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Fish are exposed to steroids of diﬀerent classes in contaminated waters, but their eﬀects are not suﬃciently
understood. Here we employed an anti-sense technique using morpholino oligonucleotides to knockdown the
glucocorticoid receptors (GRs, GRα and GRβ) and androgen receptor (AR) to investigate their role in physiological and transcriptional responses. To this end, zebraﬁsh embryos were exposed to clobetasol propionate
(CLO), androstenedione (A4) and mixtures containing diﬀerent classes of steroids. CLO caused a decrease of
spontaneous muscle contraction and increase of heart rate, as well as transcriptional induction of pepck1, fkbp5,
sult2st3 and vitellogenin (vtg1) at 24 and/or 48 h post fertilization (hpf). Knockdown of GRs eliminated these
eﬀects, while knockdown of AR decreased the ar transcript but caused no expressional changes, except induction
of sult2st3 after exposure to A4 at 24 hpf. Exposure to a mixture of 6 steroids comprising progesterone (P4) and
three progestins, cyproterone acetate, dienogest, drospirenone, 17β-estradiol (E2) and CLO caused a signiﬁcant
induction of pepck1, sult2st3, vtg1 and per1a. Knockdown of GRs eliminated the physiological eﬀects and the upregulation of vtg1, sult2st3, pepck1, fkbp5 and per1a. Thus, as with CLO, responses in mixtures were regulated by
GRs independently from the presence of other steroids. Exposure to a mixture comprising A4, CLO, E2 and P4
caused induction of vtg1, cyp19b, sult2st3 and fkbp5. Knockdown of AR had no eﬀect, indicating that regulation
of these genes occurred by the GRs and estrogen receptor (ER). Our ﬁndings show that in early embryos GRs
cause vtg1 and sult2st3 induction in addition to known glucocorticoid target genes. Each steroid receptor
regulated its own target genes in steroid mixtures independently from other steroids. However, enhanced expressional induction occurred for vtg1 and fkbp5 in steroid mixtures, indicating an interaction/cross-talk between
GRs and ER. These ﬁndings have importance for the understanding of molecular eﬀects of steroid mixtures.

1. Introduction
Fish are exposed to ng/L concentrations of glucocorticoids, androgens, progestins and estrogens in surface water and their high potency
may cause adverse eﬀects in ﬁsh. Steroids and their metabolites originate from municipal and hospital wastewater and agricultural runoﬀ,
either from excretion as natural hormones including 17β-estradiol (E2),
testosterone, progesterone (P4), cortisol and their metabolites, or from
medical applications as synthetic hormones (Chang et al., 2009; Weizel
et al., 2018; Zhang et al., 2017). Synthetic estrogens and progestins
originate mainly from contraceptives and glucocorticoids from various
therapeutic applications. Consequently, aquatic organisms are exposed
to mixtures of several steroid classes in contaminated aquatic

environments.
Adverse eﬀects in ﬁsh were ﬁrst investigated for natural and synthetic estrogens (Brion et al., 2004; Länge et al., 2001; Tyler et al.,
1998), and subsequently, for androgens (Ankley et al., 2020) and progestins (Fent, 2015; Hou et al., 2018; Liang et al., 2019; Schmid et al.,
2020). Recently, glucocorticoids came into the focus for their eﬀects in
adult ﬁsh (Kugathas et al., 2013; Zhao et al., 2016) and early life stages
(McNeil et al., 2016; Willi et al., 2019, 2018; Zhao et al., 2018). Eﬀects
were studied mainly for single steroids, followed by combination of two
steroid classes (Garcia-Reyero et al., 2009; Liang et al., 2017; Rossier
et al., 2016; Siegenthaler et al., 2017) and only recently, for steroid
mixtures. Thereby, mostly mixtures of steroids of one class, including
estrogens (Brian et al., 2007; Silva et al., 2002), progestins (Schmid
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glucocorticoids. The same eﬀect occurs in steroid mixtures independently from the presence of other steroids. Furthermore, genes
regulated by more than one steroid receptor will be identiﬁed by
transcriptional responses in knockdown experiments. Our systematic
analysis demonstrates GRs mediated eﬀects and assists in understanding the contribution of receptor signaling in the eﬀects of steroid
mixtures.

et al., 2020; Zucchi et al., 2014) and glucocorticoids (Willi et al., 2019)
were studied. Only recently, mixtures of diﬀerent steroid classes were
investigated (Thrupp et al., 2018; Willi et al., 2020; Zhang et al., 2017).
Steroids exhibit their eﬀects by receptor signaling leading to differential expression of speciﬁc target genes. For most genes, eﬀects of
one steroid class were shown to occur independently in steroid mixtures
from the presence of other steroid classes (Willi et al., 2019, 2020).
However, there were also genes that were regulated by more than one
steroid class and underlying receptors (Willi et al., 2019; Faltermann
et al., 2020). The joint eﬀects of such steroid mixtures were shown to be
additive; they led to reduced fecundity in adult fathead minnows
(Thrupp et al., 2018).
In a steroid mixture, the contribution of speciﬁc sex hormones and
glucocorticoids on diﬀerential expression of genes can be identiﬁed and
delineated by the abundance of selected target gene transcripts regulated by the speciﬁc steroids, as shown in embryos (Willi et al., 2019,
2020) and adult ﬁsh (Faltermann et al., 2020). Furthermore, eﬀects of
glucocorticoids can be identiﬁed by determining physiological endpoints via decrease of spontaneous muscle contraction, increase of heart
rate and accelerated hatching (Chen et al., 2016; Zhao et al., 2016; Willi
et al., 2018).
A speciﬁc receptor can be made non-functional by knockdown of its
transcript or protein (besides genetic knockout). By loss of function
studies, the contribution of a speciﬁc steroid receptor in a steroid
mixture can be deciphered. Morpholino oligonucleotides (MOs) are a
straightforward tool to examine the role of hormone receptors in the
reaction to exogenous steroid hormone exposure. A limitation of employing MOs is the fact that they can only be used in very early embryos
due to dilution of MOs in the course of embryonic development.
Zebraﬁsh has two glucocorticoid receptors (GRs), GRα and GRβ.
Speciﬁc target genes are regulated by GRα, while GRβ may act as inhibitor of GRα (Chatzopoulou et al., 2015). GR signaling is important
for embryonic growth, hatching and development of somites and
muscles (Nesan et al., 2012; Pikulkaew et al., 2011) and heart (Wilson
et al., 2015). GRα knockdown was associated with reduced transcriptional abundance of speciﬁc genes (Nesan et al., 2012; Pikulkaew et al.,
2011). There is only one androgen receptor (AR) in zebraﬁsh (Gorelick
et al., 2008; Hossain et al., 2008). In early embryos at 24 hpf, AR is
expressed in olfactory placodes, midbrain cells and presumptive pronephros (Gorelick et al., 2008). The ar transcript is deposited maternally in embryos and signs of expression could be detected at 24 hpf
(Hossain et al., 2008).
In our present study, we investigate the role of GRs and AR in early
embryos in response to exogenous exposure to single steroids and
mixtures. We used splice-blocking MOs to knockdown both zygotic GRs
and AR, thereby blocking the splicing of their pre-mRNAs in early
embryos. These loss of function experiments allowed us to decipher the
role of GRs and AR in mediating physiological and transcriptional effects after exogenous exposure to single steroids and steroid mixtures.
To assess the eﬀects of knockdown of GRs and AR, respectively, we
determined the mRNA abundance of selected target genes that are upregulated by these receptors. The choice of target genes was based on
previous studies, where glucocorticoid-regulated genes (Willi et al.,
2018; Zhao et al., 2018; Schmid and Fent, 2020), androgen-regulated
genes (Fent et al., 2018) and estrogen-regulated genes (Siegenthaler
et al., 2017) were described. In the case of glucocorticoid-regulated
genes, we choose genes associated with gluconeogenesis, development,
immune system regulation and circadian rhythm regulation. Similarly,
androgen and estrogen responsive genes were selected.
In our study, we addressed the following questions: How are physiological and expressional responses of steroids aﬀected by knockdown
of GRs and AR? Which gene transcripts are regulated by GRs and AR,
and which genes are regulated by more than one receptor? Can the joint
eﬀects in mixtures be assigned to GRs or AR signaling or both? We
hypothesize that GR knockdown eliminates glucocorticoid-regulated
physiological and transcriptional eﬀects upon exposure to

2. Material and methods
2.1. Chemicals
Dimethylsulfoxide (DMSO) (purity ≥99.8 %, CAS no. 67-68-5) was
purchased from Carl Roth GmbH, Karlsruhe, Germany. The steroids
17β-estradiol (E2) (purity ≥98 %, CAS no. 50-28-2), 4-androstene-317dione (A4) (analytical standard, CAS no. 63-05-8), clobetasol propionate (CLO) (purity ≥98 %, CAS no. 25122-46-7), cyproterone acetate
(CPA) (purity ≥98 %, CAS no. 472-51-0), dienogest (DNG) (purity ≥98
%, CAS no. 65928-58-7), drospirenone (DRO) (purity ≥98 %, CAS no.
67392-87-4) and progesterone (P4) (purity ≥99 %, CAS no. 57-83-0)
were purchased from Sigma Aldrich, Fluka AG, Buchs, Switzerland. The
steroids were dissolved in DMSO and diluted to the desired exposure
concentration. Maximal ﬁnal DMSO concentration in steroid exposures
was 0.01 %.
2.2. Experimental design
For egg collection, one female and one male adult zebraﬁsh (4
months old) from our in-house zebraﬁsh culture were separated in
breeding tanks in the evening prior to the experiments. When the lights
went on in the morning of egg collection, the barriers in the tanks were
removed, zebraﬁsh were left to spawn for 15 min and eggs immediately
removed for exposure or for morpholino injection (1–2 cell stage embryos).
We performed nine separate experiments, in which transcriptional
expression of selected target genes compared to the solvent control was
determined at 24 h post fertilization (hpf) and 48 hpf. When the glucocorticoid CLO was present, physiological eﬀects were assessed at 24
and 48 hpf. In total, ﬁve single steroid exposures and four steroid
mixture exposures both without and with MOs were performed
(Table 1). All steroid exposures included a solvent control containing
0.01 % DMSO. Every exposure group consisted of a set of up to 100
embryos and every experiment was performed independently ﬁve
Table 1
Performed experiments and exposure concentrations, each repeated independently ﬁve times. Each experiment included a solvent control (0.01 %
DMSO). First, single steroids were analyzed followed by mixture experiments.
Experiment

Steroids

Concentration (μg/
L)

Used morpholinos

I, single steroid
II, single steroid
III, single steroid
IV, steroid mixture
A
V, steroid mixture
A
VI, single steroid
VII, single steroid
VIII, steroid
mixture B
IX, steroid mixture
B

CLO
CLO
E2
E2, CPA, DNG,
DRO, P4, CLO
E2, CPA, DNG,
DRO, P4, CLO
A4
A4
A4, CLO, P4, E2

10
10
10
10 each

no
COMO, GRMO
no
no

10 each

COMO, GRMO

10
10
10 each

no
COMO, ARMO
no

10 each

COMO, ARMO

A4, CLO, P4, E2

Abbreviations: ARMO, androgen receptor (AR) morpholino; COMO, control
morpholino; GRMO, GR morpholino; CLO, clobetasol propionate; E2, 17β-estradiol; CPA, cyproterone acetate; DNG, dienogest; DRO, drospirenone; P4,
progesterone; A4, androstenedione.
2
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times, thus each exposure consisted of ﬁve replicates. During exposure,
embryos were kept in an incubator at 27 ± 1 °C under a 14:10 lightdark cycle until sampling at 24 h post fertilization (hpf) and 48 hpf.
The design of the experiments was such that ﬁrst, the response to
single steroid exposures was assessed, and second, the eﬀect of MO
receptor knockdown to evaluate the receptor contribution. We focused
on changes in physiological endpoints and transcriptional alterations
that are expected to be altered by endogenous hormone signaling disruption. In the single steroid exposures, responses to CLO, E2 and A4 at
concentration of 10 μg/L were assessed. The single steroid experiments
served as basis for the subsequent steroid mixture experiments.
Two steroid mixtures consisting of six and four steroids, respectively, of diﬀerent steroid classes were analyzed, each steroid in concentrations of 10 μg/L. Mixture A consisted of six steroids, of which four
were progestins, namely E2, CPA, DNG, DRO, P4 and CLO (Table 1).
While the focus here was on progestins, in mixture B, the focus was on
the joint action of steroids of four diﬀerent classes. Thereby, representative steroids, one estrogen (E2), androgen (A4), progesterone
(P4) and one glucocorticoid (CLO) were mixed at equal concentrations.
First, the eﬀects of the mixture exposure were analyzed to assess the
joint activity of these environmental steroids. This was then followed by
determining the eﬀects of MO receptor knockdown.
Single steroids and steroid mixtures were selected based on their
presence in the environment. CLO was chosen due to its high activity
(Willi et al., 2018), A4 as prominent androgen in the environment (Fent
et al., 2018), P4 due to its natural origin and high prevalence in aquatic
systems (Zhang et al., 2017) and the synthetic progestins due to their
use in contraception and presence in the environment as a new generation progestin (Rossier et al., 2016; Schmid et al., 2020; Zucchi et al.,
2013). The exposure concentration of 10 μg/L was chosen on the
ground that it induces uneqivocal eﬀects based on these previous studies. Eﬀects are reported for nominal concentrations, as real concentrations are close to nominal as demonstrated by previous studies
using identical exposures (Willi et al., 2018). Only E2 and P4 concentrations are lower than nominal due to degradation (Schmid et al.,
2020; Willi et al., 2020).
MOs are oligomers of 25 bases that are targeted via complementary
base pairing to the speciﬁc mRNA leading to knockdown of the translation of the gene, and thereby, allow to identify its function. This antisense knockdown technique uses injection of MOs into a 1–8 cell stage
embryo. The MO binds complementary to the mRNA sequence and
speciﬁcally blocks, depending on the type of MO, both maternal and
zygotic transcripts and blocks translation. MOs are either designed from
cDNA of expressed (and spliced) mRNA, and often, the 25 bases surrounding the start codon are used. Alternatively, splice-blocking MOs
can be used, as done in our experiments. While translation blocking
MOs cause knockdown of maternal and zygotic mRNA, splice-blocking
MOs block zygotic mRNA only.
In our MO experiments, embryos were injected with either a control
morpholino (COMO), or GR morpholino (GRMO) or AR morpholino
(ARMO) and sequences are given in the supplementary material in
Table S1. The COMO was used to control for injection eﬀects. The
GRMO was a splice-blocking MO that knocked down zygotic mRNA of
both isoforms of the GR, thus both GRα and GRβ. MOs were injected in
embryos exposed to single steroids and mixtures and the respective
solvent controls (SC). The following exposures were made: solvent
control (COMO + SC and GRMO + SC), CLO (COMO + CLO and
GRMO + CLO), A4 (COMO + A4 and ARMO + A4), and embryos
exposed to the steroid mixtures A (COMO + Mixture A and GRMO +
Mixture A) and steroid mixture B (COMO + Mixture B and ARMO +
Mixture B) (Table 1).

MOs against both GR isoforms and AR, respectively, and a standard
control MO that targets a human beta globin intron mutation were
used. MO oligonucleotide were described previously for GR and control
(Chatzopoulou et al., 2015) and AR (Peal et al., 2011) with sequences
given in Table S1. MO were resuspended with 300 μL sterile water
resulting in a 1 mM stock solution according to the manufacturer’s
recommendation and further diluted to a working solution with 0.05 %
phenol red in reconstituted water to a ﬁnal concentration of 0.05 mM
for the GRMO (0.18 mM for the AR blocking MO). Before injections, the
working solution was heated up to 65 °C for 5 min and snap cooled on
ice.
Bo-glass capillaries with ﬁlament (length: 100 mm, outer diameter:
1 mm, wall thickness: 0.21 mm; Hilgenberg GmbH, Malsfeld, Germany)
were pulled into micropipettes on a P-97 micropipette puller (Sutter
Instruments, Novato, USA). Micropipettes were then backﬁlled with 3
μL MO working solution. The micropipettes were clipped with a razorblade and calibrated by injecting a drop of working solution into a
drop of mineral oil (Sigma-Aldrich, Switzerland). The drop was then
measured using a microscope calibration slide and the volume was
calculated (Formula: 4/3*r3*π). Approximately 1 nL of working solution was injected into zebraﬁsh 1–2 cell stage embryos (43 pg and 1.5
ng MO per embryo for the GRMO and ARMO, respectively) using a
Femtojet 4i Microinjector (Eppendorf, Switzerland).
2.4. Physiological endpoints
Glucocorticoids, but not E2 and androstenedione, aﬀected spontaneous muscle contraction and heartbeat (heart rate) at the exposure
concentration as these were regulated by glucocorticoid signaling (Willi
et al., 2018). In exposures, where the glucocorticoid CLO was present
(single CLO exposure, mixture A), end points such as spontaneous
muscle contraction at 24 hpf and heartbeat was determined at 48 hpf as
previously (Willi and Fent, 2018; Zhao et al., 2016). In mixture B,
physiological endpoints were not assessed.
2.5. Transcription analysis
RNA extraction and RT-qPCR of target genes were performed as
previously described (Willi et al., 2019; Schmid and Fent, 2020).
Brieﬂy, total RNA was extracted from embryos at 24 and 48 hpf using
500 μL TRIreagent (Sigma Aldrich, Fluka AG, Buchs, Switzerland) following homogenization of embryos by passing them repeatedly through
a syringe. For RT-qPCR, 1 μg RNA was reverse transcribed using a reaction mixture consisting of M-MLV (Promega, Switzerland), random
primers (Promega, Switzerland) and dNTP (Sigma-Aldrich, Switzerland). qPCR was conducted by BIO-RAD CFX96 and BIO-Rad CFX
Connect Real-Time PCR Detection Systems (BIO-RAD, Switzerland)
using FastStart Universal SYBR Green Master (Rox) (Roche Diagnostics,
Basel, Switzerland). Selected target genes and primer sequences are
based on our previous studies (Fent et al., 2017; Willi et al., 2018). For
normalization, β-actin was used due to its high stability upon chemical
and hormonal treatment as previously described (Zhao et al., 2016).
Table S2 gives primer sequences.
We selected 15 diﬀerent target genes for assessing the eﬀects of the
steroids and the morpholino treatment. These genes are previously
shown to be regulated by either glucocorticoids (Willi et al., 2018; Zhao
et al., 2018), androgens (Fent et al., 2018) or estrogens (Siegenthaler
et al., 2017). Their encoded proteins and functions are listed in Table 2.
2.6. Data processing and statistics
We calculated the relative gene expression using the 2-ΔΔCt method
(Ct = threshold cycle) (Livak and Schmittgen, 2001). The abundance of
mRNA of target genes in COMO injected embryos exposed to the solvent control were considered as baseline for the 2-ΔΔCt method. In
experiments without MO injections, the solvent control group was

2.3. Morpholino microinjections
We used MO modiﬁed antisense oligonucleotides that were customsynthesized by Gene Tools, LCC (Oregon, USA). Two splice blocking
3
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Table 2
Assessed genes, their encoded proteins and functions.
Gene

Encoded protein

Function and associated pathways1

ar
cyp19b
cyp2k22
esr1
f2
fkbp5
fga
grα
g6pca
irg1l
mmp-13
pepck1
per1a
sult2st3
vtg1

androgen receptor
aromatase, cytochrome P450, family 19, subfamily A, polypeptide b
cytochrome P450, family 2, subfamily k, polypeptide 22
estrogen receptor
coagulation factor II
FK506 binding protein 5
ﬁbrinogen alpha chain
glucocorticoid receptor alpha
glucose-6-phosphatase
immune-responsive gene 1-like
matrix metalloproteinase-13
phosphoenolpyruvate carboxykinase
period 1a
sulfotransferase
vitellogenin

androgen signaling
steroid hormone biosynthesis, ovarian steroidogenesis
androgen responsive, unknown function
estrogen signaling
blood coagulation cascade, coagulation factor
glucocorticoid, estrogen signaling pathway
blood coagulation cascade, coagulation factor
glucocorticoid signaling
gluconeogenesis
metabolic pathway, tyrosine metabolism, xenobiotic metabolism
glucocorticoid responsive, collagenase 3, breakdown of extracellular collagen
gluconeogenesis
circadian rhythm regulation
phase II metabolism
yolk sac protein precursor

1

Sources: KEGG pathways, http://www.genome.jp/kegg/ and Willi et al. (2018, 2019), Schmid and Fent (2020).

GR regulated genes lack responses when embryos are treated with
GRMO after exposure to glucocorticoids as shown in Fig. 2B. Treatment
with GRMO eliminated GR mediated induction of most genes known to
be induced by glucocorticoids (Willi et al., 2018; Zhao et al., 2016).
Induction of pepck1 and g6pca involved in glucose metabolism was
abolished at 24 and 48 hpf. Target genes involved in immune system
regulation, including fkbp5 showed a signiﬁcant abolishment of induction, which was lower with the irg1l transcript (Fig. 2B). The
elimination of vtg1 induction occurred at both exposure times under
GRMO treatment but was signiﬁcant at 24 hpf. This was also the case
for the abundance of the key regulating circadian rhythm gene transcript per1a, although it was statistically not signiﬁcant compared to
CLO exposure and COMO treatment (Fig. 2B). Up-regulation of sult2st3
encoding the metabolism enzyme sulfotransferase, fga, encoding ﬁbrinogen, a protein in the blood coagulation cascade, and g6pca were
also abolished (Fig. 2B). The signiﬁcant elimination of fkbp5 and pepck1
induction and the elimination trend for sult2st3, irg1l, fga, per1a and
g6pca indicate that these genes are regulated by the GRs in early embryos.

considered as baseline. For graphical illustration and statistical analysis, we used GraphPad Prism 8.00 for Windows (GraphPad Software,
La Jolla, CA, USA).
Data of all 5 replicates were pooled for statistical analysis.
Transcriptional as well as physiological data were analyzed for statistical signiﬁcance by unpaired t-test if normal distribution was given. If
normal distribution of the data was not given, Mann-Whitney test was
performed. Thereby, the eﬀect of the morpholino treatment was assessed in comparison to the control morpholino treatment.

3. Results
3.1. Eﬀects of GR knockdown on clobetasol propionate exposure
As a basis for the loss of function receptor studies, we ﬁrst assessed
transcriptional and physiological eﬀects of single steroids at 24 and 48
hpf, as previously, eﬀects of sex steroids and glucocorticoids exposure
were assessed at later embryonic stages of 96–144 hpf (Fent et al.,
2018; Rossier et al., 2016; Schmid et al., 2020; Willi et al., 2018; Zhao
et al., 2018). The selected target genes are regulated by glucocorticoid
signaling, including genes involved in glucose metabolism, immune
system regulation and metabolism (Willi et al., 2020, 2018). Additionally, steroid hormone receptors were included to evaluate the
expression of the receptors by MO treatment. Fig. 1 shows that glucocorticoid target genes pepck1 and fkbp5 were induced at 24 and 48 hpf.
Furthermore, sult2st3 was induced at 48 hpf and vtg1 at 24 hpf, which is
unexpected as vtg1 has been known as estrogen-regulated gene.
Fig. 2A shows that exposure to CLO caused a signiﬁcant decrease in
spontaneous muscle contraction at 24 hpf. The comparison between
solvent control and CLO exposed embryos, both treated with COMO,
conﬁrms the signiﬁcant decrease described previously without MO
treatment (Willi et al., 2018). The increase in heart rate at 48 hpf upon
CLO exposure from average 158.5–174.5 beats per minute was statistically not signiﬁcant. The lack of signiﬁcance was probably due to one
sample that showed a lower heart rate than other samples. Previously, a
signiﬁcant increase in heart rate occurred (Willi et al., 2018). In contrast to the treatments with COMO, treatment with GRMO eliminated
these physiological eﬀects; muscle contraction was not decreased and
heart rate not increased (Fig. 2A). This demonstrates their regulation by
GRs.
The abundance of the GRα transcript was decreased when embryos
were treated with GRMO, both in embryos exposed to the solvent
control (GRMO + SC) and to CLO (GRMO + CLO) compared to embryos treated with COMO (Fig. 2B). The GRα transcript was signiﬁcantly down-regulated by the GRMO treatment, which is the basis
for the lack of physiological eﬀects.

3.2. Eﬀects of GR knockdown on steroid mixture A exposure consisting of
CLO + E2 + P4 + CPA + DNG + DRO
As a basis for the mixture study, ﬁrst, single steroid exposure experiments have been performed. Furthermore, there are no comparable
studies on the eﬀects of E2 on the selected target genes in zebraﬁsh
embryos at the exposure times of 24 and 48 h. First, we assessed
transcriptional eﬀects of E2. Although an induction of vtg1 occurred at
24 hpf, it was statistically not signiﬁcant (Fig. 3). However, E2 exposure
led to a signiﬁcant decrease of the estrogen receptor (esr1) and coagulation factor 2 (f2) transcripts at both time points and a down-regulation of the aromatase transcript (cyp19b) at 24 hpf.
Subsequently, eﬀects of mixture A comprising CLO, E2, P4 and the
new generation progestins CPA, DNG and DRO were determined at 24
and 48 hpf. Fig. 4 shows that glucocorticoid-regulated genes pepck1 and
per1 were signiﬁcantly induced at 24 and 48 hpf. A very strong induction occurred for the vtg1 transcript at both exposure times (Fig. 4).
The transcript sult2st3 showed a signiﬁcant induction at 48 hpf, while
the abundance of the cyp19b and cyp2k22 transcript was unaltered
(Fig. 4). In comparison to E2 exposure alone (Fig. 3), these data suggest
that the induction of sult2st3 in mixture A is not based on the activity of
E2 but on CLO and the progestins. The strong induction of vtg1 in
mixture A seems not to be related to exposure to E2 alone but additionally to CLO that also induced vtg1 (Fig. 2B).
Knockdown of GRs by GRMO caused signiﬁcant alterations of
physiological and transcriptional responses after exposure to mixture A.
4
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Fig. 1. Alteration of gene transcripts after exposure to 10 μg/L clobetasol propionate (CLO)
relative to solvent control at 24 and 48 hpf.
Shown are transcriptional abundances as fold
change relative to solvent control for glucorticoid regulated genes, encoding phosphoenolpyruvate carboxykinase (pepck1), which is
involved in gluconeogenesis, and FK506
binding protein 5 (fkbp5), a member of the
immunophilin protein family, which plays a
role in immunoregulation and cellular processes (protein folding and traﬃcking) and a
co-chaperone in the heat shock protein 90 and
steroid complex, and sult2st3 encoding the
phase II enzyme sulfotransferase. Furthermore,
the transcript vtg1 encoding vitellogenin,
which is a known estrogen-regulated protein,
was assessed. Statistically signiﬁcant diﬀerences of CLO exposed embryos compared to
the solvent control are indicated with asterisks:
* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p
≤ 0.0001. Data represent mean ± SEM of 5
replicates.

eﬀective in the knockdown of the ar transcript. When embryos were
exposed to A4 and treated with ARMO, putative target genes of ar
signaling, including sult2st3, cyp2k22 and cyp19b were also unaltered as
with A4 exposure alone. However, sult2st3 was upregulated at 24 hpf.
In contrast to glucocorticoids, A4 did not alter transcripts at this short
exposuretime, and therefore, the eﬀect of AR silencing could not be
detected.
Exposure to mixture B, which contained an estrogen (E2), androgen
(A4), progestin (P4) and glucocorticoid (CLO) led to induction of
cyp19b and sult2st3 at 48 hpf (Fig. 7A). Extremely strong induction
occurred for fkbp5 and vtg1 at both exposure times, the latter similar in
amplitude as in mixture A.
Treatment with ARMO was eﬀective in knocking down the ar
transcript in both the solvent control and mixture B exposed embryos
(Fig. 7B). We also tested the role of AR in the regulation of ﬁve transcripts in this steroid mixture. Treatment of embryos with ARMO had
no eﬀect on the abundance of the cyp2k22, vtg1 and fkbp5 transcripts,
indicating that they are not regulated by the AR in early embryos. This
was also the case for the sult2st3 and cyp19b transcript, although at 24
hpf, treatment with ARMO led to slight induction. These data indicate
that the genes cyp2k22, vtg1, cyp19b, sult2st3 and fkbp5 were regulated
by other receptors than the AR at these early embryonic stages.

The decrease in spontaneous muscle contraction and increase in heart
rate were abolished after exposure to mixture A when embryos were
treated with GRMO but not when treated with COMO (Fig. 5A). As this
response is identical as in the CLO exposure (Fig. 2A), this indicates that
the physiological eﬀects induced by mixture A were based on the glucocorticoid CLO and completely abolished when GR signaling was inhibited.
Treatment with GRMO signiﬁcantly decreased the abundance of the
GRα transcript in the solvent control and steroid mixture A exposed
embryos, which demonstrates the down-regulation of the GRα transcript at 24 and 48 hpf (Fig. 5B). Treatment of embryos with GRMO
signiﬁcantly abolished the induction of GR-regulated target genes
pepck1 and fkbp5 after exposure to the steroid mixture A (GRMO +
Mixture A). The eﬀect was very strong for fkbp5 (Fig. 5B). Functional
silencing of GRs had a very similar eﬀect as in the CLO exposure.
Treatment of embryos with GRMO also abolished the induction of vtg1
at 24 and 48 hpf after exposure to mixture A (GRMO + Mixture A)
(Fig. 5B). This also holds for the sult2st3 transcript at 48 hpf. Furthermore, GRMO treatment tended to abolish the induction of the per1a and
fga transcripts, while cyp19b expression was not altered (Fig. 5B). These
data indicate that the expression of pepck1, fkbp5, sult2st3 and per1a
was regulated by GRs in mixture A, similarly as with CLO alone.
Abolishment of vtg1 was also found with CLO alone, suggesting that
vtg1 was regulated by GRs in early embryos. This is novel as vtg1 was
previously thought to be regulated solely by the estrogen receptor.

4. Discussion
In our study, we aimed to investigate the role of GRs and AR in
mediating physiological and transcriptional responses in ﬁsh embryos
exposed to single steroids and mixtures. Our study gives novel insights
into the action of GRs and AR in transcriptional regulation of genes at
early embryonic stages. The ﬁndings advance current knowledge on the
regulation of physiological and expressional eﬀects of CLO (Willi et al.,
2018), as well as that of mixtures of glucocorticoids (Willi et al., 2019)
and steroids of diﬀerent classes (Schmid et al., 2020; Willi et al., 2020).
We found that GRs mediate the assessed physiological and

3.3. Eﬀects of AR knockdown on steroid mixture B exposure consisting of
E2 + A4 + P4 + CLO
Exposure of embryos to A4 did not alter transcripts of sult2st3,
cyp2k22, cyp19b and vtg1 at 24 and 48 hpf (Fig. 6A). Treatment of
embryos with a MO that knocked down the AR (ARMO) led to a signiﬁcant decrease of the ar transcript in solvent controls and A4 exposed
embryos (Fig. 6B). This demonstrates that treatment with ARMO was
5
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Fig. 2. Physiological and transcriptional alterations of genes after exposure to clobetasol propionate (CLO) and treatment with control morpholino (COMO) and
glucocorticoid receptor morpholino (GRMO) at 24 and 48 hpf. A, spontaneous muscle contractions at 24 hpf and heart rate at 48 hpf. B, transcriptional alterations of
genes as fold changes of transcriptional abundance relative to solvent controls for glucocorticoid receptor grα, pepck1, fkbp5, sult2st3, irg1l, mmp-13, fga, per1a, g6pca
and vtg1. Table 2 gives names and functions of encoded proteins. Statistically signiﬁcant diﬀerences between embryos treated with COMO and GRMO (Figure A and
B) of solvent controls and CLO exposed embryos, and between the solvent control and CLO exposed embryos treated with COMO (Figure A) are indicated with
asterisks: * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001, ns, not signiﬁcant. Data represent mean ± SEM of 5 replicates.
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Fig. 3. Alteration of gene transcript abundance after exposure to 10 μg/L 17β-estradiol relative to solvent control at 24 and 48 hpf. Shown are transcriptional
abundance as fold change relative to solvent control for estrogen receptor (esr1), vitellogenin (vtg1), sulfotransferase (sult2st3), coagulation factor II (f2) and
aromatase (cyp19b). Statistically signiﬁcant diﬀerences compared to the solvent control are indicated with asterisks: * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p
≤ 0.0001. Data represent mean ± SEM of 5 replicates.

that might also be reduced. Although GRβ also regulates expression of
genes, GRβ acts as an inhibitor of transcriptional activity of GRα depending on the expression level of GRα (Chatzopoulou et al., 2015).
Increased activation of GRα by dexamethasone regulated the expression
of a number of genes and some of them assessed in our study are
regulated by either GRα or both GRs (Chatzopoulou et al., 2015). At
this early embryonic stage, transcripts of GRs are partly maternal but de
novo embryonic synthesis starts very early; it is widely expressed at 10
hpf and later (Nesan and Vijayan, 2012). Our MOs disrupted splicing of
both GR isoforms and AR mRNA, thus de novo synthesized embryonic
GR and AR mRNAs were targeted. Consequently, zygotic and not maternal GR signaling was responsible for the observed physiological and
expressional eﬀects.
Previously, the role of GRα was investigated in the development of
zebraﬁsh. Disruption of glucocorticoid signaling by GRα knockdown
caused smaller hearts, reduced cardiac function and reduced mRNA
levels of speciﬁc genes in zebraﬁsh embryos (Wilson et al., 2015). GRα
knockdown also displayed delayed somitogenesis and tail morphogenesis, and reduced embryo size and survival after hatching (Nesan and
Vijayan, 2012). This was associated with reduced transcriptional
abundance of speciﬁc myogenic genes and showed that GRα signaling is
important for zebraﬁsh muscle development. Embryonic exposure to an
extremely high concentration of dexamethasone and hydrocortisone
(100 mg/L) caused changes in craniofacial morphogenesis, suggesting
that head cartilage formation is sensitive to GR signaling (Hillegass
et al., 2008). In our experiments, however, we did not notice gross
developmental defects or changes.
An advancement of current knowledge (Willi et al., 2020, 2018) lies
in the fact that our present ﬁndings directly demonstrate the importance of GRs in heart rate regulation. Knockdown of GRs completely
abolished the increase in heart rate caused by CLO and steroid mixture

transcriptional eﬀects. Down-regulation of GR mRNAs abolished expressional responses in target genes, including vtg1. In a mixture of four
steroids classes, GR knockdown eliminated expression of target genes,
thus GRs regulated genes independently from the presence of other
steroids, suggesting no cross-talk between receptors for regulation of
these genes. However, expression of vtg1 and fkbp5 were enhanced
when CLO and E2 were present together in a mixture, which suggests
interaction and cross-talk of GRs and estrogen receptor (ER) for regulation of this gene.
Knockdown of steroid receptors by MOs is a straightforward technique to investigate the role of steroid receptors in the regulation of
diﬀerent eﬀects. However, due to dilution of MOs in the course of development, such experiments are limited to very early stages in zebraﬁsh development. Previously, the role of GRs in mediating eﬀects of
environmental steroids was derived from expressional alterations after
exposure to glucocorticoids. The present study advances current
knowledge by direct demonstration of GR and AR signaling via loss of
function experiments.
4.1. Role of glucocorticoid receptors in physiological eﬀects
Zebraﬁsh expresses two GR isoforms. The zebraﬁsh GR gene gives
rise to GRα and GRβ as a result of alternative splicing (Chatzopoulou
et al., 2015). In our study, we employed a GRMO that knocked down
both GR isoforms. The GRMO targets the splice donor site of exon 2 of
the GR gene, causing retention of intron 2 in both GRα and GRβ mRNA
(Chatzopoulou et al., 2015). Thus, our GRMO did not not distinguish
between the isoforms, and thus, we assume that both GR isoforms
contributed to and were responsible for the responses. Our loss of
function experiments showed that indeed GRα was down-regulated by
GRMO (Figs. 2B and 5 B) but we did not determine the GRβ transcript
7
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Fig. 4. Transcriptional alterations of genes at 24 hpf and 48 hpf after exposure to 10 μg/L of mixture A comprising clobetasol propionate, 17β-estradiol, progesterone
and the progestins cyproterone acetate, dienogest, and drospirenone. Shown are alterations of gene transcripts as fold changes of transcriptional abundance relative
to solvent controls for pepck1, sult2st3, per1a, vtg1, cyp19b and cyp2k22. Statistically signiﬁcant diﬀerences compared to the solvent control are indicated with
asterisks: ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001. Data represent mean ± SEM of 5 replicates.

hpf (Fig. 1). Treatment with MO eliminated the induction, which demonstrates that GRs regulated this gene at this early embryonic stage
(Fig. 2B). Of the eight vitellogenin (vtg) genes in zebraﬁsh (Yilmaz et al.,
2018), here we analyzed vtg1. Previously, vtg was thought to be solely
regulated by estrogens. Induction of vtg1 by ethinyl estradiol was shown
to occur at 96 and 144 hpf, but not at 48 hpf (Rossier et al., 2016;
Siegenthaler et al., 2017). In our E2 exposure, no signiﬁcant alteration
of the vtg1 transcript occurred at 24 and 48 hpf (Fig. S1), suggesting
that estrogens do not activate estrogen receptors (ERs) in early embryonic stages up to 48 hpf. Thus, GR signaling but not ER signaling
occurs in these early stages. We assume that at stages later than 48 hpf,
GRs become silenced and ER signaling is responsible for vtg1 regulation.
Estrogen response element(s) (ERE) occur in the promotor region of the
vtg1 gene (Bouter et al., 2010; Gorelick and Halpern, 2011; Mushirobira
et al., 2018). Based on our ﬁndings, we postulate an additional presence
of glucocorticoid responsive elements in the promotor. This is also
based on the fact that previously, it was shown that vtg3 is up-regulated
and vtg6 down-regulated by GRβ in zebraﬁsh embryos (Chatzopoulou
et al., 2015).
The responsiveness of the vtg1 gene suggests that GR signaling but
not ER signaling occurred in early embryonic stages. We hypothesize
that the diﬀerential activation of vtg1 by CLO and E2 in diﬀerent developmental stages may be based on epigenetic processes, among
others. Methylation of cytosin/guanosin dinucleotides (CpGs) are associated with epigenetic silencing of transcription. This may account for
the silencing of ER regulated genes including vtg1 in early embryos. The
non-responsiveness to estrogen exposure due to epigenetic processes
would explain the lack of vtg1 induction up to 48 hpf. Epigenetic
changes occur in the promotor region of steroid responsive genes, as
shown for another ER responsive gene (Kangaspeska et al., 2008). DNA
methylation and demethylation occur in the promoter of a gene activated by estrogens in human cells (Métivier et al., 2008). Thus, the

exposure. Previous studies showed that other receptors are also of inﬂuence. MO mediated knockdown of brain aromatase aﬀected heart
rate at 48 hpf with an increase at low and decrease at high concentrations after E2 exposure (Ulhaq and Kishida, 2018), which suggested that heart rate is under the control of serotonin signaling and
regulated by E2. Moreover, heart rate regulation through thyroid hormone (T3) has been shown to act downstream of the G protein-coupled
estrogen receptor and suggested that it regulates embryonic heart rate
by altering maternal estrogen and embryonic T3 levels (Romano et al.,
2017). However, the importance of GRs as demonstrated in our study is
plausible as GRα signaling is of major importance for heart development (Wilson et al., 2015), and reduced GRα signaling altered structure
and function of the embryonic heart.
Glucocorticoids play a signiﬁcant role in development, growth and
hatching of zebraﬁsh. As expression of GRs occur already at 24 hpf,
glucocorticoids have the potential to inﬂuence development of other
tissues in addition to the heart. GRα signaling is also important for
zebraﬁsh muscle development (Nesan et al., 2012). Treatment of embryos by MO in our study abolished spontaneous muscle contractions,
suggesting that this reaction is mediated by GRs. In a previous study,
larvae treated with GRMO showed alteration in swimming behavior
(reduction in velocity and distance travelled) (Wilson et al., 2016).
Thus, disruption of GR signaling impairs zebraﬁsh muscle development
and function, suggesting its role in proper muscular function, either
directly or indirectly.

4.2. Role of glucocorticoid receptors and estrogen receptors in expression of
the vitellogenin gene
Our study conﬁrms up-regulation of target genes demonstrated after
CLO exposure (Willi et al., 2018). A novel and unexpected ﬁnding was
the up-regulation of vtg1 by CLO in early embryos, particularly at 24
8
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Fig. 5. Physiological and transcriptional alterations of genes at 24 hpf and 48 hpf after exposure to 10 μg/L of mixture A comprising clobetasol propionate, 17βestradiol, progesterone and the progestins cyproterone acetate, dienogest, and drospirenone and treatment with control morpholino (COMO) and glucocorticoid
receptor morpholino (GRMO). A, spontaneous muscle contractions and heart rate. B, transcriptional alterations of genes as fold changes of transcriptional abundance
of mixture A relative to solvent controls (SC) for glucocorticoid receptor grα, pepck1, fkbp5, sult2st3, per1a, g6pca, vtg1, cyp19b and fga. Table 2 gives names and
functions of encoded proteins. Statistically signiﬁcant diﬀerences between COMO and GRMO treated embryos in solvent controls and in embryos exposed to mixture
A (Figure A and B), and between solvent control and mixture A exposed embryos treated with COMO (Figure A) are indicated with asterisks: * p ≤ 0.05; ** p ≤ 0.01;
*** p ≤ 0.001; **** p ≤ 0.0001. Data represent mean ± SEM of 5 replicates.

induction occurred at 24 and 48 hpf in steroid mixture A and B that
contained E2 and CLO (Figs. 4, 5 and 7). The response is much more
pronounced than with single steroids and points to an enhanced response in the presence of both steroids. This observation supports similar ﬁndings at later development stages for vtg1 and sult2st3 (Willi

methylation status of promotor CpGs, for instance in steroid hormone
responsive elements in the vtg1 promotor region, is a critical event in
transcriptional control. The vtg1 gene may be silenced for ER (but not
GRs) regulation by epigenetic processes in the early embryo.
In comparison to the single steroid CLO, an extremely high vtg1
9
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Fig. 6. Abundance of gene transcripts after exposure
to 10 μg/L androstenedione (A4) relative to solvent
control at 24 and 48 hpf and treatment with androgen
receptor morpholino (ARMO). A, exposure to A4. B,
exposure to A4 and treatment with control morpholino
(COMO) and ARMO. Shown are transcriptional abundance as fold change relative to solvent control (SC)
for sulfotransferase (sult2st3), cyp2k22, aromatase
(cyp19b), vitellogenin (vtg1) (Figure A) and ar (Figure
B). Statistically signiﬁcant diﬀerences between COMO
and ARMO treated embryos of the solvent control and
A4 exposed embryos are indicated with asterisks: * p
≤ 0.05; ** p ≤ 0.01. Data represent mean ± SEM of 5
replicates.

et al., 2020). Enhanced responses may be related to GR activation and
cross-talk with additional receptors, such as ERs.

4.3. Role of glucocorticoid receptors in expressional changes of steroid
mixtures
The transcriptional eﬀects of steroid mixtures conﬁrmed previous
ﬁndings, including induction of glucocorticoid target genes sult2st3,

10

Aquatic Toxicology 226 (2020) 105562

S. Schmid, et al.

Fig. 7. Abundance of transcripts at 24 hpf and 48 hpf after exposure to 10 μg/L of mixture B comprising androstenedione, clobetasol propionate, 17β-estradiol and
progesterone, and treatment with control morpholino (COMO) and androgen receptor morpholino (ARMO). A, exposure to mixture B. B, exposure to mixture B and
treatment with control morpholino (COMO) and androgen receptor morpholino (ARMO). Shown are transcriptional alterations of genes as fold changes of transcriptional abundance relative to solvent control (SC) for androgen receptor (ar), sult2st3, cyp19b, vtg1, cyp2k22 and fkbp5. Statistically signiﬁcant diﬀerences
between embryos exposed to mixture B compared to the solvent control (Figure A) and between COMO and ARMO treated embryos in the solvent control and mixture
B exposure (Figure B) are indicated with asterisks: * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001. Data represent mean ± SEM of 5 replicates.
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pepck1 and per1a in mixtures containing ﬁve, eight and 13 diﬀerent
class steroids (Willi et al., 2020). Our present study also conﬁrms that in
steroid mixtures containing diﬀerent steroid classes, glucocorticoid
target genes were regulated independently from the presence of other
steroids. However, an interactive eﬀect between GRs and ERs is suggested for a single gene, vtg1, when embryos were exposed to CLO and
E2 at the same time as an enhanced transcript abundance occurred in
the mixture. Each steroid class activated its own receptor and regulated
its target genes but cross-talk between receptors and endocrine pathways may also occur. This was the case for vtg1, where interaction
between diﬀerent receptors are suggested for gene activation. Our
previous studies suggested that additional genes, including cyp19b,
sult2st3 and cyp2k22 are regulated by more than one steroid receptor at
later embryonic stages (Schmid et al., 2020; Willi et al., 2020). Furthermore, when embryos were exposed to mixtures of several glucocorticoids, transcriptional abundance of glucocorticoid regulated genes
was additive (Willi et al., 2019). Thus, our gene expression approach
allows to determine the activity of each steroid receptor for regulation
of its target genes.
In our GR knockdown experiments, we speciﬁcally identiﬁed GR
regulated genes, including pepck1, fkbp5, per1a, vtg1 and sult2st3
(Fig. 4). Their induction was eliminated when embryos were treated
with GRMO, which indicates that these genes were solely regulated by
GRs in this embryonic phase. While pepck1 and fkbp5 are known to be
regulated by GRs, regulation of vtg1 and sult2st3 by GRs, is a novel
ﬁnding. The vtg1 gene is also regulated by ERs at later embryonic stages
(Rossier et al., 2016; Schmid et al., 2020) and at high E2 concentration
(Hao et al., 2013), while AR regulates sult2st3 at 120 hpf. Our study
shows that cyp19b is not regulated by GRs but up-regulated by estrogens (Willi et al., 2020) but also by androgens, probably by an indirect
mechanism via metabolism to estrogens (Fent et al., 2018). This gene
contains an ERE in its promoter (Menuet et al., 2005). Steroid mixture
studies also suggested that cyp19b, sult2st3 and cyp2k22 (Schmid et al.,
2020; Willi et al., 2020) are regulated by more than one steroid receptor at 120 hpf.
The extremely high induction of the glucocorticoid-regulated gene
encoding FK506 binding protein 5 (fkbp5) after exposure to mixture B
(Fig. 7) has not been observed in previous experiments with other
steroid mixtures containing glucocorticoids and other steroid classes
(Willi et al., 2020), mixtures of progestins and CLO (Schmid et al.,
2020), nor with CLO alone (Fig. 2B). Thus, the speciﬁc steroid mixture
B is responsible for this extremely high induction. This leads to the
conclusion that the composition of steroids in the mixture matters, and
the combination of A4, CLO, P4 and E2 enhances transcription of this
gene, which may be the result of receptor cross-talks.

GR signaling.
5. Conclusions
Our ﬁndings advance current knowledge about eﬀects of environmental steroid mixtures in ﬁsh that may exhibited at ng/L concentrations. MO mediated knockdown of GRs highlighted the importance of
these receptors for the physiological and expressional eﬀects exhibited
in early embryos after exposure to glucocorticoids. Not only spontaneous muscle contraction and heart rate are regulated by GRs but also a
number of glucocorticoid-regulated genes. Surprisingly, vtg1 was also
regulated by GRs, a gene that was thought to be exclusively regulated
by estrogens. In steroid mixtures, GRs regulated their target genes independently from the presence of additional steroids. However, when
CLO and E2 occurred together in mixtures, expression of vtg1 was enhanced, which points to a cross-talk between GRs and ERs. A similar
eﬀect occurred for fkbp5 that was extremely up-regulated in mixture B.
Our results support previous ﬁndings that in mixtures of diﬀerent
steroid classes, the joint activity is mainly reﬂected by the activity of
individual steroids that interact with their own receptors, with the
exception of vtg1 and fkbp5 that were enhanced in mixtures. Our study
not only highlights the role of GRs in the eﬀects of environmental
glucocorticoids but sheds new light on the regulation of vtg1 and the
interactive responses in steroid mixtures.
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While the importance of GRs for responses of early embryos to
exogenous steroid exposure is clearly demonstrated in our study, it also
shows a very diﬀerent role for the AR. It is known that the AR plays an
important role in male sexual diﬀerentiation and development.
However, it is not important for the responses to A4 and steroid mixtures at 24 and 48 hpf as assessed in our study. In zebraﬁsh embryos,
maternally derived and newly synthesized ar transcripts occur (Gorelick
et al., 2008; Hossain et al., 2008). Our data show that treatment of
embryos by ARMO caused down-regulation of the ar transcript. However, exposure to the androgen A4 did not alter the abundance of target
gene transcripts at this very early stage of 24 and 48 hpf. AR signaling
seems to become active only in later stages, as induction of sult2st3 and
cyp19b occurred at 120 hpf (Fent et al., 2018; Schmid et al., 2020).
Therefore, the functional loss of AR had no consequences in our loss of
function experiments. While the down-regulation of ar mRNA was
conﬁrmed, no eﬀects on gene expression occurred after exposure to A4
and the steroid mixture. AR signaling was therefore not detectable after
exposure to the androgen A4 at early embryonic stages, in contrast to
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