeBaP
8-MeBaP
DB[a,h]A

20.60
6.37
14.10
28.70
5.70
46.00
-–
0.71
15.10

5.29
5.34
4.81
15.70
4.31
15.10
–
0.38
6.71

100
100
100
100
100
100
100
93
100

Note. The BMC20GMS, BMC20extended-GMS are defined as the benchmark con
centration, representing the concentration that induced a 20% reduction of the
GMS or extended-GMS score at 96 hpf in the ZET; a dash (− ) means there was no
effect observed in the ZET up to the highest concentration tested thus BMC20
values could not be defined. Abbreviations. BaA: benz[a]anthracene; 4-MeBaA: 4methyl-benz[a]anthracene; 8-MeBaA: 8-methyl-benz[a]anthracene, 9-MeBaA: 9methyl-benz[a]anthracene; BaP: benzo[a]pyrene; 3-MeBaP: 3-methyl-benzo[a]pyr
ene; 7-MeBaP: 7-methyl-benzo[a]pyrene; 8-MeBaP: 8-methyl-benzo[a]pyrene; DB
[a,h]A: dibenz[a,h]anthracene; BMC20GMS: concentration that induces a 20%
reduction of GMS score; BMC20extended-GMS: concentration that induce a 20%
reduction of extended-GMS score.

kinked tail), the starting concentration where these effects occurred at
levels exceeding 50% of the embryos can be seen in the heatmap of
Fig. 2. Monomethylated congeners of BaA, namely 4-MeBaA, 8-MeBaA
and 9-MeBaA, also induced developmental retardations in zebrafish
embryos at 96 hpf and their calculated BMC20s for both GMS and
extended-GMS are presented in Table 1. The affected endpoints
following exposure to monomethylated BaAs are similar to those
affected by their parent BaA (Fig. 2), with the exception that 9-MeBaA
did not induce embryo lethality (Figs. 1D and 2) and no malformed
tail up to 50 μM (Figs. 2 and 3B). In other words, the reduction in the
extended-GMS score upon exposure to 9-MeBaA (BMC20extended-GMS:
15.7 μM) occurred at non-lethal concentrations. Exposure to 4-MeBaA
and 8-MeBaA caused similar dysmorphogenic effects at the same con
centration, i.e., pericardial sac edema, yolk sac edema, deformed body
shape retarded head and jaw starting at 5 μM, and kinked tail starting at
15 μM (Figs. 2 and 3B). These effects were also comparable to those
induced by unsubstituted BaA, although some effects were observed at
slightly higher concentrations for these two methylated analogues.
Exposure to BaP and its monomethylated congeners, except 7MeBaP, induced various developmental effects in zebrafish embryos
(scored at 96 hpf; Figs. 1, 2, and 3B). As shown in Fig. 1E, the parent 5ring BaP induced a concentration-dependent developmental retardation
in zebrafish embryos at 96 hpf with a BMC20extended-GMS value of 4.31
μM (Table 1). This included the absence of movement and circulation
starting at 15 μM, and undeveloped mouth and yolk extension not empty
starting at 5 μM (Fig. 2). The dysmorphogenic endpoints induced by BaP
starting from 5 μM were pericardial sac and yolk sac edemas, while ef
fects on the kinked tail, deformed body shape, and retarded head and
jaw were observed starting from the concentration of 15 μM (Fig. 2). 3MeBaP disturbed the general development of zebrafish embryos without

4. Discussion
Alkylated PAHs account for a large proportion of the total PAHs
present in crude oil and partially refined petroleum products (Hodson
Hodson, 2017; Yang et al., 2014). Many studies have correlated the
presence of PAHs, including alkylated PAHs, to the developmental
toxicity of petroleum substances and PAH-containing mixtures (Bar
ranco et al. Hodson, 2017; Billiard et al., 2008; Incardona, 2017; Le
Bihanic et al., 2014b, 2014a). It was also suggested for some alkylated
PAHs that they are more developmentally toxic than their corresponding
parent PAHs (Geier et al., 2018; Mu et al., 2014). The present study
evaluated the in vitro developmental toxicity of a series of 4- and 5-ring
unsubstituted PAHs and some of their monomethylated congeners using
the ZET, to investigate the potential consequences of an alkyl substituent
at different positions on the aromatic ring of PAHs for the developmental
toxicity of these monomethylated PAHs relative to their parent PAHs. Of
all PAHs tested, 8-MeBaP was the most potent to induce developmental
toxicity in zebrafish embryos at non-lethal concentrations, where 7MeBaP was the only one that tested negative in the ZET. Thus, the po
sition of the alkyl substituent on the aromatic ring of the PAH appeared
to influence the in vitro developmental toxicity, either increasing or
decreasing it. The PAH model compounds of the present study were
selected based on either the availability of in vitro developmental
5
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Fig. 2. Heatmap summarizing the results in the ZET for the 18 endpoints scored based on the GMS system (black font) and the extended-GMS system (blue font) and
for embryo lethality (red font) upon exposure to the 9 PAHs at 96 hpf. An exposure was considered as a ‘hit’ for a specific endpoint on the heatmap when ≥50% of the
viable embryos showed effects on this endpoint scored at 96 hpf. The lowest concentration of the respective test compound that corresponds to a ‘hit’ is indicated by
the color code shown on the right part of the figure. Results presented in the heatmap represent data from 3 independent experiments. The statistical significance of
the difference between the percentage of affected embryos at the concentration as indicated in the heatmap and that of the solvent control is represented by asterisk
symbols in the figure: * p < 0.05, ** p < 0.01, *** p < 0.001， **** p < 0.0001. Abbreviations. BaA: benz[a]anthracene; 4-MeBaA: 4-methyl-benz[a]anthracene; 8MeBaA: 8-methyl-benz[a]anthracene, 9-MeBaA: 9-methyl-benz[a]anthracene; BaP: benzo[a]pyrene; 3-MeBaP: 3-methyl-benzo[a]pyrene; 7-MeBaP: 7-methyl-benzo[a]pyr
ene; 8-MeBaP: 8-methyl-benzo[a]pyrene; DB[a,h]A: dibenz[a,h]anthracene; GMS: general morphology scoring; hpf: h post fertilization. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

toxicity data in the mouse EST (mEST), or based on structural similar
ities to PAH model compounds that tested positive for in vitro devel
opmental toxicity in the mEST (Kamelia et al., 2020). In the absence of
bioactivation, the 5-ring PAH DB[a,h]A, but not BaP, induced
concentration-dependent developmental toxicity in the mEST (Kamelia
et al., 2020). BaP was only able to induce in vitro developmental toxicity
upon bioactivation, and its major metabolite 3-hydroxybenzo[a]pyrene
(3-OHBaP) was shown to be active in the mEST and most likely
responsible for the observed developmental toxicity of BaP (Kamelia
et al., 2020). Comparison of the chemical structures of the selected
model compounds demonstrates that 7-MeBaP, 8-MeBaP, 8-MeBaA and
9-MeBaA mimic the dimensions of DB[a,h]A, and that 4-MeBaA and 3MeBaP mimic the structural configuration of 3-OHBaP known as the
developmental toxic metabolite of BaP (Kamelia et al., 2020). It has been
suggested that the aromatic ring oxidation of PAHs can increase the
embryotoxicity towards fish embryos (Fallahtafti et al., 2012; Kamelia
et al., 2020), whereas the presence of a methyl substituent on PAHs
shifts metabolism from the aromatic ring to methyl chain oxidation
(Wang et al., 2020). For BaP it was demonstrated that its developmental
toxicity is mediated by its 3-OHBaP metabolite (Kamelia et al., 2020)
indicating the need for hydroxylation at C3 of BaP to induce such effects.
Thus, the addition of a methyl substituent at the C3 of BaP or C4 of BaA
might potentially block the site at which bioactivation to their active
metabolite(s) occurs and at the same time provide higher chances for an
alternative metabolic pathway at the methyl side chain, thereby

reducing the chances on bioactivation and developmental toxicity. BaA
and BaP were included as the corresponding unsubstituted PAHs of the
selected methylated PAHs under study.
Results obtained in the present study show that except for 7-MeBaP,
all the 4- and 5-ring naked and monomethylated PAHs were able to
disturb the normal development of zebrafish embryos at 96 hpf,
resulting in the occurrence of various developmental retardations and
embryo lethality (Fig. 2). Several common developmental retardations
were observed in zebrafish embryos upon exposure to these naked and
methylated PAHs (except for 7-MeBaP), including unhatched embryos,
effects on circulation and protruding mouth, yolk sac edema, pericardial
edema, malformed head and jaw, and deformed body shape. These
findings are consistent with effects previously observed in fish embryos
exposed to some other unsubstituted and alkylated PAHs (see an over
view of the developmental toxicity induced by some PAHs and alkylated
PAHs in fish embryo model systems in Supplementary material 6). For
example, exposure of Japanese medaka embryos to the 4-ring PAHs:
CHR, BaA and their mono- and di-methylated congeners induced yolk
sac and pericardial edemas, absence of swim bladder, and craniofacial
deformity (Lin et al., 2015). The authors concluded that the presence of
alkyl substituents on CHR and BaA generally increased their toxicity,
except for alkylation at position 2 of BaA, and that the observed effects
resembled those of dioxin pointing at a specific receptor-based mecha
nism of toxicity (Lin et al., 2015; Turcotte et al., 2011). Results of the
present study corroborate that the monomethyl substituent on the
6
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(A)

Deformed body shape

Kinked tail
Morphology of normally developed zebrafish
embryos at 96 hpf (solvent control 0.25% DMSO)

Deformed head and jaw

Pericardial & yolk sac edema

Morphology of malformed zebrafish
embryos at 96 hpf

(B)

Fig. 3. (A) Representative images of normally developed and malformed zebrafish embryos at 96 hpf. (B) Zebrafish morphology at 96 hpf upon exposure to 9 PAHs
under study. Abbreviations. BaA: benz[a]anthracene; 4-MeBaA: 4-methyl-benz[a]anthracene; 8-MeBaA: 8-methyl-benz[a]anthracene, 9-MeBaA: 9-methyl-benz[a]anthra
cene; BaP: benzo[a]pyrene; 3-MeBaP: 3-methyl-benzo[a]pyrene; 7-MeBaP: 7-methyl-benzo[a]pyrene; 8-MeBaP: 8-methyl-benzo[a]pyrene; DB[a,h]A: dibenz[a,h]anthracene;
GMS: general morphology scoring; hpf: h post-fertilization.
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aromatic ring of an unsubstituted PAH can increase but also decrease the
potency to induce developmental toxicity, depending on the site of
methyl substituent.
In the present study, the extended-GMS scoring system was used to
evaluate the developmental toxicity potency of PAHs tested. The
extended-GMS scoring system has been successfully used to evaluate the
developmental toxicity of PAH-containing complex materials in the ZET
(Kamelia et al., 2021, 2019). However, the suitability of this approach to
assess the potential developmental toxicity of individual PAHs has not
been fully evaluated so far. As can be seen from Fig. 1, the effects derived
from the extended-GMS are notably observed at lower concentrations
than the effects quantified by the GMS. This indicates that not only the
scoring on general morphology development but also scoring of the
dysmorphogenic endpoints contributes to evaluating the developmental
toxicity of individual PAHs using the ZET. Given the apparent higher
sensitivity, the use of the extended-GMS may prove to be more appro
priate to assess the developmental toxicity for the group of PAHs and
PAH-containing substances in the ZET.
One of the possible explanations for the different developmental
toxicities of the unsubstituted and different monomethylated PAHs, as
observed in the present study, is the ability of these substances to
interact with different nuclear receptors, including but not limited to the
aryl hydrocarbon receptor (AhR), estrogen receptor-α (ER-α) and reti
noic acid receptor (RAR). It is known that the AhR, ER-α and RAR play
important roles in developmental toxicity in mammals (Barlow et al.,
1999; Lammer et al., 1985; Piersma and Staal, 2017). Exposure to the
PAHs under study (except for 7-MeBaP) caused yolk sac edema, peri
cardial edema and deformed body shape in zebrafish embryos at 96 hpf.
Such effects are consistent with the typical observations or manifesta
tions of zebrafish embryos exposed to 3- to 7-ring PAHs and/or PAHcontaining substances in the ZET, and are believed to be mediated via
the AhR (Billiard et al., 1999; Goodale et al., 2013; Kamelia et al., 2018;
Lanham et al., 2014). The AhR is a ligand-activated transcription factor,
which belongs to the basic helix-loop-helix Per-Arnt Sim (bHLH-PAS)
domain protein family (Hahn, 1998). The AhR has a rather promiscuous
ligand-binding site that can be activated by a diverse range of chemical
structures (Denison and Nagy, 2003; Mahony et al., 2011; Yaşar et al.,
2017). It is known that zebrafish have multiple isoforms of the AhR,
namely AhR1a, AhR1b and AhR2 (Aranguren-abadía et al., 2020;
Fraccalvieri et al., 2013; Karchner et al., 2005; Scott et al., 2011).
Among all subtypes of the AhR in zebrafish, AhR2 plays a dominant role
in mediating PAH-induced developmental toxicity, such as in BaP
induced AhR2-dependent cardiotoxic effects to zebrafish embryos
(Incardona et al., 2011). AhR1b may also be involved since it was sug
gested to regulate the embryonic development whereas AhR1a was not
able to interact with TCDD or TCDD-like chemicals and thus may not
have a substantial role in mediating developmental-related effects of
PAHs in zebrafish embryos (Fraccalvieri et al., 2013).
The results of the ZET showed that the 5-ring PAHs, BaP and DB[a,h]
A, induced different in vitro developmental toxicity potencies (Figs. 1
and 2). Given this result, it is of interest to note that while both BaP and
DB[a,h]A are known AhR ligands, a recent molecular docking study
(Giani Tagliabue et al., 2019) demonstrated that BaP and DB[a,h]A
interacted with different parts of the mouse AhR (mAhR) ligand-binding
domain (LBD). In that study, BaP was predicted to bind at the bottom of
the Bβ, Cα and Dα region of the mAhR, whereas DB[a,h]A was predicted
to interact with the Fα/Gβ region and tended to occupy almost the entire
volume of the binding cavity due to its bulky and extended molecular
structure. Thus, it can be hypothesized that the effect of methylation on
the molecular structure of the PAHs leads to different binding to the
zebrafish embryo AhR, subsequently resulting in different AhR activa
tion and resulting developmental toxicity. Thus, it can be speculated
that 3-MeBaP, 8-MeBaP and 9-MeBaA, in which the methyl substituent
extends the diagonal dimension of the molecule making it more com
parable to DB[a,h]A, may interact and bind to the Fα/Gβ region of the
AhR LBD as does DB[a,h]A (see the possible positioning of the PAHs

tested in the Fα/Gβ region of the mAhR LBD in Supplementary material
7), potentially resulting in similar developmental toxicity in the ZET. In
contrast to these DB[a,h]A-like PAHs, the addition of a methyl substit
uent on C7 makes the molecule of 7-MeBaP too bulky at the right-lower
end potentially hampering its binding activity to the active site of the
AhR (see Supplementary material 7). For the other PAHs tested in the
present study, their molecular dimensions might deviate more from that
of DB[a,h]A resulting in different binding to the AhR. Altogether, it
would be of interest to perform a molecular docking study on the
unsubstituted and monomethylated PAHs to investigate their in
teractions with the zebrafish embryo AhR LBD, and to investigate the
ability of unsubstituted and monomethylated PAHs to activate different
subtypes of the AhR. Such studies are beyond the objectives of the
present study but are considered for future studies.
Published studies have reported AhR-mediated activities of unsub
stituted as compared to monomethylated PAHs (Marvanová et al., 2008;
Sun et al., 2014; Trilecová et al., 2011; Vondráček et al., 2017). For
example, Marvanová et al. (2008) reported that all monomethylated
BaAs were more potent than their parent BaA in activating the AhR in rat
hepatoma cells, and that of all twelve monomethylated congeners, 9MeBaA was most potent. In addition, Trilecová et al. (2011) reported
that 3-MeBaP was more potent than its parent BaP in activating the AhR
in rat hepatoma cells. Results obtained in the present study suggested
that 9-MeBaA and 3-MeBaP induced less developmental effects in
zebrafish embryos compared to their corresponding unsubstituted
PAHs. This indicates that activation of the AhR may not be the decisive
factor in the mode of action underlying the developmental toxicity of the
methylated PAHs in the ZET, since results of the present study showed
some methylated PAHs to be less and not more potent than the corre
sponding naked PAHs. Alternative factors may relate to the fact that to
induce developmental toxicity, PAHs may need bioactivation as was for
example shown for BaP for which the developmental toxicity was
ascribed to its 3-OHBaP metabolite (Kamelia et al., 2020). If also for the
PAHs of the present study, aromatic ring hydroxylation would be
required to generate the toxic metabolite(s), their potency may be
dependent on their metabolism and the generation of the respective
toxic metabolite(s). It should be noted that the ability of unsubstituted
and monomethylated PAHs to activate the AhR in vitro may not directly
be translated into their ability to induce developmental toxicity, as
physiological feedback mechanisms and metabolism are lacking in the
AhR reporter gene assays applied. Furthermore, other nuclear hormone
receptors such as for example the ER-α and the RAR may also be
involved.
It has been suggested that interference of the monomethyl sub
stituents with binding of the PAHs to the ER-α and RAR may play a role
in the modes of action underlying the differences in the developmental
toxicity induced by the PAHs (Barlow et al., 1999; Piersma and Staal,
2017). Some PAHs, including BaP, BaA and DB[a,h]A have been re
ported to be able to induce estrogenic and/or anti-estrogenic activities
(Boonen et al., 2020; Gozgit et al., 2004; Tran et al., 1996; Van Lipzig
et al., 2005). In addition, some monohydroxylated BaPs, including 3OHBaP, 8-OHBaP and 9-OHBaP, were more estrogenic than BaP itself
when tested in the T47D.Luc ER-α reporter cell line (Van Lipzig et al.,
2005). In zebrafish embryos, disruption of the ER-α signaling pathway
via exerting (anti) estrogenic activities may lead to cumulative mortal
ity, unhatched embryos, pericardial edema, kinked tail and craniofacial
deformities (Adam et al., 2021; Ahi et al., 2016; Kishida et al., 2001;
Malebari et al., 2021; Wester and Vos, 2003). In the present study,
similar manifestations were observed in zebrafish embryos following
exposure to some PAHs tested. Thus, the role of the ER-α in relation to
the developmental toxicity of PAHs and their monohydroxylated me
tabolites should be investigated to a further extent. Exposure to high
concentrations of retinoic acid, the natural ligand of RAR, has been
associated with an affected body axis in vertebrates (Maden and Holder,
1992), craniofacial development in rodent embryos (Morriss-Kay,
1993), and failure to hatch in zebrafish embryos(Herrmann, 1995).
8

J. Fang et al.

Toxicology in Vitro 80 (2022) 105312

Given the fact that some developmental effects such as deformed body
shape and failure to hatch were also observed following exposure to
some of the PAHs under study, the role of the RAR in mediating such
effects may also have to be considered.
Several studies have shown that the expression and activity of
several CYP isoforms in zebrafish are low to negligible in embryos up to
96 hpf (Saad et al., 2017). Even so, there are also shreds of evidence
showing that the activity of CYP1A appears to have a much earlier onset
in the zebrafish than that of the other CYP subfamilies, and that CYP1A
in fish embryos could bioactivate some unsubstituted PAHs and alky
lated PAHs into intermediate toxic metabolites (Fallahtafti et al., 2012;
Hodson, 2017; Timme-Laragy et al., 2008). This could imply that the
different developmental toxicities of the PAHs as observed in the ZET of
the present study may also be related to their metabolism by the
zebrafish embryos. As previously mentioned, DB[a,h]A is able to exert
its developmental toxicity without bioactivation as tested in the mEST,
whereas BaP was only able to induce developmental toxicity following
bioactivation to 3-OHBaP (Kamelia et al., 2020). Given this consider
ation it is of interest to note that recent studies revealed that in contrast
to all other methylated BaPs tested, 7-MeBaP was only converted to a
limited extent in incubations with both rat and human liver microsomes
indicating that a methyl substituent at C7 of BaP could potentially block
its metabolism (Wang, 2021, manuscript submitted for publication).
Thus, the incapability of 7-MeBaP to induce developmental toxicity as
tested in the ZET might also be attributed to limited metabolism of 7MeBaP in the zebrafish embryos although this remains open for future
research. To add, it is suggested that metabolism may enhance the
toxicity of alkylated PAHs in early life stages of fish by the generation of
ring-oxidation metabolites (Fallahtafti et al., 2012), and a recent study
demonstrated that the alkylation of PAHs shifts metabolism from aro
matic ring oxidation to alkyl side chain oxidation (Wang et al., 2020).
This could contribute to a potentially lower developmental toxicity upon
alkylation of a PAH. Taken together, some PAHs may require metabolic
activation to induce their developmental toxicity potency and some do
not, and the presence of a methyl substituent on different positions of
parent PAHs can significantly influence the biotransformation and thus
the resulting toxicity of these substances.
To conclude, the present study evaluated the in vitro developmental
toxicity of three unsubstituted and six monomethylated PAHs in the
ZET, and the results obtained support the hypothesis that the addition of
a methyl group to the unsubstituted parent PAH can either increase or
decrease its developmental toxicity depending on the location of the
methylation. It is speculated that the effect of the methyl substituent on
the molecular dimensions affecting the interaction with the LBD of the
AhR may in part be responsible for the effects of methylation on the in
vitro developmental toxicities of the PAHs as observed in the ZET.

Science, Wageningen University and Research, The Netherlands) for her
expert advice on zebrafish embryo husbandry. We would like to also
thank prof.dr.ir. Jacques Vervoort (department of Biochemistry, Wage
ningen University and Research, The Netherlands) for his kind help with
testing the purity of some of the test compounds. Last but not the least,
the authors would like to acknowledge Concawe (Belgium) for their
financial support to synthesize 3-methylbenzo[a]pyrene that is not
commercially available, and EFRO 3R TOXFLOW (project number KVW00181).
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.tiv.2022.105312.
References
Adam, A.H.B., de Haan, L.H.J., Louisse, J., Rietjens, I.M.C.M., Kamelia, L., 2021.
Assessment of the in vitro developmental toxicity of diethylstilbestrol and estradiol
in the zebrafish embryotoxicity test. Toxicol. in Vitro 72, 105088. https://doi.org/
10.1016/j.tiv.2021.105088.
Ahi, E.P., Walker, B.S., Lassiter, C.S., Jónsson, Z.O., 2016. Investigation of the effects of
estrogen on skeletal gene expression during zebrafish larval head development.
PeerJ 2016, 1–29. https://doi.org/10.7717/peerj.1878.
Aranguren-abadía, L., Donald, C.E., Eilertsen, M., Gharbi, N., Tronci, V., Sørhus, E.,
Mayer, P., Ole, T., Meier, S., Goksøyr, A., André, O., 2020. Expression and
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