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NMR (U.R., A.A.), Leiden Institute of Chemistry, Leiden University, 2333CC Leiden, The Netherlands; and
Institute of Medical Physics and Biophysics (A.A.), University of Leipzig, D-04107 Leipzig, Germany

In humans and zebrafish, 2 glucocorticoid (GC) receptor (GR) splice variants exist: the canonical GR
�-isoform (GR�), and the GR�. In the present study, we have used the zebrafish model system in
order to reveal genes affected by each of these 2 receptor isoforms. By injecting zebrafish embryos
with different splice-blocking morpholinos, we could knock down both GR isoforms or could target
the alternative splicing of the GR pre-mRNA in favor of the GR�. In addition, specific GR� over-
expression was achieved by injecting mRNA. Embryos were treated with the synthetic GC dexa-
methasone, and transcriptome analysis was performed. Two distinct gene clusters were found that
were regulated by GR�: one that was regulated by GR� under basal conditions (presence of en-
dogenous cortisol only), and one that was regulated upon increased activation of GR� (using a
pharmacological dose of dexamathasone). GR� may act as a dominant-negative inhibitor of GR�

when GR� is overexpressed and the GR� expression level is knocked down simultaneously. How-
ever, without GR� knockdown, no evidence for this activity was found. In addition, the data
indicate regulation of gene transcription through other mechanisms of action by GR�. We also
investigated the concentrations of several metabolites using nuclear magnetic resonance spec-
troscopy. We found that dexamethasone treatment and knockdown of GR� together with over-
expression of GR� had opposite effects on glucose, amino acid, and fatty acid levels. Thus, we have
shed new light on the molecular mechanisms of GC-induced effects on metabolism, which are
known to increase the risk of obesity, hyperglycemia, and diabetes. (Endocrinology 156:
1757–1769, 2015)

The glucocorticoid (GC) receptor (GR) is expressed al-
most ubiquitously in the human body and regulates a

wide range of biological processes such as our metabolism,
growth, reproduction, vascular tone, bone formation, im-
mune response, and brain function (1–6). In its inactive
state, the GR mainly resides within the cytoplasm in a
multiprotein complex containing chaperones and immu-
nophilins. The GR is activated by binding of its cognate
ligands (GCs), and upon activation, it is released from its
cytoplasmic complex and translocates to the nucleus,

where it orchestrates gene expression via DNA-binding
dependent and independent mechanisms. DNA-binding
dependent mechanisms involve GR binding to GC re-
sponse elements, where it recruits transcriptional coregu-
lators and, thus, directs (positively or negatively) the tran-
scription rate of target genes. Independent of DNA-
binding, the GR can also physically interact with other
transcription factors (eg, Nuclear Factor-�B [NF-�B] and
Activating Protein-1 [AP-1]), via which it can either syn-
ergistically induce gene expression or repress activation of
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genes. The latter mode comprises one of the classical ways
by which GCs exert their antiinflammatory effects, which
is the basis of their intensive clinical use in the treatment
of immune-related diseases like asthma and rheumatoid
arthritis (1, 2, 7–11). An issue limiting the clinical use of
GCs is the severity of the side effects, which are reflected
in among others a reduction in bone and muscle mass, and
endocrine and metabolic effects (12). These metabolic ef-
fects include dyslipidemia, hyperglycemia, and insulin re-
sistance, thereby promoting the susceptibility to type 2
diabetes (13, 14).

When the human GR was cloned, 2 splice variants were
discovered, named as human GR �-isoform (hGR�) and
hGR�, which derive from alternative splicing within the
most 3� exon, encoding the C-terminal end of the ligand-
binding domain (LBD) (15, 16). Hence, the hGR� (777
amino acids, representing the canonical receptor) is able to
interact with GCs, whereas the hGR� (742 amino acids)
has a shorter LBD with a unique C-terminal 15-amino acid
sequence, which renders it unable to bind GCs (15–17).
Experimental data have provided evidence for a domi-
nant-negative effect of hGR� on hGR�’s transcriptional
properties (18–21) as well as intrinsic transcriptional ac-
tivity (independent of hGR�) (22, 23). However, the bi-
ological significance of hGR� is still debated, mainly due
to inconsistent results regarding its transcriptional role,
(24–30) its low expression levels (18, 31, 32), and low
level of evolutionary conservation (33, 34).

Over the last decade, the zebrafish has emerged in bio-
medical research as an important model system for a va-
riety of human diseases (35–37), and it has been consid-
ered as a potent model organism for GC research (38–41).
As humans, zebrafish have a single GR gene, and cortisol
is the main endogenous GC. Its secretion is regulated by
the hypothalamus-pituitary-interrenal axis, which is the
equivalent to the mammalian hypothalamus-pituitary-ad-
renal axis (39, 40, 42). Upon secretion of cortisol or treat-
ment with synthetic GCs, the activated zebrafish GR�

(zGR�) can mediate gene transcription in a similar way as
the hGR� (38, 41, 43, 44). Interestingly, zebrafish express
both zGR splice variants, because the zGR gene gives rise
to zGR� and zGR� as a result of alternative splicing (33,
45). The zGR� is highly similar to its human equivalent in
structure, subcellular localization and expression level
(33). However, the gene organization and splicing events
underlying the expression of GR� and GR� are different
between humans and zebrafish, suggesting that zGR� and
hGR� have evolved independently (33).

In the present study, we have used the zebrafish as an in
vivo model to study the GR signaling pathway at the
whole-organism level. A genetic manipulation approach
of the zGRinzebrafish embryoswasused inorder to reveal

responsive genes specific for the zGR� and zGR�. Tran-
scriptional effects were investigated using a microarray
analysis, and metabolic effects were studied by nuclear
magnetic resonance (NMR) spectroscopy. Our results
show that zGR� is able to regulate 2 clusters of genes: 1
under basal conditions (in the presence of endogenous
cortisol only), and 1 upon increased activation of the re-
ceptor (by a high dose of an exogenous GC). In addition,
zGR� may act as a dominant-negative inhibitor of zGR�,
depending on the ratio between the zGR� and zGR� ex-
pression levels. The observed transcriptional effects were
reflected in the levels of several metabolites analyzed using
NMR spectroscopy.

Materials and Methods

Zebrafish strain, husbandry, and egg collection
Wild-type adult ABxTL zebrafish were used in this study.

Livestock was maintained and handled according to the guide-
lines from http://zfin.org. Fertilization was performed by natural
spawning (single crossings) at the beginning of the light period,
and eggs were raised at 28°C in egg water containing 60 �g/mL
Instant Ocean sea salts supplemented with 0.0025% methylene
blue (Gurr). All experimental procedures were conducted in
compliance with the directives of the animal welfare committee
of Leiden University.

Morpholino (MO) preparations, zGR� mRNA
synthesis, and injections

Three different MOs were used (purchased from GeneTools,
primer sequences presented in Supplemental Table 1), all of
which prepared and stored according to the manufacturer’s in-
structions. Before injections, MOs were diluted at a final con-
centration of 0.05mM in 1� Danieau’s buffer (58mM NaCl,
0.7mM KCl, 0.4mM MgSO4, 0.6mM Ca(NO3)2, and 5mM
HEPES at pH 7.6) containing 0.05% phenol red (Sigma).

An expression vector for zGR�, PCS2�zGR� (33), was lin-
earized with NsiI (New England Biolabs) and used as a template
for the synthesis of zGR� mRNA using the mMESSAGE
mMACHINE SP6 kit from Ambion. Newly synthesized mRNA
was purified using the RNeasy MinElute Cleanup kit (QIAGEN). Be-
fore injections, zGR� mRNA was denatured at 60°C for 5 min-
utes and diluted at a final concentration of 5 ng/�L in 1�
Danieu’s buffer (58mM NaCl, 0.7mM KCl, 0.4mM MgSO4,
0.6mM Ca(NO3)2, 5mM HEPES at pH 7.6) containing 0.05%
phenol red (Sigma).

Approximately 1 nL of each MO or zGR� mRNA solution
was injected into the yolk of 1–2 cell stage fertilized eggs, and
0.05 pmol standard control MO (SC-MO) was coinjected in the
zGR� mRNA group for proper comparisons with the other
groups.

GC treatment, collection of embryos, and RNA
isolation

Twenty-four hours after fertilization embryos were placed in
2% agarose-coated Petri dishes and incubated with 100�M
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dexamethasone (dex) (Sigma) in egg water for 6 hours at 28°C.
Per treatment group, 20 embryos were collected in TRIzol re-
agent (Invitrogen). Three individual experiments were per-
formed, yielding triplicate samples per treatment group. Total
RNA was extracted using the TRIzol reagent (Invitrogen) ac-
cording to the manufacturer’s instructions. RNA was dissolved
in water and denatured for 5 minutes at 60°C. Samples were
treated with desoxyribonuclease (DNase) using the DNA-free kit
(Ambion). For microarray analysis, RNA was further purified
using the RNeasy MinElute Cleanup kit from QIAGEN, and its
integrity was checked with a lab-on-chip analysis using the 2100
Bioanalyzer (Agilent Technologies).

PCR analysis of modified splicing of the GR mRNA
One hundred nanograms of desoxyribonuclease (DNase)-

treated total RNA samples were used as a template for One-Step
RT-PCR analysis of zebrafish GR RNA sequences using the Su-
perScript III One-Step RT-PCR System with Platinum Taq DNA
Polymerase kit (Invitrogen), according to the manufacturer’s
manual. Primer sequences are presented in Supplemental Table
2. Additional qPCR analysis was performed using the MyiQ
Single-Color Real-Time PCR Detection System (Bio-Rad). A de-
tailed description of the qPCR analysis is provided in Supple-
mental Methods. Primer sequences used for qPCR are presented
in Supplemental Table 3.

Microarray analysis
A 4x180k microarray chip platform (design ID:028233; cus-

tomized by Agilent Technologies) was used in this study (46). A
total of 24 samples (8 experimental groups from 3 replicate ex-
periments) were processed for transcriptome analysis. On each
4x180k slide, 4 random samples from different replicate exper-
iments were hybridized against a common reference. Further
details on the microarray amplification, labeling hybridization,
scanning, and data processing are found in Supplemental Meth-
ods. The raw data from the microarray experiment were sub-
mitted to the Gene Expression Omnibus database under acces-
sion number GSE63360. Data analysis was performed setting
cutoff for the P value of less than 10�10 and for fold change of
either more than 2 or less than �2.

Gene ontology analysis
As a starting point for the gene ontology analysis of the

microarray results, clusters of genes were analyzed using the
online functional classification tool DAVID (http://david.
abcc.ncifcrf.gov/summary.jsp). In addition, for genes not clas-
sified by DAVID, information was gathered on their function
(using the websites GeneCards (http://www.genecards.org/),
National Center for Biotechnology Information (http://
www.ncbi.nlm.nih.gov/gene), Genetics Home Reference
(http://www.ncbi.nlm.nih.gov/gene), and Wikipedia (http://
en.wikipedia.org/wiki/). Using this information, all genes
were classified in one of the categories assigned by DAVID, or
in a new category.

1H HR-MAS NMR spectroscopy
For high resolution magic angle spinning (1H HR-MAS)

NMR spectroscopy measurement, intact embryos at 30- or 48-
hpf stage were placed in a 4 mm Bruker zirconium rotor, and
subsequently, 10 �L of 100mM deuterated phosphate buffer

(pH 7.4) containing 3-trimetylsilyl-2,2,3,3-tetradeuteropropi-
onic acid (1mM) were added as NMR reference. The rotor was
immediately placed in a Bruker DMX 400-MHz NMR spec-
trometer, operating with a proton resonance frequency of
399.427 Hz and equipped with a 4 mm HR-MAS dual inverse
1H/13C probe. The whole HR-MAS study was performed at 4°C
to minimize tissue degradation. The spectra were acquired at a
spinning rate of 2500 Hz using a Carr-Purcell- Meiboom-Gill
pulse sequence with the repetition time and echo time of 3500
and 0.4 ms, respectively. Total number of averages was 256 with
8 dummy scans. All spectra were processed using a 0 filling of
32 k and line broadening for exponential window function of 1
Hz before Fourier transformation. Spectra are shown in Supple-
mental Figures 2 and 3. Further details on the NMR spectroscopy
analysis are found in Supplemental Methods.

Statistical analysis
Statistical analyses (t tests and ANOVAs with Bonferroni post

hoc tests) on qPCR data were performed using the GraphPad
Prism version 4.00 (GraphPad Software). All statistical analyses
of the NMR results were performed using OriginPro version 8.5.

Results

MO treatment, GR� mRNA injection, and dex
administration

Two splice-blocking MOs (chemically modified anti-
sense oligonucleotides) were used to manipulate the ex-
pression levels of zGR� and zGR� in zebrafish embryos.
MO1 targets the splice donor site of exon 2 of the zGR
gene, causing retention of intron 2 in both zGR� and
zGR� mRNA (Figure 1B). The resulting transcript en-
codes a GR protein, which is truncated at amino acid 367,
lacks the DNA binding domain and LBD, and is therefore
considered inactive. Total zGR� and zGR� mRNA levels
were significantly decreased upon MO1 treatment (Figure
1, C and D). MO2 targets the splice donor site of exon 8,
which directs the alternative splicing of the zGR pre-
mRNA towards increased production of the zGR� and a
decreased production of the zGR� (Figure 1, B–D). In
addition, injection of zGR� mRNA was performed to spe-
cifically increase the zGR� expression (Figure 1D). A
SC-MO was used to inject the control group. At 24 hpf, the
embryos injected with SC-MO, MO1, MO2, and zGR�

mRNA were treated with dex (100�M) or vehicle treated
for 6 hours. Thus, 8 experimental groups were generated:
SC-MO/vehicle, SC-MO/dex, MO1/vehicle, MO1/dex,
MO2/vehicle, MO2/dex, zGR� mRNA/vehicle, and
zGR� mRNA/dex (Table 1).

Neither of the MO treatments caused any obvious mor-
phological abnormalities during embryonic development.
This observation is consistent with other studies, in which
different splice-blocking MOs were used for a functional
knockdown of zGR (47, 48), whereas translation-block-
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ing MOs have been shown to cause malformations during
development (48, 49). This paradox could be due to the
fact that splice-blocking MO treatment does not affect
maternally deposited mRNAs (so MOs start to act after
the onset of zygotic transcription; �4–5 hpf). Dexameth-
asone treatment did not cause any abnormalities either,
probably because of the short duration of the treatment (6
h), because dex treatment for longer periods (�24 h) dur-
ing embryonic development has been shown to alter
craniofacial morphogenesis (43). Despite the absence of
any obvious morphological disruptions, our genetic ma-
nipulation of zGR� and zGR� transcripts led to signifi-
cant transcriptional changes as shown by microarray
analysis.

The transcriptional role of zGR�

Microarray analysis of dex effects on gene
transcription

As a first step in the analysis of the microarray exper-
iment, the regulation of gene transcription due to dex
treatment was studied. For this purpose, the SC-MO/veh
and SC-MO/dex groups were compared. We identified
138 genes to be significantly dex regulated. The vast ma-
jority of these genes (129) was up-regulated in response to
dex, which suggests that this cluster mainly contains genes
that are transactivated by the dex-activated GR. Gene on-
tology analysis showed that 28 genes in this cluster were
involved in metabolic processes. From these 28 genes, 8
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Figure 1. A, Schematic overview of the zebrafish GR gene and its
possible transcripts, zGR� and zGR� mRNA. Boxes represent exons,
and exon numbers are indicated. Alternative splicing occurs between
exon 8 and 8�. When the splice site between these exons is utilized,
zGR� mRNA is produced (containing exon 1–9), and when this splice
site is skipped, zGR� mRNA is produced (containing exon 1–8 and 8�).
The location of the target sites of zGR splice-blocking MO1 and MO2
is shown and primers used to analyze the effect of the MOs on the
splicing pattern are indicated. B, Agarose gel showing products of RT-
PCR analysis of RNA samples from 30-hpf embryos injected with either
MO1 (panels 1 and 2) or MO2 (panels 3 and 4). Panel 1 shows a 789-
bp product after amplification using primers fw1 and rev1. The MO1-
injected sample shows an increased production of this amplicon. Panel
2 shows a 361-bp product using primers fw1 and rev2. The MO1-
injected sample shows a decreased generation of this PCR product
compared with control. Panel 3 shows a 360-bp product after using
primers fw2 and rev3. Increased production of this band was shown in
MO2-injected samples. Panel 4 shows a 400-bp product after using
primers fw2 and rev4. The MO2-injected sample shows a decreased
production of this amplicon. C, Analysis by qPCR of the effect of
injection of MOs and zGR� mRNA on the expression of zGR� mRNA.
Both MO treatments resulted in a significant down-regulation of the

Figure. 1 (Continued). zGR� mRNA concentration compared with
SC-MO injections, whereas no significant difference between SC-MO
and zGR� mRNA-injected samples was detected. Dexamethasone did
not affect the expression of the zGR� mRNA. *, significantly different
from vehicle control (P � .001). D, Analysis by qPCR of the effect of
injection of MOs and zGR� mRNA on the expression of zGR� mRNA.
MO2 caused a down-regulation of the zGR� mRNA concentration,
whereas MO1 injections resulted in an up-regulation of the zGR�
mRNA concentration compared with SC-MO injections. Similarly, zGR�
mRNA injections resulted in an increase in the zGR� mRNA
concentration compared with SC samples. No effect on the expression
of the zGR� due to dex treatment was detected. *, significantly
different from vehicle control (P � .001).

Table 1. Overview of Experimental Groups in Present
Study

Injection Treatment
Group
Number

SC-MO Vehicle 1
Dexamethasone 2

MO1 (zGR�2, zGR�2) Vehicle 3
Dexamethasone 4

MO2 (zGR�2, zGR�1) Vehicle 5
Dexamethasone 6

zGR� mRNA (zGR��, zGR�1) Vehicle 7
Dexamethasone 8
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genes were involved in glucose metabolism (4 in gluco-
neogenesis and 3 in glycogenolysis), 11 in protein metab-
olism (5 proteases), and 3 in lipid metabolism. Other gene
ontology groups that were highly represented in this clus-
ter were genes encoding transcription factors (12 genes),
those involved in the immune system (11 in total, 5 anti-
inflammatory and 6 proinflammatory), and those in-
volved in nuclear receptor signaling (11 in total, 3 involved
in GR signaling). An overview of the gene ontology anal-
ysis is presented in Figure 2A, and detailed information is
presented in Supplemental Table 4. By means of qPCR, the
induction of 4 genes from this gene cluster was verified
(Supplemental Figure 1A).

In order to study whether gene regulation by dex was
affected upon zGR� knockdown, we compared the cluster
of dex-regulated genes with clusters of genes found to be
significantly changed due to MO1 and MO2 in the pres-
ence of dex (comparison SC-MO/dex vs MO1/dex and
SC-MO/dex vs MO2/dex, respectively). A number of 77
genes was identified to be present in all 3 clusters (Figure
2B and Supplemental Table 4), which means that the ob-
served regulation of these genes by dex is dependent on the
presence of zGR�. These 77 genes account for 56% of the
genes in the dex-regulated cluster, indicating that most dex
regulation observed in our microarray is abolished upon
MO1 and MO2 knockdown of zGR�, and that the MOs
effectively knocked down the expression of zGR�. The
cluster of genes affected by MO knockdown especially
contained genes with higher levels of up-regulation by dex
and those of which the up-regulation is supported by mul-
tiple probes on the microarray, suggesting that this ap-
proach filters out false positives from the dex-regulated
cluster. Therefore, a corroborated set of 77 marker genes
for studying GR signaling in zebrafish embryos is pre-
sented here (Supplemental Table 4).

Microarray analysis of MO1 effects on gene
transcription

The effect of zGR� knockdown was further studied by
comparing the SC-MO/veh and MO1/veh groups. This
analysis showed that injection of MO1 (in the absence of
dex) significantly affected the expression of 185 genes
(Figure 3A). Surprisingly, this MO1-regulated gene cluster
was very different from the cluster regulated upon dex
treatment. Only 8 genes were present in both the cluster of
MO1-regulated genes and the cluster of 138 dex-regulated
genes, of which only 2 genes showed regulation in oppo-
site direction by the MO and dex. In addition, gene on-
tology analysis showed that MO1 and dex affected dif-
ferent gene ontology groups (Figures 2A and 3B). MO1
affected relatively more genes involved in cell cycle and
apoptosis, whereas more genes involved in the immune

system and nuclear receptor signaling were affected by
dex. Even though the gene ontology group of genes in-
volved in metabolism was highly represented in both the
cluster regulated by dex (28) and MO1 (30), only 3 were
present in both clusters (of which 1 regulated in opposite
direction). These differences could not be explained by
off-target effects of MO1, because a large overlap was
observed between the clusters of MO1- and MO2-regu-
lated genes (Figure 2A).
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Figure 2. Microarray analysis of dex regulation. A, Gene ontology
groups represented in the cluster of 138 dex-regulated genes. The
results show that dex mainly regulated genes involved in metabolism.
Details on individual genes are presented in Supplemental Table 1. B,
Venn diagram showing the identification of the cluster of dex-
regulated and zGR�-dependent genes. The overlap between genes
regulated by dex (SC-MO/vehicle vs SC-MO/dex, gray circle) and genes
regulated by MO1 and MO2 I the presence of dex (SC-MO/dex vs
MO1/dex and SC-MO/dex vs MO2/dex comparison, white circles) was
determined (77 genes). This cluster represents genes regulated by dex
in a GR�-dependent way.
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Apparently, upon dex treatment, a different set of genes
was regulated by zGR� than in the absence of dex. It can
therefore be suggested that zGR� acts upon different genes
in the presence of endogenous cortisol only than upon
activation by a pharmacological dose of an exogenous GC
like dex. Moreover, both dex and MO1 treatment mainly
induced gene up-regulation (respectively, 94% and 72%
of the regulated genes was up-regulated). It can therefore
further be suggested that zGR� mainly suppresses gene
transcription upon activation by endogenous cortisol and
that it enhances transcription (of a different set of genes)
upon increased activation by an exogenous GC.

The transcriptional role of zGR�

Microarray analysis of MO2 effects on gene
transcription

Subsequently, genes were investigated that were regu-
lated by MO2 (comparison SC-MO/veh vs MO2/veh).
Like MO1, this MO decreases the expression of zGR�, but
it simultaneously increases the expression of zGR�

(whereas MO1 causes decreased expression of zGR�)
(Figure 1). We identified a larger number of genes (480) to
be regulated upon MO2 injection, of which 67% was up-
regulated. A large overlap between MO1- and MO2-reg-
ulated genes was observed: 97 genes appeared to be reg-
ulated by both MO1 and MO2 (Figure 3A). This was
expected because both MOs decrease the expression of
zGR�. Validation by qPCR was performed for 4 of these
genes confirming the observed regulation (Supplemental
Figure 1B).

However, when we further compared gene regulation
by MO1 and MO2, we found some interesting differences.
First, MO2 showed stronger gene regulation. More genes
were regulated by MO2 (480 vs 185) (Figure 3A), and
most genes regulated by both MOs showed stronger reg-
ulation by MO2 than by MO1 (Figure 3C). Most likely,
this is a result of the increased expression of zGR� by
MO2, compared with the decreased zGR� expression by
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Figure 3. Microarray analysis of effects of MO treatment. A, Venn
diagram showing the overlap between the cluster of genes by dex (SC-
MO/vehicle vs SC-MO/dex, gray circle) and genes regulated by MO1
and MO2 (SC-MO/veh vs MO1/veh and SC-MO/veh vs MO2/veh

Figure. 3 (Continued). blue and green circle, respectively). The
diagram shows very little overlap, indicating that dex and MO
treatment regulate highly different clusters of genes. B, Gene ontology
groups represented in the clusters of genes by MO1 and/or MO2
treatment in absence of dex. The results show that MO treatment
mainly regulated genes involved in metabolism and genes encoding
transcription factors. Details on individual genes are presented in
Supplemental Table 2. C, Scatter plot showing the level of gene
regulation by MO2 treatment plotted against regulation of genes by
MO1 treatment. Data points indicate levels for individual probes.
Data are shown for probes that were significantly regulated at least
2-fold by MO1 and/or MO2. Black diamonds indicate data for
probes significantly regulated by both MOs, blue diamonds for
probes significantly regulated by MO1, and green diamonds
for probes significantly regulated by MO2.
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MO1. Based on these results, we suggest that increased
expression of zGR� inhibits zGR�-induced suppression of
gene transcription. Alternatively, the differences in gene
regulation by MO1 and MO2 may be explained by a more
efficient knockdown of zGR� expression by MO2. How-
ever, this seems unlikely because the observed difference in
zGR� mRNA is small (Figure 1C), and upon MO1 treat-
ment, most of the available zGR� mRNA encodes a trun-
cated nonfunctional protein (Figure 1B).

Second, of the 159 genes down-regulated by MO2, only
14 were regulated by MO1 as well, indicating that MO2
regulates a cluster of genes that is not regulated by MO1.
MO2 regulated relatively more genes encoding transcrip-
tion factors and genes involved in the nervous system,
processing of DNA and RNA, and signaling pathways
important during development (Figure 3B and Supple-
mental Table 5). Thus, the increased zGR� expression
results in regulation (mainly suppression) of a cluster of
genes not affected by zGR�. Alternatively, this difference
may be explained by off-target effects of MO2.

Microarray analysis of zGR� mRNA effects on gene
transcription

In order to further investigate genes specifically affected
due to zGR� overexpression, we studied genes regulated
upon injection of zGR� mRNA (comparison SC-MO/veh
vs GR� mRNA/veh). A cluster of 146 genes was found to
be regulated by zGR� mRNA injection in the absence of
dex, of which the majority (87 genes) was down-regulated
(Figure 4A). Of these 146 genes, 67 genes were also found
to be present in the cluster of 161 genes regulated by GR�

mRNA injection in the presence of dex (Figure 4A). This
indicates that the observed gene regulation upon GR�

mRNA injection is mainly independent of zGR� activa-
tion. Gene ontology analysis of the cluster of genes regu-
lated by GR� mRNA injection either in absence or pres-
ence of dex (Figure 4B and Supplemental Table 6) revealed
that 21 of these genes were involved in regulation of the
immune system, of which 3 were encoding interleukins,
and 4 novel immune-type receptors. Other gene ontology
groups enriched in this cluster were genes involved in me-
tabolism (14 genes, of which 10 involved in protein me-
tabolism), the nervous system (14), and cell cycle/apopto-
sis (15, of which 13 involved in the cell cycle).

To determine whether this zGR� mRNA-regulated
cluster of genes is also regulated upon MO2 treatment
(which results in an increased expression of zGR� in ad-
dition to a decreased expression of zGR�), we compared
it with the MO2-regulated cluster (comparison GR�

mRNA/veh vs MO2/veh). This analysis showed that only
13 genes were affected by both injection of MO2 and
zGR� mRNA (Figure 4A). This may be due to differences

in the context (ie, expression level of zGR�), in which
zGR� is overexpressed between the 2 methods of zGR�

overexpression.
To analyze a possible dominant-negative activity of

zGR� on the transcriptional activity of zGR�, we studied
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Figure 4. Microarray analysis of effects of zGR� mRNA injection. A,
Venn diagram showing the overlap between the cluster of genes
regulated by zGR� mRNA injection in the absence (SC-MO/veh vs
zGR� mRNA/veh, red circle) and presence of dex (SC-MO/dex vs zGR�
mRNA/dex, blue circle). The diagram shows large overlap between
these 2 clusters (67 genes), indicating that gene regulation upon zGR�
mRNA injection is mainly independent of zGR� activation. The overlap
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(SC-MO/veh vs MO2/veh, green circle) is very small, although MO2
treatment also increases zGR� expression. B, Gene ontology groups
represented in the clusters of genes by zGR� mRNA injection in
absence and presence of dex. The results show that zGR� mRNA
injection mainly regulated genes involved in regulation of the immune
system. Details on individual genes are presented in Supplemental
Table 3.
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the effect of zGR� overexpression on gene regulation
upon dex administration. For this purpose, the level of
regulation by dex after zGR� mRNA injection (compar-
ison zGR� mRNA/veh vs zGR� mRNA/dex) was plotted
against the regulation by dex without zGR� mRNA in-
jection (comparison SC-MO/veh vs SC-MO/dex), for all
probes significantly regulated in at least one of these com-
parisons (Figure 5). The resulting scatter plot shows that
generally gene regulation by dex is not different between
these 2 conditions. Thus, this analysis shows no evidence
for a dominant-negative activity of zGR� on zGR�-me-
diated gene transcription induced by dex.

Linking transcriptional effects to metabolic effects

NMR analysis of metabolic effects of dex and MO
treatment

Because the observed transcriptional effects of dex and
MO treatment mainly concerned the metabolism of the
embryos, we decided to study the metabolic effects of these
treatments by NMR spectroscopy. In order to study the
effect of dex, embryos were treated with vehicle or dex at
24 hpf for 24 hours, and 1H HR-MAS NMR spectroscopic
analysis was performed on 48-hpf embryos. Metabolic
profiles of vehicle- and dex-treated embryos were ob-

tained by both 1 dimensional and 2 dimensional (2D)
NMR (Supplemental Figure 2), and quantitative data on
metabolite levels were acquired from the 2D profiles (Fig-
ure 6A). The NMR data showed that the glucose levels
were 1.7-fold increased due to the dex treatment and that
the lactate concentrations were similarly increased (1.8-
fold). In addition, increased levels of the amino acids al-
anine, glycine, and glutamine/glutamic acid were observed
(1.4-, 1.9-, and 1.7-fold increased, respectively). No ef-
fects were observed on cholesterol levels, but increased
levels of fatty acids were detected (1.7-fold).

In order to study the effects of MO treatment on the
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Figure 5. Scatter plot showing the level of gene regulation upon dex
treatment (SC-MO/veh vs SC-MO/dex) plotted against regulation of
genes by dex treatment after zGR� mRNA injection (GR� mRNA/veh vs
GR� mRNA/dex). Data points indicate levels for individual probes. Data
are shown for probes that were significantly regulated at least 2-fold.
The plotted line indicates points where dex regulation without GR�
mRNA injection equals dex regulation after GR� mRNA injection. The
scatter plot shows that generally dex regulates gene expression after
zGR� mRNA injection similarly to regulation without zGR� mRNA
injection, indicating that zGR� displays very little dominant-negative
activity under these conditions.
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Figure 6. NMR analysis of metabolic effects of dex and MO
treatment. Relative metabolite concentrations determined by 2D 1H
HR-MAS NMR spectroscopic analysis. A, Relative metabolite
concentrations in 48-hpf embryos after 24 hours of dex treatment. All
metabolites measured, except cholesterol, show a significant increase
after dex treatment. *, significantly different from vehicle control (P �
.05). B, Relative metabolite concentrations in 30-hpf embryos injected
with MO1 or MO2 at the 1–2 cell stage. MO1 treatment decreased the
concentration of fatty acids, whereas MO2 decreased the
concentration of all metabolites, except glycine. *, significantly
different from vehicle control (P � .05); #, significantly different from
MO1-treated group (P � .05).
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embryonic metabolism, embryos
were injected with the SC-MO,
MO1, or MO2 at the 1–2 cell stage.
At 30 hpf, the metabolic effects of
these treatments were determined by
NMR spectroscopy (Figure 6B). In
general, MO1 showed little meta-
bolic effects and MO2 showed ef-
fects opposite to those observed
upon dex treatment. MO1 treatment
only decreased the fatty acid concen-
tration. MO2 treatment decreased
the glucose levels as well as lactate
levels (both by �5-fold). The alanine
and glutamine/glutamic acid levels
were lowered after MO2 treatment
(�4-fold), whereas the glycine level
remained unchanged. Finally, the
NMR data showed a MO2-induced
decrease in free cholesterol and fatty
acid levels (approximately 2- and
6-fold, respectively).

Linking metabolomic data to
transcriptomic data

By combining the metabolomic
data obtained using NMR spectros-
copy with the transcriptomic data
obtained using microarray analysis,
we could determine the transcrip-
tional GR targets underlying the ob-
served metabolic effects. An over-
view of this analysis is presented in
Figure 7, and it demonstrates that the
metabolic changes observed in the
NMR study can be explained by the
transcriptional changes that were
found in the microarray analysis.
This way, the transcriptional targets
of GCs that underlie their metabolic
effect were identified, and a detailed
description and discussion of these
results is presented in Supplemental
Results and Discussion.

Discussion

In the present study, we have re-
vealed specific target genes of the
zGR� and zGR�. Zebrafish embryos
were used as an in vivo model sys-
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tem, and this whole-body approach resulted in a broad
view of systems regulated by GCs. Our results show that
zGR� regulates 2 distinct gene clusters. Furthermore, we
show evidence for a dominant-negative role of zGR� on
zGR�’s activity, and for a role of this splice variant as a
regulator of transcription independent of zGR�.

It was expected that most genes regulated by dex would
show an inverse regulation upon GR� knockdown by the
MO treatment. However, we found a surprisingly small
overlap between the cluster of dex-regulated genes and the
clusters of MO-regulated genes, which indicates that
zGR� regulates a different set of target genes upon acti-
vation by endogenous cortisol than upon activation by a
high dose of dex. At the stage of development investigated
in this study (24–30 hpf), endogenous cortisol levels are at
their minimum, because the maternally deposited cortisol
is depleted, and the embryonic hypothalamus-pituitary-
interrenal axis is not functional yet (39). It can therefore be
argued that in our study zGR� is minimally activated by
endogenous cortisol. Moreover, it might be suggested that
the unliganded zGR� is a regulator of gene expression
under these conditions, as previously observed in mam-
mary epithelial cells (50). In contrast, the dose of dex used
in our study (100�M) is considered to result in maximal
activation of the receptor, based on pilot studies in which
a maximal induction of the fkbp5 gene was observed at
this dose (A.C. and M.J.M.S., unpublished data).

The lack of overlap between MO- and dex-regulated
genes is in line with the observation of Pikulkaew et al (49),
who noted that genes known to be up-regulated in re-
sponse to dex, like fkbp5 and gilz (tsc22d3), were not
regulated by MO knockdown of GR. In our study, upon
dex treatment mainly genes involved in metabolic path-
ways were regulated, whereas MO knockdown of the re-

ceptor regulated in addition to metabolic genes many
genes involved in the cell cycle and apoptosis. Because
both receptor knockdown and dex treatment generally
increased gene transcription rates in our study, we further
suggest that upon activation by endogenous cortisol zGR�

mainly suppresses gene transcription, and that it mainly
enhances transcription upon increased activation by a
high dose of dex.

These findings put forward the idea of 2 distinct gene
sets: one set to be regulated under basal conditions for the
maintenance of homeostasis and the other to be regulated
upon a stressful stimulus in order to restore homeostasis
(51). It can be hypothesized that the potency of zGR� to
regulate transcription differs between target genes. Hence,
some genes could already be activated upon zGR� acti-
vation by low cortisol levels, whereas other genes may
need increased levels of activated zGR� (51–53). In sup-
port of this notion, a recent study by Reddy et al (54)
showed variation in the sensitivity of genes to small inter-
fering RNA (siRNA) treatment against the GR. This may
be due to different binding affinities for ligand-bound re-
ceptors to the GC-response elements. In line with this idea,
Polman et al (55) have recently found 2 populations of
DNA target sites with different receptor binding affinities
in the genome of rat hippocampal cells. In addition, it was
previously demonstrated in rat neuronal cells that 1 hour
after GR activation, only down-regulation of genes was
induced, whereas after 3 hours, most regulated genes were
up-regulated. This suggests that up-regulation of genes
requires increased activation of GR (56), which is in line
with our finding that dex treatment mainly increases gene
expression, whereas zGR� activation by endogenous cor-
tisol levels seems to mainly down-regulate gene expres-
sion. Finally, Frijters et al (57) found differences in the
dependence on GR dimerization between different gene
clusters regulated in mouse liver by prednisolone. The
cluster of genes of which the prednisolone induction was
abolished in mice expressing a dimerization-deficient re-
ceptor mainly contained genes involved in cell cycle and
apoptosis, whereas the cluster of genes least affected by the
lack of dimerization mainly contained genes involved in
glucose metabolism. Interestingly, our data show that
upon increased activation mainly metabolic genes are reg-
ulated by zGR�, and under basal conditions, many genes
involved in cell cycle and apoptosis.

Our dex-responsive gene cluster could complement
data derived from previous studies in which researchers
also used microarray technology in order to identify mam-
malian GR target genes (58–61). In some of these studies,
gene ontology analysis also revealed GR activation to af-
fect metabolic pathways as we found in our dataset (62,
63). Moreover, further examination showed that for most

Figure. 7 (Continued). both MOs, blue arrows and gene names
regulation by MO1, and green arrows and gene names regulation by
MO2. Glucose and lactate levels were decreased by MO2 treatment,
which may result from increased expression of the hk2, pdha1b, and
ldha genes, suggesting that both aerobic and anaerobic catabolism of
glucose are decreased. Conversion to glycogen appears to be up-
regulated, indicated by an increased expression of the gyg1a gene. An
increased incorporation of cholesterol and fatty acids in triglycerides
may explain the decreased free cholesterol and fatty acid levels
observed by NMR, and the increased expression of the ppapdc2,
taldo1, and gpd1a genes may be involved in increased triglyceride
synthesis. Six genes involved in lipid transport (apoa, apob, ldlr, gltpd2,
fabp7a, and soat2) were down-regulated by MO2 treatment (whereas
the ldlrap1b was up-regulated). Furthermore, the expression of 8
ribosomal proteins (nop58, rpl12, rpl35, rpsa, rps9, rsl1d1, sdad1, and
vrtn) was up-regulated upon MO2 administration, as well as 4 genes
involved in mRNA processing (ddx19, eif4e1b, ppan, and zc3h14) and
7 genes involved in rNRA processing (dkc1, ebna1bp2, isg20l2,
mki67ip, mphosph10, npm1a, and rrp8), indicating an increased rate
of de novo protein synthesis, which may explain the decreased alanine
and glutamine/glutamic acid levels.

1766 Chatzopoulou et al GR� and GR� Signaling in Zebrafish Endocrinology, May 2015, 156(5):1757–1769

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/156/5/1757/2423049 by guest on 21 April 2021



of these dex-regulated genes the induction upon dex treat-
ment was significantly reduced due to suppression of
zGR� expression upon MO1 and MO2 injections. Thus,
this analysis provided us with a corroborated set of genes
that are regulated upon dex treatment and of which this
regulation is zGR� dependent.

We have been able to link the observed transcriptional
changes to physiological effects by measuring metabolic
effects using NMR spectroscopy. Using this approach, it
was observed that dex increases the levels of glucose,
amino acids, and fatty acids. This could be explained by
the increased expression of genes involved in gluconeo-
genesis and glycogenolysis, proteolysis and peptidase ac-
tivity, and triglyceride breakdown. Thus, by combining
the effects on transcription to metabolic effects, we iden-
tified the transcriptional targets underlying the GC regu-
lation of metabolism. A detailed description of this anal-
ysis is presented in Supplemental Results and Discussion.
This description shows that the described transcriptional
and metabolic effects are very similar to well-established
GC effects in (adult) mammalian systems, which in hu-
mans are known to increase the risk of obesity, hypergly-
cemia, and diabetes in humans. Apparently, the observed
transcriptional and metabolic GC effects reflect GC-in-
duced changes that occur generally in vertebrate organ-
isms. The zebrafish embryo model, although it is a
developing organism, can therefore be considered an ap-
propriate model system for studies on GC effects on me-
tabolism and related human pathology.

In addition to the analysis of zGR� signaling, the tran-
scriptional role of zGR� was investigated. We first exam-
ined a possible dominant-negative activity of zGR�. When
zGR� was overexpressed using a splice-blocking MO
(MO2), the results suggested that zGR� inhibits the tran-
scriptional activity of zGR�. However, when zGR� was
overexpressed by injection of zGR� mRNA, the resulting
data indicated the absence of a significant inhibitory role
of zGR� on the transcriptional properties of zGR�. This
apparent discrepancy may be explained by a higher zGR�

and a lower zGR� expression level after MO2 injection
compared with GR� mRNA injection, resulting in an in-
creased zGR� to zGR� ratio. Conflicting data on the dom-
inant-negative role of GR� have been obtained from over-
expression studies of the human GR� as well, which
revealed inconsistencies concerning its inhibitory effects
among different experimental setups (19–21, 24, 25, 29,
30). In addition, zGR�’s inhibitory role may be more spe-
cific than previously thought, because it was recently
shown that hGR� only inhibits the transrepression activ-
ity of hGR� (30) and that GR�’s dominant-negative ac-
tivity was specific for a subset of mainly metabolic genes
in mice (34).

In addition, the human GR� has been suggested to have
intrinsic transcriptional activity, which was shown in
studies in cell lines overexpressing hGR� (22, 23). In the
present study, overexpression of zGR�, either by injection
of zGR� mRNA or MO2, resulted in the regulation of a
large number of genes, suggesting intrinsic transcriptional
activity of zGR�. Both methods of overexpression mainly
showed a suppressive activity independent of zGR�, but
surprisingly little overlap was found between the clusters
of genes regulated by the 2 approaches. This discrepancy
may be due to differences in the zGR� to zGR� ratio, but
also the temporal pattern of zGR� overexpression. A
novel possible mode of action has recently been suggested
for the human GR� in which it acts as a coactivator of a
transcription factorof theT-cell factor/Lymphoidenhancer-
binding factor (TCF/LEF) family (in particular TCF-4),
thereby enhancing downstream effects of the Wingless/
Integrated (Wnt) signaling pathway (64, 65). In our study,
genes involved in signaling pathways important for devel-
opment (especially Wnt signaling) were preferentially reg-
ulated by MO2, suggesting that zGR� may play a role as
a transcriptional coactivator in these signaling pathways.

In conclusion, using the zebrafish as an in vivo model
system, we have identified the transcriptional targets of
zGR� and zGR� action. Two distinct clusters of zGR�-
regulated genes were observed, and evidence for a func-
tional role of zGR� was found.
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