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This study aims to evaluate the toxicity effects of
dexamethasone on survival, hatching,
cardiometabolic function, and the emergence of
malformations in zebrafish larvae (Danio rerio), a
vertebrate model organism. The study was conducted
during the embryonic to early larval phase (0 — 96 hpf)
using an in vivo experimental design with complete
randomization, following the Zebrafish Embryo
Toxicity Test (ZFET) approach, in accordance with
OECD 236 guidelines. Zebrafish embryos were
exposed to varying concentrations of dexamethasone
(05,1, 3, and 7 ppm). The parameters observed
included survival rate, hatching rate, cardiometabolic
function, and changes in larval morphology. Data
were analyzed using normality and homogeneity tests,
followed by One-Way ANOVA with LSD post hoc tests
and Two-Way ANOVA. The results showed that
exposure to dexamethasone did not cause lethal
toxicity in zebrafish larvae up to 96 hpf (P = 0.949),
but significantly inhibited hatching at 48 hpf (P =
0.007) and 72 hpf (P = 0.032). Dexamethasone was
also significant in lowering the larvae’s heart rate in
a dose- and time-dependent manner (P < 0.001). The
two-way ANOVA results further indicated that dose,
exposure time, and their interaction had significant
effects on cardiometabolic function (P < 0.001).
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INTRODUCTION

Synthetic glucocorticoids are a group of drugs widely used in modern clinical
practice, with dexamethasone (DEX) among the leading agents due to their potent anti-
inflammatory and immunosuppressive effects. Dexamethasone is used to treat various
clinical conditions such as autoimmune diseases, asthma, allergies, arthritis, and critical
conditions such as septic shock and cerebral edema (Hanim et al., 2018). The use of
dexamethasone has increased sharply during the COVID pandemic — alongside clinical
evidence showing its ability to lower mortality among patients with severe symptoms
requiring mechanical ventilation (Horby Peter et al., 2021). The intensification of use has
included increased dexamethasone residues excreted into the aquatic environment
through hospital and pharmaceutical waste. As active pharmaceutical compounds,
dexamethasone residues have the potential to be bioactive and persistent, and should be
emerging contaminants that can trigger chronic physiological disturbances in non-target
aquatic organisms, even at trace concentrations of nanograms to micrograms per liter
(Sayed et al., 2022).

Zebrafish (Danio rerio) occupies a strategic position as a model organism in
developmental toxicology studies because it has a short life cycle, transparent embryos,
and larvae (Indriyanti, 2020). Lestari et al. (2025) reported that zebrafish exhibit high
genetic similarity and physiological pathways with other vertebrates, including humans.
Zebrafish is internationally recognized as a standard test organism for the Fish Embryo
Acute Toxicity Test (ZFET) (Busquet et al., 2014). Several studies have reported that
exposure to dexamethasone during the embryonic to larval stages of zebrafish can affect
the development of metabolic organs, accelerate the hatching process, alter
cardiovascular function, suppress the immune response, and trigger oxidative stress and
cell apoptosis with an intensity of effects that depends on the dose and duration of
exposure (Di Paola et al., 2022; Sharif et al., 2015; Yin et al., 2017). This study aims to
evaluate the toxicity of dexamethasone on survival, hatching, cardiometabolic, and the
appearance of malformations in zebrafish larvae, providing a scientific basis for the risk
assessment of pharmaceutical residues in the aquatic environment. This research is
expected to produce comprehensive quantitative data while enriching the developmental

toxicology literature.

27|BIOMA: Jurnal limiah Biologi, 14 (2), April 2025



Fatimah Nur Aini, Dewi Puspita Sari. Testing of Dexamethasone Toxicity...

MATERIALS AND METHODS

Research Design

The study used an in vivo experimental method, the Zebrafish Embryo Acute
Toxicity Test (ZFET), which is based on guidelines (OECD, 2013). The research was
conducted from August to October 2025 at the Ecophysiology Laboratory at Universitas
Sebelas Maret. The independent variables in this study were dexamethasone
concentrations (0.05, 1, 3, and 7 ppm), determined through preliminary LC50 tests. In
contrast, the dependent variables included survival rate, hatching rate, cardiometabolic

parameters, and larval malformations.

Preparation of Test and Maintenance Organisms

Adult zebrafish (Danio rerio) were maintained in aquariums with continuous
filtration and aeration systems for 24 hours under a natural light cycle (Nurfakhrurajab
etal., 2025). Spawning was carried out at a 2:1 male-to-female ratio using a likely meant
mating chamber (Khusna, 2025). The spawned eggs were then selected using an IRIS
OptiLab microscope with egg criteria, namely transparent membranes and a

developmental stage of 2 hours post—fertilization (hpf), for use as samples.

Dexamethasone Exposure Procedure

A Dexamethasone stock solution is prepared by dissolving 0.0050 g of
dexamethasone (Sigma Aldrich, USA) drug powder into absolute ethanol until it reaches
a concentration of 1000 ppm (Permatasari et al., 2021). The test solution is then vortexed
until dexamethasone dissolves completely. The test solution is then diluted with absolute
alcohol to the treatment concentration. 20 embryos per treatment, with three replicates,
were placed into 24-well plates. Observation times were conducted at 24, 48, 72, and 96

hpf to evaluate toxicity endpoints.

Measurement of Toxicity Parameters

Based on the measurement (OECD, 2013), the survival rate is calculated based on
the percentage of embryos that live in the 96 hpf observation period, while the hatching
rate is calculated based on the percentage of embryos that have successfully released
from the chorion in the observation period of 48 hpf and 72 hpf. The heartbeat rate,

commonly referred to as heart rate in studies of zebrafish embryos and larvae, was
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measured using an IRIS OptiLab microscope for 30 seconds. Data is converted to beats
per minute (bpm). Morphological observations include pericardial edema (PE), yolk sac
edema (YSE), scoliosis (SC), and blood circulation disorders (BC).

Data Analysis

The data from the study were analyzed using IBM SPSS Statistics 22 with
normality and homogeneity tests, followed by One-Way ANOVA and LSD post hoc
tests at a 95 % confidence level (o = 0.05). The LCso value was determined using SPSS

probit analysis.

RESULTS AND DISCUSSION

Effects of Dexamethasone Exposure on Survival Rate and Hatching Rate

Table 1. Survival Rate and Hatching Rate of Danio rerio Larvae at Various
Concentrations of Dexamethasone

Parameter (Mean + SD) P
value
Control 0.05 ppm 1 ppm 3 ppm 7 ppm

Survival Rate (%) 905 85+ 10 88.3+104  88.3+104 90+5 0.949

Hatching Rate 48 93.3+7.63 86.6+7.63 783%+7.63 76.6+152 65+5  0.007

hpf (%)

Hatching Rate 72 95+5 91.6 +7.63 85+ 13.2 83.3+7.63 70+£5 0.032

hpf (%)

Based on the toxicity tests carried out, the data in Table 1 show that dexamethasone
exposure has no significant effect on zebrafish larvae survival rate (P=0.949). The
survival rate in each treatment group remained between 85% and 90%, indicating that
exposure to dexamethasone at doses of 0.05-7 ppm did not reach the acute lethality
threshold at 96 hpf. Meanwhile, observations on hatching rates showed a significant effect
(P<0.05). The embryo hatching rate at 48 hours post fertilization (hpf) decreased
significantly (P=0.007) in line with the increase in the concentration dose of
dexamethasone exposure, which was at the highest dose (7 ppm), showing a relatively
low hatching rate compared to the control group (93.3%), which decreased to 65% at 7
ppm. The consistent decrease in hatching rate up to 72 hpf (P=0.032) indicates dose-
dependent impairment of embryonic development.

The declining hatching rate, without an increase in larval mortality, indicates that
exposure to dexamethasone did not cause acute embryonic death and is therefore non-

lethal within the tested dose range. (Di Paola et al., 2022). These results are in line with
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previous developmental toxicology research in Danio rerio, which found that exposure
to synthetic glucocorticoid compounds at sublethal concentrations tends to affect
differentiation and maturation in embryos without causing significant embryo mortality
(C. Wang et al., 2023). The delayed hatching process indicates a disturbance in the
biochemical and mechanical mechanisms of the embryo that break down the chorion
(McNeil et al., 2016). Physiologically, the hatching gland, under endocrine regulation,
produces the enzyme chorionase, which regulates the hatching process (Nagasawa et al.,
2016). Dexamethasone, a glucocorticoid receptor agonist, modulated the hypothalamic-
pituitary-interrenal (HPI) axis in fish, playing an important role in stress regulation and
embryonic development (Nesan & Vijayan, 2016). Overactive glucocorticoid receptors
suppress the expression of genes involved in proteolytic enzyme synthesis and release,
thereby inhibiting chorion softening and delaying hatching (Gerber et al., 2021).
Delayed hatching is not only caused by disturbances in enzymatic mechanisms, but
is also related to the embryo’s low motor activity (Wisenden et al., 2022). Previous
research has shown that exposure to dexamethasone during the early phase of
embryogenesis can interfere with neuromuscular development, characterized by
decreased spontaneous movements and tail wagging activity in embryos within the
chorion (Luo et al., 2023). Motor activity exerts mechanical pressure on the chorionic
wall to facilitate the hatching (Shafei et al., 2017). Decreased motor activity in the chorion
traps the embryo for longer, with a profound impact on the physiological status of the
larvae, as the delay in hatching prolongs exposure to the micro-hypoxic environment in
the chorion (Duan et al., 2020). Continuous exposure to hypoxia can trigger oxidative
stress, leading to impaired cardiovascular system development, including heart rate
regulation and energy metabolism after hatching (W. Wang et al., 2024). These findings
suggest that dexamethasone residues in aquatic environments may pose a risk to early
vertebrate development by disrupting hatching processes and physiological functions,

even at sublethal concentrations.

Effects of Dexamethasone Exposure on Survival Rate and Hatching Rate

Data on the heart rate of Danio rerio larvae at 48 hpf and 72 hpf are presented in
Table 2. Exposure to dexamethasone at various doses showed a significant effect on
cardiometabolic function through the measurement of the heart rate of Danio rerio larvae.
Based on Table 2, heart rate decreased consistently with increasing dexamethasone
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concentration at both 48 and 72 hpf (P<0.001). During the 48 hpf observation period, the
control group's heart rate of 175.6 + 1.52 bpm decreased to 161.6 + 2.08b bpm ata 7 ppm
exposure dose. At 72 hpf, a more pronounced decrease was observed at the highest
exposure dose (7 ppm), with an average heart rate of 137.3 £ 5.6 bpm.

Table 2. Average Heart Rate (mean + SD) of Danio rerio Larvae at 48 hpf and 72 hpf
After Exposure to Various Concentrations of Dexamethasone.

Parameter (Mean = SD) P value
Control 0,05 ppm 1 ppm 3 ppm 7 ppm
Heart Rate 1756 £ 1736 £ 168 + 3.6 165+ 3.6° 161.6 + 0.000
48 hpf 1.522 2.082 2.08"
Heart Rate 1736 £ 146.6 £ 1433+ 137.3+£3.05 137.3+5.6 0.000
72 hpf 2.512 4.04° 2.51° b b

Note: Superscripts with different letters in columns and rows indicate significant
differences in the Bonferroni post hoc test (P < 0.05).

A decreased heart rate, commonly referred to as bradycardia, is closely associated
with delayed hatching, as discussed in the previous section. A decreased heart rate is an
early indicator of metabolic disorders and the emergence of homeostatic circulatory
failures due to chemical stress (Sarmah & Marrs, 2016). Dexamethasone is a synthetic
glucocorticoid that can penetrate the chorion and bind to glucocorticoid receptors (GR)
in developing heart tissue. Excessive GR activation can impair calcium (Ca2+) signaling
in cardiomyocytes, a critical mechanism underlying the regulation of cardiac contractility
and heart rate. (Wilson et al., 2015)

Gans & Coffman (2021) align with the view that exposure to glucocorticoids during
embryogenesis can trigger reprogramming of the cardiovascular system, often resulting
in a decrease in heart rate. In addition, bradycardia at 72 hpf, compared with 48 hpf,
indicates the accumulation of toxic effects, consistent with the longer exposure duration
(Wuetal., 2023). These results support previous studies showing that although larvae can
survive (high survival rate), their cardiometabolic function can undergo significant
degradation (Meador, 2021).

The relationship between bradycardia and low hatching rates can also be explained
by the energy supply theory, which holds that decreased blood flow may disrupt the
distribution of oxygen and nutrients throughout the larval body, including the hatching
glands. The result is that the larvae have limited energy available to perform mechanical
activities to break down the chorion (Ping et al., 2022). These findings suggest that

dexamethasone residues in aquatic environments may disrupt early cardiovascular
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development in fish, potentially affecting larval fitness and survival at later
developmental stages.

Table 3. ANOVA Two-Way Test Results of Dexamethasone Dosage and Exposure Time
on Heart Rate of Danio rerio Larvae

Variasi Sum of Squares df Mean Square F P value
Dosage 0.018 4 0.005 50.4 0.000
Time 0.026 1 0.026 292.4 0.000
Dosage*Time 0.006 4 0.001 15.61 0.000

Based on the results of the Two-Way ANOVA test presented in Table 3, the dosage
factor, dexamethasone exposure time, and interaction between dose and exposure time
had a significant effect on the heart rate of Danio rerio larvae (P<0.001). High F-values
were observed in the variables of time (F=292.4) and dose (F=50.4), indicating that these
two factors are independently the main determinants in the physiological changes of the
larval heart.

A significant effect of dose (P<0.001) indicates a dose-dependent toxic effect, i.e.,
a condition in which an increase in dexamethasone concentration was directly
proportional to a decrease in cardiometabolic function (Ryu et al., 2021). On the other
hand, a significant time variable (P<0.001) showed that the duration of dexamethasone
exposure exacerbated bradycardia, making the glucocorticoid effect cumulative during
the cardiac organogenesis period (Saettele et al., 2022).

The interaction between dose and time (P<0.001; F=15.61) showed that the effect
of dexamethasone dose on heart rate was not static but varied with larval development
stage. The results of this study are consistent with previous research, which found that
hormonal signaling pathways during the critical period of embryonic development
produce increasingly pronounced toxic effects (amplification) as exposure time increases
(Hong et al., 2024). Research has also shown that synthetic glucocorticoid exposure will
interfere with the regulation of ion channels in the heart pacemaker cells of Danio rerio
larvae, leading to a decrease in heart rate and an increase in the duration of dexamethasone
exposure (Dinarello et al., 2020). In addition, the condition of bradycardia that decreases
during the increased exposure time, which is up to 72 hpf, supports the theory of the
vulnerability of the organogenesis phase to the accumulation of xenobiotic substances,
which is evidenced by the existence of a significant relationship between dose factors and
time (Chahardehi et al., 2020).
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Overall, these results demonstrate that dexamethasone-induced cardiotoxicity in
zebrafish larvae is influenced by both exposure concentration and duration, highlighting
the importance of considering temporal dynamics in ecotoxicological risk assessments of

pharmaceutical contaminants.

Morphological Malformations

The results of the morphological observation of Danio rerio larvae showed that
exposure to Dexamethasone was able to cause the appearance of various types of
malformations, including swelling of the pericardial area, impaired blood accumulation,
swelling of the yolk sac, and abnormal curvature of the spine of Danio rerio larvae. The
distribution of the number of malformations across the exposure dose groups is presented
in Figure 1. Descriptively, there is a pattern of increasing the number of larvae with
malformations with increasing exposure dose to dexamethasone. In the control group, the
median malformation value was 0%, indicating no larval malformations at that dose,

whereas the highest- exposure dose group (7 ppm) had the highest median value of 15%.

25.0- l

20.0-

15.0-1 —
10.0 " —"
5.0 — I

|

S T T T
Kontrol 0,5 ppm 1 ppm 3 ppm 7 ppm

Malformasi

Dosis

Figure 1. Boxplot distribution of the number of malformations in larvae of various doses
of Dexamethasone. The center line indicates the median (%), the box indicates
the interquartile range, and the whiskers indicate the distribution of the data.
Descriptively, there is a tendency to increase malformations at higher doses,
but the results of the ANOVA test showed no significant difference between
groups (p>0.05).

The boxplot showed a tendency for malformations to increase with higher doses

and greater exposure. However, the ANOVA results showed that the difference in
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malformations between the treatment groups was not statistically significant (P > 0.05).
Although dexamethasone exposure affects the physical development of Danio rerio
larvae, variation in individual responses within each dose group is considerable. Exposure
to dexamethasone does not uniformly cause defects in all larvae; its toxic effects persist
at the cellular and systemic levels that underlie the organism’s cardiometabolic function
(Saettele et al., 2022). The results of this study showed that in the dose range of 0.05 ppm
to 7 ppm, exposure to dexamethasone is more functionally toxic, affecting heart rate and
hatching rate than teratogenetic — lethal, i.e., conditions in which a uniform massive
physical record occurs (Heigwer et al., 2024).

The study results showing an increase in malformations include pericardial edema,
which is closely related to the bradycardia data in Table 2. A significant decrease in heart
rate reduces the efficiency of blood circulation in larvae. These findings are in line with
research by Mitovic et al. (2025), which indicates that hemodynamic disorders in larvae
result in decreased cardiac contractility, triggering fluid stasis in the pericardial cavity,
which subsequently manifests as edema. In addition, the hatching delays are reported in
Table 1. Prolonged larval time in the chorion, under limited space and low oxygen
conditions, leads to abnormalities in spinal curvature (Li et al., 2022).

The P value > 0.05 in the malformation data of Figure 1, and the cardiometabolic
significance of P < 0.001 indicate that the cardiac physiological system of Danio rerio
larvae is much more sensitive to exposure to glucocorticoids compared to the
morphological structure of the larvae outside (McNeil et al., 2016). These findings are in
line with Santos et al. (2014), the Sub-lethal stress theory, as reported in research
conducted by the University of Wisconsin, which states that disruptions in hormonal
signaling pathways often impair internal functions (such as heart rate) long before the
damage manifests as permanent physical disability. The variability shown by the boxplot,
particularly the long whisker, indicates differences in the level of resilience or sensitivity
of glucocorticoid receptors among embryonic individuals exposed to Xxenobiotic
substances.

The results of microscopic observations of Danio rerio larvae in Figure 2 show
specific manifestations of malformations induced by dexamethasone exposure. The
control group showed normal development (ND) with a straight-looking spine axis
(Normal Spine Axis / NSA) and a healthy heart structure. On the other hand, in the
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treatment group, the most dominant malformations included swelling of the heart cavity
area (Pericardial Edema/PE), edema in the yolk sac (Yolk Sac Edema/YSE),
abnormalities in the curvature of the spine (Scoliosis/SC), and disturbances in blood

circulation (Blood Circulation Disorder/BC).

Figure 2. The results of microscopy observations of Zebrafish larvae (Danio rerio) at
96 hpf showed the presence of malformations of Danio rerio larvae at various
dose levels of Dexamethasone exposure. (A) Control, (B-D) 3 ppm, (E-G) 7
ppm. PEP — Pericardial Edema, YSE — Yolk Sac Edema, SC — Scoliosis, H —
Heart, ND — Normal Development, NSA — Normal Spine Axis, and BC —
Blood Circulation Disorder.

The findings of morphological malformations in larvae are related to the previously
discussed cardiometabolic dysfunction. The appearance of Pericardial Edema (PE) and
Yolk Sac Edema (YSE) indicates the clinical manifestation of extreme bradycardia, as
observed in Table 2, where the heart rate decreases drastically to 137.3 + 5.6b at the
highest dose of 7 ppm during the observation period of 72 hpf. Decreased heart pump
function causes hemodynamic failure and accumulation of interstitial fluid in the body
cavities of Danio rerio larvae (Gu et al., 2017). The results of this study are in line with
previous research by Chen et al. (2015), which found that blood circulation disorders
(BC) occur due to exposure to xenobiotic substances, leading to edema and an inability

of the heart to maintain stable osmotic pressure.
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Scoliosis (SC) is most likely due to an obstacle to hatching rate (Table 1). Based on
the data, the larvae exposed to a dexamethasone dose of 7 ppm had a hatching rate of 65%
at 48 hpf and 70% at 72 hpf. The condition of larvae confined in the chorion for a longer
period, with limited space and exposed to continuous chronic hypoxia, can interfere with
skeletal ossification and trigger bending of the spinal axis (Yang et al., 2011). Research
indicates that mechanical stress and limited oxygen available to the embryo during the
critical period of spinal development may be the main risk factors for the development of
permanent scoliosis in larvae (Li et al., 2022). These morphological observations further
confirm that dexamethasone exposure primarily disrupts physiological processes related
to cardiovascular function and embryonic development, leading to secondary structural

abnormalities in zebrafish larvae.

CONCLUSION

The results showed that exposure to dexamethasone during the embryonic phase
and early larval stages of zebrafish does not cause lethal toxicity, but does cause
physiological disturbances during early development. The findings indicate that larval
survival remained high; however, dexamethasone inhibited the hatching process and
decreased cardiometabolic function, as evidenced by bradycardia, in a dose- and time-
dependent manner. These findings indicate that the toxic effects of synthetic
glucocorticoids are more sub-lethal and functional, primarily through disruption of

cardiovascular regulation during the critical period of organogenesis.
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