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ABSTRACT

Glucocorticoids (GCs) have been widely detected in the aquatic system. However, the hazardous effects of GCs on
aquatic organisms were underestimated, and the mechanisms of GCs-induced toxic effects in fish were largely
unknown. The zebrafish larvae at 3 dpf were exposed to dexamethasone (DEX) for 48 h, and the toxic effects and
the underlying mechanisms were investigated in the current study. The T cells were ablated in zebrafish larvae
after being treated with 1, 3, 10, 30 and 100 uM of DEX for 48 h. In addition, osteoporosis was induced and the
regeneration of the caudal fin was inhibited, by 48 h-exposure to 10, 30 and 100 pM of DEX. The transcriptomic
analysis, biochemical parameters and gene expression profiles revealed that ferroptosis possibly contributed to
the DEX-induced toxic effects in zebrafish larvae. Finally, Fer-1 treatment partially attenuated the DEX-induced T
cell ablation, but not osteoporosis in zebrafish larvae. Taken together, the current study proved the toxic effects
of DEX on zebrafish larvae, and elucidated that ferroptosis was involved in DEX-induced toxicity, providing

strong evidence for the toxic effects of GCs on aquatic organisms.

1. Introduction

Endocrine-disrupting chemicals (EDCs) have attracted concern in
recent decades, since they were demonstrated to interfere with the
normal function of the endocrine system in organisms at low concen-
trations, and resulted in multiple toxic effects, such as reproductive
toxicity, developmental toxicity, mutagenicity, immunotoxicity, carci-
nogenicity, and neurotoxicity (Choi et al., 2004; Lisco et al., 2021).
Compared with sex hormones, various glucocorticoids (GCs) are more
widely used in humans and animals. Because the GCs are partially
metabolized, the undecomposed compounds may be excreted via urine
or feces (Bamberg et al., 2001). In addition, non-metabolized GCs in
external products can be washed off from the skin (Weizel et al., 2018).
As a consequence, natural and synthetic GCs have been widely detected
in the aquatic system (Shen et al., 2020). Generally, the levels of indi-
vidual GCs detected in surface water ranged from 0.1 to 50 ng/L (Jia
et al., 2016; Weizel et al., 2018). While some highly prescribed com-
pounds are ubiquitous in the aquatic system with extremely high con-
centrations. For instance, betamethasone was reported to be higher than

700 ng/L in a river in Brazil (Foureaux et al., 2019) and up to 1720 ng/L
in hospital wastewaters (Macikova et al., 2014). As a family consisting of
a huge number of members, the concentration of GCs in the aquatic
system is largely underestimated.

GCs exert functions mainly through the activation of the glucocor-
ticoid receptor (GR), and also crosstalk with other hormone receptors,
such as the mineralocorticoid receptor (MR) (Schaaf et al., 2009; Pippala
et al., 2011). Previous studies demonstrated that the teleost fish express
both the GR and MR (Bury et al., 2003; Greenwood et al., 2003; Sturm
et al., 2005). For instance, two GRs (GRa and GRB) and one MR have
been sequenced in zebrafish (Chatzopoulou et al., 2017; Katsu et al.,
2018). Activation of the GR and MR in fish by endogenous corticosteroid
hormones mediates various physiological functions, including stress
response, energy metabolism, immune response and osmoregulation
(Mommsen et al., 1999; Takahashi et al., 2013). The adverse effects of
exogenous GCs in humans have been widely reported, such as muscu-
loskeletal side effects (Van Staa et al., 2000; Weinstein, 2012; Schakman
et al., 2008), endocrine and metabolic side effects (Olefsky et al., 1976;
Arnaldi et al., 2010; Da Silva et al., 2006), gastrointestinal side effects
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(Piper et al., 1991; Sadr-Azodi et al., 2013), cardiovascular side effects
(Huscher et al., 2009; Wei et al., 2004) and immunologic side effects
(Stuck et al., 1989; Grossi et al., 2013). However, as a new class of
endocrine disruptors, GCs in the aquatic system have received little
attention until recent years (Zhang et al., 2019). In 2011, Kugathas et al.
(2011) firstly reported that the glucose level was increased and the
number of leucocytes was decreased significantly in the fathead min-
nows exposed to 1 pg/L prednisolone or beclomethasone for 21 days.
Whereafter, more and more toxic effects induced by exogenous
GCs-exposure in fish were reported, such as preterm hatching, de-
formations, increase in heart rate, immune suppression and osteoporosis
(de Vrieze et al., 2014; Zhao et al., 2016; Zhang et al., 2017; Willi et al.,
2018). Similar to what has been observed in humans, immune sup-
pression and osteoporosis were the most frequently reported toxic ef-
fects induced by GCs in aquatic organisms (Liu et al., 2013; Qi et al.,
2019; Rosa et al., 2021). However, the potential mechanisms of the toxic
effects induced by GCs in aquatic organisms are largely unknown.

Zebrafish are widely used in evaluating the aquatic toxicity of haz-
ardous materials (Hill et al., 2005; Bambino et al., 2017). In the present
study, the toxic effects of a commonly used synthetic glucocorticoid,
dexamethasone (DEX) were evaluated in larval zebrafish. The alteration
in gene expression was elucidated using RNA-seq, and the signal path-
ways and biological processes modulated by DEX were analyzed using
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
and Gene Ontology (GO) analysis. Finally, the mechanisms were further
confirmed by ELISA, g-PCR and phenotype identification. Our findings
elucidated the new mechanisms involved in DEX-induced toxic effects
and further strengthened the evidence of DEX-induced aquatic toxicity,
which might appeal to prevent the discharge of waste into the
environment.

2. Materials and methods
2.1. Chemicals

Dexamethasone, Fer-1, NAC and GSH were purchased from Aladdin
(Shanghai, China). Calcein was purchased from Dojin (Tokyo, Japan).
Alizarin red S was purchased from Sigma Aldrich (Saint Louis, MO,
USA). CM-H2DCFDA was purchased from ThermoFisher Scientific
(Waltham, MA, USA).

2.2. Zebrafish and embryos

The zebrafish strains used in this study were wild-type AB, Tg
(OlaSp7:nlsGFP), Tg (rag2:DsRed) and Tg (Col2ala:eGFP). Tg (OlaSp7:
nlsGFP) is a transgenic zebrafish line that expresses enhanced green
fluorescent protein (eGFP) in bone (Spoorendonk et al., 2008). Tg (rag2:
DsRed) is a transgenic zebrafish line that expresses red fluorescent
protein under the control of the rag2 promotor (Zhang et al., 2015). Tg
(Col2ala:eGFP) is a transgenic zebrafish line that expresses eGFP in
cartilage (Askary et al., 2015). All the zebrafish were provided by the
China Zebrafish Resource Center (Wuhan, China). The zebrafish were
maintained at 28 + 1 °C with a light/dark photoperiod of 14 h/10 h.
Healthy embryos produced by the pair-wise mated adults were collected
and kept in E3 medium until the further test. This work has been
approved by the ethics committee of Hunter Biotechnology, Inc.
(AAALAC001458) and a proof/certificate of approval is available upon
request.

2.3. Analysis of DEX-induced T cell ablation in Tg (rag2:DsRed) larvae

Larvae at 3 dpf were exposed to 1, 3, 10, 30 and 100 uM of DEX at a
density of 30 larvae/well in 3 ml E3 medium for 48 h. The control group
was treated with an equal volume of DMSO (0.1% v/v). Fifteen larvae
per well were randomly selected and embedded in 3% methylcellulose.
The fluorescent images were captured by Nikon AZ100 fluorescent
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microscopy (Nikon, Japan). The fluorescence in the thymus was quan-
tified using NIS-ElementsD 3.20 software (Nikon, Japan).

2.4. Analysis of DEX-induced osteoporosis in AB, Tg (OlaSp7:nlsGFP)
and Tg (Col2ala:eGFP) larvae

Larvae at 3 dpf were exposed to 1, 3, 10, 30 and 100 pM of DEX at a
density of 30 larvae/well in 3 ml E3 medium for 48 h. The control group
was treated with an equal volume of DMSO (0.1% v/v).

For the transgenic zebrafish, fifteen 5 dpf larvae per well were
randomly selected and embedded in 3% methylcellulose. The fluores-
cent images were captured by Nikon AZ100 fluorescent microscopy
(Nikon, Japan). The fluorescence of the osteoblasts in the head region of
Tg (OlaSp7:nlsGFP) larvae and the fluorescence of the craniofacial
cartilage of Tg (Col2ala:eGFP) larvae were quantified using NIS-
ElementsD 3.20 software (Nikon, Japan).

For calcein staining, the DEX-treated larvae of AB strain at 5 dpf were
bathed in 3 ml of newly prepared staining solution (0.5 mg/ml in E3
medium, pH 7.0) for 5 min (Du et al., 2001). After being washed by E3
medium three times, fifteen larvae per well were randomly selected and
embedded in 3% methylcellulose. The fluorescent images were captured
by Nikon AZ100 fluorescent microscopy (Nikon, Japan) and the number
of vertebrae was quantified.

For alizarin red staining, the DEX-treated larvae of AB strain at 5 dpf
were euthanized with an overdose of MS 222, followed by fixed with 4%
PFA in PBS for 2 h. The larvae were rinsed in 50% ethanol for 10 min and
stained with 0.005% Alizarin red S in 1% KOH overnight. After being
washed with PBS, the larvae were bleached with 1.5% H505/1% KOH
for 20 min. Finally, the larvae were stained by using 50% glycerol/1%
KOH for 2 h (Spoorendonk et al., 2008). Fifteen larvae per well were
randomly selected and embedded in 3% methylcellulose. The fluores-
cent images were captured by Nikon AZ100 fluorescent microscopy
(Nikon, Japan) and the number of vertebrae was quantified.

2.5. Analysis of caudal fin regeneration in AB larvae

Larvae at 3dpf were anesthetized with 0.02% tricaine, and the caudal
fins were cut off just posterior to the notochord, according to a previ-
ously reported method (Sun et al., 2018). The larvae were then
immersed in 1, 3, 10, 30 and 100 pM of DEX at a density of 30 lar-
vae/well in 3 ml E3 medium for 48 h. At the endpoint of DEX exposure,
fifteen larvae per well were randomly selected and embedded in 3%
methylcellulose. The optical images were captured by a Nikon AZ100
fluorescent microscopy (Nikon, Japan) and the area of regenerated
caudal fin was quantified using Image J.

2.6. Morphological observation in AB larvae

Larvae at 3 dpf were exposed to 1, 3, 10, 30 and 100 pM of DEX at a
density of 30 larvae/well in 3 ml E3 medium for 48 h. The control group
was treated with an equal volume of DMSO (0.1% v/v). The optical
images were captured by a Nikon AZ100 fluorescent microscopy (Nikon,
Japan) and the body length was quantified using NIS-ElementsD 3.20
software (Nikon, Japan).

2.7. ROS measurement

Larvae at 3 dpf were exposed to 10, 30 and 100 puM of DEX at a
density of 30 larvae/well in 3 ml E3 medium for 24 h, and then, ten
larvae at 4 dpf were individually transferred to a 96-well plate con-
taining 100 pl of DEX solution with 0.5 pg/ml CM-H2DCFDA and
incubated for another 24 h. The fluorescence intensity of each well was
measured at ex485 nm/em535 nm by using a microplate reader (Spark,
TECAN, Mannedorf, Switzerland) (Formella et al., 2018).
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Fig. 1. The toxic effects of DEX on zebrafish larvae. (A) Representative images of the thymus of 5 dpf larvae treated with DEX for 48 h. (B) Quantitative data of (A),
n = 15. (C) Representative images of the vertebrae stained by calcein in 5 dpf larvae treated with DEX for 48 h. (D) Quantitative data of (C), n = 15. Data were shown

as means + SE. **p < 0.01, ***p < 0.001, compared with the control group.

2.8. GSH measurement in AB larvae

Larvae at 3 dpf were exposed to 10, 30 and 100 pM of DEX at a
density of 30 larvae/well in 3 ml E3 medium for 48 h. After euthanized
with an overdose of MS 222, thirty larvae were homogenized in 100 pl of
PBS using a homogenizer (65 Hz, 1 min). The homogenate was centri-
fuged at 5000 rpm for 10 min at 4 °C, and the supernatant was collected
for further test. The GSH content in the supernatant was detected using a
commercial kit purchased from Nanjing Jiancheng Biotech (Nanjing,
China), according to the manufacturer’s instruction.

2.9. MDA measurement

Larvae at 3 dpf were exposed to 10, 30 and 100 pM of DEX at a
density of 30 larvae/well in 3 ml E3 medium for 48 h. After euthanized
with an overdose of MS 222, thirty larvae were homogenized in 60 pl of
PBS using a homogenizer (65 Hz, 1 min). The homogenate was centri-
fuged at 5000 rpm for 10 min at 4 °C, and the supernatant was collected
for further test. The MDA content in the supernatant was measured using
a commercial kit purchased from Nanjing Jiancheng Biotech (Nanjing,
China), according to the manufacturer’s instruction.

2.10. Transcriptomic analysis in AB larvae

Larvae at 3 dpf were exposed to 10 pM of DEX at a density of 30
larvae/well in 3 ml E3 medium for 48 h. Total RNA was extracted from
thirty larvae using Trizol (Takara Biochemicals, Dalian, China) and the
quantity and quality were assessed using NanoDrop 2000 (Thermo

Scientific, Fisher, MA, USA). The mRNA was enriched and fragmented,
followed by reverse transcribed into cDNA. The cDNA was modified
with adapters and amplified by PCR. The double-stranded PCR products
from the previous step were heat-denatured and circularized by the
splint oligo sequence to get the final library. The cDNA library was
further sequenced using BGISEQ-500 platform in BGI tech (BGI-Shenz-
heng, China). After filtering with SOAPnuke (v1.5.2) (https://github.
com/BGI-flexlab/SOAPnuke), the clean reads were obtained and stored
in FASTQ format. The valid reads were mapped to the reference genome
using HISAT2 (v2.0.4) (http://www.ccb.jhu.edu/software/hisat/index.
shtml) and the expression level of the gene was calculated by RSEM
(v1.2.12) (https://github.com/deweylab/RSEM). Finally, a more in-
depth analysis of sequencing data was conducted, including GO (Gene
Ontology) (https://www.geneontology.org/) and KEGG (https://www.
kegg.jp/) enrichment analysis of annotated different expression genes.
The significant levels of terms and pathways were corrected by Q value
with a rigorous threshold (Q value < 0.05).

2.11. Real-time quantitative PCR

Larvae at 3 dpf were exposed to 10 and 100 pM of DEX at a density of
30 larvae/well in 3 ml E3 medium for 48 h. After being extracted from
thirty larvae using Trizol (Takara Biochemicals, Dalian, China), total
RNA was quantified using NanoDrop 2000 (Thermo Scientific). cDNA
was synthesized from two pg of RNA using FastKing RT kit (Tiangen
Biotech, China), according to the manufacturer’s instruction. The
expression levels of target genes were quantified using iTaq Universal
SYBR Green (Bio-Rad, California, USA) on the Bio-Rad CFX Connect PCR
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Fig. 2. Transcriptomic analysis of the gene expression in 5 dpf larvae treated with DEX for 48 h. (A) Volcano plot showing the differentially expressed genes in
response to DEX treatment (Fold change > 2 or < 0.5, Q value < 0.05). (B) Heat map showing the differentially expressed genes. (C) KEGG pathway enrichment

analysis of the differentially expressed genes.

system (Bio-Rad, California, USA). The PCR protocol was mentioned in a
previous study (Xia et al., 2018). The PCR cycle was listed as follows:
denaturation for 1 min at 95 °C, followed by 40 cycles of 15 s at 95 °C
and 1 min at 60 °C. The primers were listed in Table S1 (Sarkar et al.,
2014; Holowiecki et al., 2016; Ji et al., 2013; Hartig et al., 2016).

2.12. Fer-1, NAC and GSH treatments

Larvae at 3 dpf were exposed to 10 pM of DEX together with desired
concentrations of Fer-1, NAC or GSH, at a density of 30 larvae/well in 3
ml E3 medium for 48 h. Quantifications of T cells and vertebrae were

performed according to the protocols mentioned above.

2.13. Statistical analysis

All data in the present study were expressed as means + SE. For
single DEX exposure, comparisons were performed between the DEX-
treated groups and the control group. For the groups treated with DEX
and DEX together with Fer-1, NAC or GSH simultaneously, comparisons
were performed between the DEX-treated group and the other groups.
The statistics were analyzed using ANOVA followed by Dunnett’s mul-
tiple comparisons test by GraphPad Prism 7. *, p < 0.05; **, p < 0.01;
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Fig. 3. GO analysis against the differentially expressed genes in 5 dpf larvae treated with DEX for 48 h. (A) Top 20 affected BP by DEX. (B) Top 20 affected MF by

DEX. (C) Top 20 affected CC by DEX.

w5 b < 0.001.
3. Results
3.1. DEX induced T cell ablation and osteoporosis in larval zebrafish

As shown in Fig. 1A, DEX induced T cell ablation at all tested con-
centrations. The quantitative results showed that DEX significantly
suppressed T cell proliferation in a dose-dependent manner (Fig. 1B),
indicating that DEX induced immune suppression in zebrafish larvae.

As shown in Fig. 1C, DEX inhibited the skeletal mineralization in
zebrafish larvae. The numbers of mineralized vertebrae were

significantly decreased in the 10, 30 and 100 pM groups, compared with
the control group (Fig. 1D). Alizarin red staining further confirmed the
results that DEX inhibited skeletal mineralization (Fig. S1A, B). In
addition, the craniofacial bone mass decreased significantly after
exposure to 30 and 100 pM of DEX (Fig. S1C, D). However, DEX expo-
sure did not affect the development of craniofacial cartilage in zebrafish
larvae (Fig. S1E, F). These results suggested that DEX induced osteo-
porosis in zebrafish larvae.

Immune response and osteoblast development have been demon-
strated to contribute to the regeneration of the caudal fin in zebrafish
(Brandao et al., 2019; Gu et al., 2020). Based on the caudal fin ampu-
tation model, we observed that DEX significantly suppressed the
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Fig. 4. Verification of the results indicated by the transcriptomic analysis. (A) The relative ROS levels in 5 dpf larvae treated with DEX for 48 h, n = 10. (B) GSH
contents in 5 dpf larvae treated with DEX for 48 h, n = 6. (C) MDA contents in 5 dpf larvae treated with DEX for 48 h, n = 3. (D-I) The relative mRNA levels of nrf2
(D), keapl (E), gpx1 (F), cat (G), hmox1a (H) and ptgs2 (I) in 5 dpf larvae treated with DEX for 48 h, n = 3. Data were shown as means + SE. *p < 0.05, **p < 0.01,

***p < 0.001, compared with the control group.

regeneration of the caudal fin of zebrafish larvae (Fig. S2A, B), which
further proved the disruptive effects of DEX on the immune and skeletal
systems in zebrafish larvae. The possibility that the toxic effects of DEX
on immune and skeletal systems were attributed to developmental
toxicity was ruled out, as no malformation or shortened body length was
observed in the DEX-treated larvae (Fig. S2C, D).

3.2. DEX induced ferroptosis and oxidative stress in zebrafish larvae

RNA-sequencing and transcriptomic analysis were performed to

investigate the mechanisms underlying the DEX-induced toxic effects in
zebrafish larvae. The sequencing data were validated by the q-PCR re-
sults of several selected genes (Fig. S3). As shown in Fig. 2A, 180 genes
were up-regulated and 144 genes were down-regulated (Fold Change>2
or <0.5, Q value<0.05) in the larvae exposed to 10 pM of DEX for 48 h.
Differentially expressed genes induced by DEX in each biological repli-
cates from the same groups clustered together through hierarchical
clustering (Fig. 2B). To explore the potential mechanisms involved in
DEX-induced T cell ablation and osteoporosis, KEGG pathway enrich-
ment was performed. Interestingly, the results implied that a newly
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Fig. 5. Effects of Fer-1 on the DEX-induced T cell ablation and osteoporosis. (A) Representative images of the thymus of 5 dpf larvae treated with DEX and Fer-1 for
48 h. (B) Quantitative data of (A), n = 15. (C) Representative images of the vertebrae stained by calcein in 5 dpf larvae treated with DEX and Fer-1 for 48 h. (D)
Quantitative data of (C), n = 15. Data were shown as means + SE. *p < 0.05, ***p < 0.001, compared with the DEX treated group.

identified death mode, ferroptosis might play a role in the DEX-induced
toxic effects (Fig. 2C). In addition, the glutathione metabolism pathway
was also significantly disrupted (Fig. 2C), which has been demonstrated
to be an important inducement of ferroptosis (Sun et al., 2018).

Furthermore, GO analysis was executed to explore the biological
process (BP), molecular function (MF) and cellular component (CC)
associated with the DEX-induced toxic effects. The oxidation-reduction
process was the leading affected BP. Glutathione metabolic process
and cellular iron ion homeostasis were also altered by DEX exposure
(Fig. 3A). In MF, oxidoreductase activity, S-(hydroxymethyl)-gluta-
thione dehydrogenase activity, glutathione transferase activity and iron
ion binding were dysregulated (Fig. 3B). Moreover, in CC, mitochon-
drion and mitochondrial inner membrane were associated with the DEX-
induced toxic effects (Fig. 3C).

To verify the results obtained from the transcriptomic analysis, ROS,
GSH, MDA and the genes related to ferroptosis and oxidative stress were
measured. As shown in Fig. 4A, DEX significantly induced the produc-
tion of ROS at 10, 30 and 100 pM. The GSH contents were remarkably
decreased in DEX-exposed groups, in a dose-dependent manner
(Fig. 4B). Moreover, the well-demonstrated marker of ferroptosis (Lei
et al,, 2019; Tang et al., 2021), MDA contents were significantly
increased in the DEX-treated groups (Fig. 4C). The key sensor of
oxidative stress, Nrf2/Keapl signal pathway was activated by DEX,
evidenced by the up-regulation of mRNA levels of nrf2, keap1, gpx1 and

cat (Fig. 4 D, E, F, G). Additionally, DEX treatment robustly elevated the
mRNA levels of hmox1a and ptgs2 (Fig. 4H, I), the putative markers of
ferroptosis (Yang et al., 2014; Fang et al., 2019). Because ferroptosis is
an iron ion-dependent, oxidative stress-driven cell death, which showed
specific characteristics of mitochondria (Jiang et al., 2021), all the re-
sults strongly suggested that DEX exposure induced ferroptosis in larval
zebrafish.

3.3. Inhibition of ferroptosis partially attenuated the DEX-induced T cell
ablation, but not osteoporosis in zebrafish larvae

To confirm the role of ferroptosis in DEX-induced T cells ablation and
osteoporosis, the zebrafish larvae were treated with DEX and Fer-1
simultaneously. As shown in Fig. 5A and B, DEX treatment markedly
reduced the T cells in the thymus of larvae, and the T cells were
significantly increased in DEX/Fer-1 combined treatment groups.
However, Fer-1 could not alleviate the DEX-induced osteoporosis in
larval zebrafish (Fig. 5C, D). Interestingly, two well-known antioxidants,
NAC and GSH alleviated both T cell ablation (Fig. 6A, B) and osteopo-
rosis (Fig. 6C, D) induced by DEX.

4. Discussion

Natural and synthetic GCs exert their functions mostly through
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Fig. 6. Effects of NAC and GSH on the DEX-induced T cell ablation and osteoporosis. (A) Representative images of the thymus of 5 dpf larvae treated with DEX and
NAC or GSH for 48 h. (B) Quantitative data of (A), n = 15. (C) Representative images of the vertebrae stained by calcein in 5 dpf larvae treated with DEX and NAC or
GSH for 48 h. (D) Quantitative data of (C), n = 15. Data were shown as means + SE. *p < 0.05, **p < 0.01, ***p < 0.001, compared with the DEX treated group.

activating the corresponding receptor, GR (Cain and Cidlowski, 2017).
The GR is highly conserved in jawed vertebrates (Bridgham et al., 2006),
and has been demonstrated to bind GCs in both mammals and fish
(Hamilton et al., 2022). Although few data depicting the effects of GCs
on fish are available, similar actions as observed in mammals are pre-
sumable, given the fact that the hypothalamic-pituitary-adrenal
/hypothalamic-pituitary-interrenal (HPA/HPI) axis is well conserved
in mammals and fish (Hamilton et al., 2022). As one of the predominant
adverse effects found in mammals, GCs-induced immunosuppression in
fish has been proved to be similar to that in mammals, such as the
reduction of immune cells and the disruption of immune-related genes
(Margiotta-Casaluci et al., 2016; Willi et al., 2019; Xie et al., 2021). It
was observed that the T cells in the thymus reduced significantly after
DEX treatment in the larval zebrafish (Fig. 1A, B). In agreement with our
results, a previous study also demonstrated that the DEX effectively

ablated the T cells in 8 dpf zebrafish larvae (Langenau et al., 2004).
Long-term use of GCs has been identified as the second cause of osteo-
porosis (Compston, 2018). We also found that DEX treatment reduced
the number of calcein- or alizarin red-stained vertebrae, as well as the
bone mass of craniofacial skeleton in zebrafish larvae (Fig. 1C, D;
Fig. S1A, B, C, D), indicating that DEX-induced osteoporosis occurred.
Consistent with our findings, other studies also reported that GCs
induced osteoporosis in different bone tissues in zebrafish (Jiang et al.,
2020; Chaichit et al., 2021).

Besides protecting the host from invading pathogens, the immune
system has been demonstrated to play an essential role, either positive or
negative, in the repair and regeneration processes (Mescher et al., 2017;
Tsarouchas et al., 2018). Osteoblast development has also been
demonstrated to contribute to the regeneration of the caudal fin in
zebrafish (Gu et al.,, 2020). We hypothesized that if DEX exposure
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influenced the immune and skeletal systems in zebrafish larvae, the
regeneration process of the amputated caudal fin might be affected as
well. As we expected, the regeneration of the amputated caudal fin of
zebrafish larvae was significantly inhibited by DEX exposure (Fig. S2A,
B), which further supported the result that DEX affected the immune and
skeletal systems in zebrafish larvae. Although the immunotoxicity
induced by the environmental chemicals has gained concern, the con-
sequences of disruption of the immune system, such as defects in repair
and regeneration, are still ignored in the risk assessment of environ-
mental chemicals (Rehberger et al., 2017; Sun et al., 2019). Since
physical trauma caused by aging, disease and other events is unavoid-
able, the capacity to repair their wound is critical for fish (Yoshinari and
Kawakami, 2011). Our data together with others suggested that DEX
could suppress the regeneration process in fish (Mathew et al., 2007),
which might result in the unnatural death of fish, and consequently lead
to the decline of the population.

Extensive efforts have been made to elucidate the mechanism un-
derlying the GCs-induced adverse effects, yet the molecular mechanism
is largely unknown (Schacke et al., 2002; Ayroldi et al., 2014). In the
present study, KEGG pathway enrichment analysis of the differentially
expressed genes induced by DEX suggested that ferroptosis might be
involved. In addition, GO analysis revealed that DEX exposure altered
the biological processes and molecular functions related to iron ion
homeostasis and glutathione metabolism (Fig. 3), which further
strengthened the involvement of ferroptosis in DEX-induced toxic effects
in zebrafish larvae. Ferroptosis is a newly identified form of
iron-dependent programmed cell death, characterized by enhanced
ROS, MDA and depleted GSH (Sun et al., 2018; Li et al., 2020), and has
been proved to participate in numerous physiological and pathological
processes (Jiang et al., 2021). In the current study, DEX exposure
significantly elevated the ROS and MDA levels and reduced the GSH
content in larval zebrafish (Fig. 4 A, B, C). In addition, the presumptive
marker of ferroptosis, ptgs2 was dramatically induced by DEX exposure
in a dose-dependent manner (Fig. 4I). All these results strongly indicated
that DEX exposure evoked ferroptosis in larval zebrafish.

Nrf2/Keapl pathway is the vital protective system against oxidative
stress (Kansanen et al., 2013). Recent studies have elucidated the tight
relationship between ferroptosis and the Nrf2/Keapl pathway (Lu et al.,
2021). For instance, Nrf2 was demonstrated to mediate the
DOX-induced ferroptosis in the heart of mice (Fang et al., 2019).
Moreover, NRF2 is also reported to be a critical mitigator of both lipid
peroxidation and ferroptosis. Activation of the Nrf2 pathway may infer
the occurrence of ferroptosis (Dodson et al., 2019). Our data showed
that Nrf2/Keapl together with the downstream signals were activated
by DEX exposure (Fig. 4), suggesting that the Nrf2/Keap1l pathway was
involved in the DEX-induced ferroptosis in larval zebrafish.

Fer-1 is a small molecule inhibitor of ferroptosis (Dixon et al., 2012).
In the present study, Fer-1 treatment partially attenuated the
DEX-induced T cell ablation, but not osteoporosis (Fig. 5). Although the
biochemical and molecular evidence indicated that DEX induced fer-
roptosis in zebrafish larvae, a marginal effect was observed on the T cells
ablation after Fer-1 treatment. Because the biochemical and molecular
parameters were detected by using the whole larvae, the ferroptosis
might occur in other tissues besides the T cells and skeleton system. We
speculated that ferroptosis may be involved in other toxic effects
induced by DEX, as various GCs-induced side effects were reported
previously (Huscher et al., 2009; Ayroldi et al., 2014). Briefly, our re-
sults demonstrated that DEX induced ferroptosis in larval zebrafish for
the first time.

5. Conclusions

The present study confirmed the toxic effects of DEX exposure,
including T cell ablation, osteoporosis and suppressed caudal fin
regeneration in zebrafish larvae. In addition, DEX exposure induced
ferroptosis in larval zebrafish. Furthermore, we proved that ferroptosis

Ecotoxicology and Environmental Safety 242 (2022) 113872

partially participated in the DEX-induced T cell ablation, but not oste-
oporosis. These results provided compelling evidence that DEX might
adversely affect the immune and skeleton system in fish, which further
damage the regeneration process. In addition, our data gave an insight
into the mechanism involved in DEX-induced toxicity in aquatic or-
ganisms, which might provide a new direction to study the toxicity
induced by environmental chemicals.
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