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ABSTRACT:

Maternal hyperandrogenism associated with polycystic ovary syndrome, alters the fetal
hormonal milieu and has been epidemiologically associated with neurodevelopmental
vulnerabilities. However, the mechanisms linking early androgen excess to altered
neurodevelopmental trajectories remain poorly understood. Early embryonic development
represents a critical period during which steroid hormone signalling contributes to neuronal
development. In the present study, we investigated whether early embryonic testosterone
propionate exposure alters developmental and behavioral phenotypes and is accompanied
by changes in the expression of gene related to steroid hormone receptors, MAPK
signalling, and neurotrophic processes in zebrafish larvae. Mortality and morphological
assessments were performed to identify the concentration range for subsequent behavioral
and molecular analyses. TP exposure altered spontaneous motor activity at 24 hpf and
affected wall sticking behavior, vertical distribution, and light-dark preference at 5 and 7
dpf. Molecular analysis at 7dpf showed reduced transcript expression of androgen receptor
(AR), estrogen receptor alpha (ESRI), mitogen-activated protein kinase
(MAPK1/MAPK14/p38) and brain-derived neurotrophic factor (BDNF). These findings
indicate that early embryonic testosterone propionate exposure is associated with
developmental and stage-specific behavioral alterations accompanied by altered expression
of genes related to steroid hormone signaling, MAPK, and neurotrophic signaling in
zebrafish larvae. Our study provides a basis for further investigation of the molecular
mechanisms through which developmental androgen exposure may contribute to

neurodevelopmental vulnerability.

Keywords: Zebrafish; Embryonic Exposure; Developmental Toxicity; Larval Behavior;
Neurodevelopment; Gene Expression
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1. INTRODUCTION

Maternal hyperandrogenism, a characteristic endocrine feature of polycystic ovarian
syndrome (PCOS), has been associated with altered fetal neurodevelopment [1, 2].
Elevated maternal androgen levels may influence the intrauterine hormonal environment,
thereby interacting with processes that regulate early embryonic development [3]. Such
influences may be particularly relevant during early development, when neurogenesis,
neuronal differentiation, and synaptic organization are sensitive to hormonal cues [4, 5].
Alterations in the developmental hormonal milieu have therefore been suggested as one of

the several environmental factors, that may influence neurodevelopmental trajectories [6].

Epidemiological and clinical studies have reported associations between maternal
hyperandrogenic conditions, including PCOS, and neurodevelopmental outcomes in
offspring [7, 8]. Altered androgen exposure during critical developmental windows has
been proposed to influence neuronal differentiation, synaptic development, and subsequent
behavioral outcomes [9] [5, 10]. Although these associations provide a basis for
investigating developmental androgen exposure experimentally, epidemiological studies
cannot readily distinguish direct effects of altered androgen signalling from other maternal,
genetic or environmental factors. Experimental models are therefore required to examine
the developmental responses associated with androgen exposure under controlled

conditions.

Steroid hormones exert their effects through receptor-mediated transcriptional programs
and downstream intracellular signalling cascades that contribute to neuronal maturation
and circuit development. Androgen receptor (4R) is a ligand dependent transcription factor
that regulates gene expression through interactions with regulatory genomic elements [11].
Estrogen receptor alpha (ESRI) is similarly a ligand-activated transcription factor whose
interaction with chromatin contributes to regulation of gene transcription [12]. Both are

important steroid hormone receptors involved in transcriptional regulation during neural
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development [11, 13]. Alterations in steroid receptor signalling may consequently

influence developmental processes that depends on hormonal regulation.

MAPK signalling pathways, including the ERK and p38 branches, participate in diverse
cellular and developmental processes, including proliferation, and maturation of neural and
other cells types [14, 15]. Recent studies further suggest that ERK signalling contributes to
developmental differentiation supporting its broader role in developmental cellular
regulation and synaptic function [14, 16]. Brain-derived neurotrophic factor (BDNF) acts
as a neuronal survival, and synaptic function regulator [17]. BDNF/TrkB signalling
engages intracellular pathways that contribute to neuronal maturation and synaptic

plasticity [18].

Our previous integrative bioinformatics analysis of PCOS and ASD associated
transcriptomic datasets identified AR, ESRI, MAPKI and MAPKI4 among the prioritized
hub genes and highlighted signaling pathways related to steroid hormone regulation,
intracellular signalling [19], and these findings provided a molecular rationale for
experimental validation of the expression of these genes in developmental androgen

exposure.

Zebrafish (Danio rerio) provide a tractable vertebrate model to interrogate these
mechanisms due to their conserved neuroendocrine pathways, rapid ex utero development,
and amenability to behavioral and molecular assays [20, 21]. Recent studies have
demonstrated the utility of zebrafish for investigating developmental endocrine disruption
and neurobehavioral toxicity, including the integration of developmental, behavioral, and
molecular endpoints [22]. Their external embryonic development permits controlled
exposure during defined developmental windows, while larval behavioral assays provide

functional endpoints for assessing responses during early neurodevelopment [23].

In the present study, we investigated the developmental, behavioral, and transcriptional

responses of zebrafish to early embryonic exposure to testosterone propionate (TP).
4
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Survival and morphological endpoints were assessed to characterize developmental
toxicity and identify concentrations for subsequent behavioral and molecular analyses.
Spontaneous tail coiling activity was assessed at 24 hours post fertilization (hpf). While
other behavioral responses were examined at 5 and 7 days post fertilization (hpf). At 7 dpf,
transcript expression of AR, ESRI, BDNF, MAPKI and MAPKI4 was evaluated to
determine whether behavioral responses were accompanied by changes in genes related to
steroid hormone signalling, intracellular signaling and neurotrophic processes. This
experimental framework was used to characterize developmental responses associated with
early TP exposure and to examine the molecular changes accompanying the observed
behavioral phenotypes. This model provides a controlled experimental framework to
investigate how developmental androgen exposure associated with maternal

hyperandrogenism may contribute to neurodevelopmental vulnerability.

2 Methodology
2.1 Zebrafish Husbandry and Embryo Collection

Adult wild-type zebrafish (Danio rerio, AB strain) were maintained in a recirculating
aquatic system at 28.5 + 0.5°C under a 14:10 h light-dark cycle. Water quality was
maintained at pH 7.0-7.5, conductivity 300-500 uS/cm, and dissolved oxygen > 6mg/L.
Adult fish were fed twice daily with commercial dry flakes (Tetra Bits, India) and live

Artemia.

Fertilized embryos were obtained by natural pairwise spawning and collected within 1 h
post-fertilization (hpf). Embryos were examined under stereomicroscope and staged
according to the literature [24]. Only morphologically normal fertilized embryos with
regular cleavage were selected for experiment. Unfertilized eggs were discarded and
selected embryos were maintained in E3 embryonic medium containing NaCl (5§ mM), KC1
(0.17 mM), CaCl; (0.33 mM), and MgSO4 (0.33 mM). All experimental procedures
involving zebrafish were approved by the Institutional Animal Ethical Committee (IAEC)

5
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(UPES/TAEC/2023/2/01) and were performed in accordance with the relevant guidelines
and regulation of the Committee for Control and Supervision of Experiments on Animals
(CCSEA), Government of India. As the study involved non-invasive exposure and
behavioral assessment of zebrafish embryos/larvae without surgical procedures or

intentional tissue injury, analgesic intervention was not required.
2.2 Range finding assay: mortality and developmental defects

Testosterone propionate (TP; Sisco Research Laboratories Pvt. Ltd., India; product no.
71344; extrapure, 98%; CAS No. 57-85-2; molecular formular C2,H3>03; molecular weight
344.50g/mol) was used as an experimental androgenic compound. TP was freshly prepared
in dimethyl sulfoxide (DMSO) and subsequently diluted with E3 embryo medium to obtain
the required exposure concentrations. The final concentration of DMSO was maintained at

0.01% (v/v) in experimental vehicle and treatment groups.

A preliminary concentration range-finding experiment was performed using TP
concentrations ranging from 0.1-300 uM. Embryos were exposed under static conditions
from approximately 4 hpf, and mortality was assessed at 24, 48, 72 and 96 hpf by
stereomicroscopic observation (Figure 1). Three independent biological replicates were
performed, with 20 embryos per concentration in each replicate. Mortality at each
assessment time point was recorded as the number of newly dead embryos, and cumulative
mortality at 96 hpf was calculated based on the total number of dead embryos during the
24 - 96 hpf, observation period.

Mortality was determined based on overall viability of embryos as observed under a
stereomicroscope. The range- finding experiment was performed according to the
principles described in OECD test guideline 236; however, it was not designed as a full
OECD Test Guideline 236 fish embryo acute toxicity test. Cumulative mortality at 96 hpf
was corrected for background mortality observed in the DMSO vehicle control group

before dose response analysis. Corrected mortality values were calculated by subtracting
6
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the mortality observed in DM SO vehicle control group from the mortality observed at each
TP treated group. The corrected 96 hpf mortality data were fitted using a variable-slope
non-linear regression model to estimate the medial lethal concentration (LCso) and its 95%

confidence interval in GraphPad Prism.

Developmental abnormalities, including pericardial edema, spine curvature, uninflated
swim bladder, and yolk-sac edema were assessed at 96 hpf among surviving embryos
exposed to 1-100 uM TP. Quantifiable morphological abnormalities were observed within
this concentration range, whereas concentrations above 100 pM were associated with early

lethality.

The malformation rate (%) was calculated using the following formula

Number of malformed embryos

% Malformation rate = — X100
Number of surviving embryos

Statistical analysis was performed using one-way analysis of variance (ANOVA) with

Dunnett’s post hoc test (p < 0.05) [25].

Prenatal testosterone exposure window 4hpf-Sdpf

f v v ¥

1
Experimental end points 4 hpt 24 bpf 4 dpf Sdpf 2 L] e L.
FE Mortality 5dpf & 7 dpf: analysis
g | = Morprotogicas W) Benavioural - (IRT‘ECR)
— defects assessment _a‘g‘;
Behavioral * Open fieid test & Rl
Sorting for assessments : i:gm{ ‘f a::’l::;k ﬂreference fest » BDNF
unfertilized eggs " Sponfaneous Sl s = MAPKI
movemenis = MAPKI4

(4hpf0.5)

hpf: hours post fertilization
dpf: days post fertilization
Figure 1. Schematic representation of experimental design. Adult wild type zebrafish were

paired for spawning in a 1:1 breeding setup, and fertilized embryos were collected and
7
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screened at 4 = 0.5 hpf. Selected embryos were exposed to testosterone propionate (TP),
under static exposure condition. A concentration range- finding experiment was conducted
using 0.1-300 uM TP, with exposure from approximately 4 hpf to 96 hpf. Mortality was
assessed at 24,48,72, and 96 hpf, and cumulative mortality at 96 hpf was used for LCso
estimation. Developmental morphological abnormalities were assessed separately at 96 hpf
following exposure to 1-100 uM TP. Based on the range finding results, 1,3,10 and 30 uM
TP were selected for subsequent behavioral experiments, with exposure maintained from
approximately 4 hpf - 5 dpf. Spontaneous embryonic tail coiling activity was assessed at
24 hpf, Larval behavioral assessments, including open field, light-dark preference, and
novel tank assays were performed at 5- and 7-days post fertilization (dpf). For behavioral
testing, viable larvae without visible developmental abnormalities were used. At 7 dpf,
larvae were collected for quantitative reverse-transcription PCR (RT-qPCR) analysis of AR,
ESRI, BDNF, MAPKI1, and MAPK 14 expression. The biological replicate was considered
the experimental unit for statistical analysis, and technical replicates were averaged before
statistical testing. The schematic summarizes the timing and sequence of exposure,

phenotypic assessment, behavioral assessment and molecular analysis.
2.3 Behavioral assessments

For the behavioral experiments, embryos were exposed to 1,3,10 and 30 uM TP from 4 hpf
through 5 dpf in 6-well plates (30 embryos/well in 6 ml) at 28 + 1°C under static exposure
conditions. On 5 and 7 dpf, larvae were transferred to fresh E3 medium 2 hours prior to
the behavioral assessment. For behavioral testing, viable larvae without visible
developmental abnormalities were used. Behavioral analyses were conducted at the stage-
specific time points (5 and 7 dpf) to characterize behavioral responses at two
developmental stages. Behavioral assessments included wall sticking behavior, vertical
distribution in a novel environment, and light-dark preference. All behavioral assays were

performed under standardized environmental conditions. Behavioral scoring was manually
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performed by observer blind to the treatment to ensure unbiased scoring. The behavioral
scoring framework was adapted from previously validated zebrafish neurodevelopmental
protocols with minor modifications to accommodate the current experimental design [26-

28].
2.3.1 Spontaneous movements

Spontaneous embryonic movements were assessed at 24 hpf by manually quantifying all
visible tail-coiling events under a stereomicroscope for 1 minute observation period [28-
30]. A tail-coiling event was defined as a complete contraction followed by relaxation of
the trunk and tail. Both robust swim bouts and subtle twitch-like contractions were included
in the analysis. Three independent biological replicates, with three technical replicates per
biological replicate and 10 embryos per technical replicate. The number of tail-coiling
events was recorded for each embryo, and the mean number of tail-coiling events per
embryo per minute was calculated for each technical group. Technical replicate means were
subsequently averaged to obtain a single value for each biological replicate prior to

statistical analysis.
2.3.2 Open field test

The open field assay was performed to assess larval peripheral-zone occupancy as a
measure of thigmotactic and exploratory behavior. Ten larvae were transferred to a 90-mm
petri dish containing E3 medium and allowed to acclimate for 2 minutes. Larval behavior
was subsequently recorded for 30 minutes. The outer 1 cm of the petri dish was defined as
the peripheral zone, with the remaining area considered the central zone. Manual scoring
quantified the number of larvae spent in the peripheral zone (outer 1 cm region) relative to
the central zone [27, 31]. Increased wall-sticking behavior was considered an indicator of
altered thigmotactic and exploratory behavior. The percentage of larvae in the periphery

was calculated using the formula:
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Number of larvae in periphery

% larvae in periphery = X100

Total number of larvae in the arena

2.3.3 Novel tank test

Vertical exploratory behavior was assessed at 5 and 7 dpf using a modified larval diving
assay based on previously described zebrafish behavioral paradigms [32, 33]. Five larvae
were gently transferred into a 100 ml glass beaker containing approximately 80 ml of E3
medium and allowed to acclimate for 1 min. The beaker was externally marked to visually
delineate the upper and lower zones, and the number of larvae occupying the lower zone
was manually recorded at 1 min intervals during a 5 min observation period. The mean
percentage of larvae occupying the lower zone over the observation period was calculated
for each technical replicate. Three technical replicates were averaged to obtain a single
value for each biological replicate. Three independent biological replicates were analyzed
at 5 dpf and five at 7 dpf, and the resulting biological replicate values were used for

statistical analysis.
2.3.4 Light and dark test

The light-dark preference was assessed at 5 and 7 dpf using a 24-well plate containing 2
ml of E3 embryo medium per well. Ten wells were utilized for each technical replicate,
with one larva placed individually in each well. Light and dark regions were visually
differentiated using alternating black and white stripes, as described previously [26].
Following 2 minutes acclimation, larval position was manually recorded at 1 min interval

for 10 min.

Preference Index was calculated using the formula:

Larvae in Light — Larvae in Dark

Preference Index = -
Total larvae in the arena

The mean preference index over the 10 min observation period was calculated for each

technical replicate. The three technical replicates were then averaged to obtain a single
10
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value for each biological replicate. Three independent biological replicates were analyzed

at 5 dpf and five at 7 dpf, and the resulting values were used for statistical analysis.

After the behavioral assessments at 7 dpf, larvae were euthanized by rapid freezing. Larave
maintained in E3 embryo medium were subjected to rapid colloing in an ice bath without
direct contact with ice until complete cessations of movement was observed. The larvae

were subsequently collected for molecular analysis.
2.4 Quantitative RT- PCR analysis of gene expression

Total RNA was extracted from pooled zebrafish larvae (n = 50 larvae per biological
replicate) using TRIzol reagent (Invitrogen, USA) following the manufacturer’s
instructions. RNA concentration and purity were determined using an Agilent BioTek
Synergy H1 multimode microplate reader USA. For cDNA synthesis, 1pug of total RNA
was reverse transcribed using the Verso cDNA synthesis kit (Thermo Fisher Scientific)
according to the manufacturer’s instructions. Quantitative real-time PCR was performed
using TB green Premix Ex Taq II (Takara Bio, Japan) on a Bio-Rad CFX96 real time PCR
detection system. Gene specific primers for ESRI, AR, MAPK 1, MAPK14, and BDNF were
synthesized by integrated DNA Technologies (IDT, India), with primer sequences provided
in the supplementary file (Table S-1). B-actin was used as the reference gene. All Reactions
were performed in the technical triplicate, and three independent biological replicates were
analyzed. Relative gene expression was calculated using 24 method and expressed

relative to the corresponding control group.
2.5. Statistical analysis

All statistical analyses were performed using GraphPad Prism (version; 8.0.2, GraphPad
Software, San Diego, CA, USA). Data are presented as mean + SEM, with the biological
replicate considered the experimental unit. Technical replicates were averaged within each

biological replicate before statistical analysis. For mortality analysis, cumulative mortality
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at 96 hpf was corrected for background mortality observed in the vehicle control group and
analyzed using a variable-slope model nonlinear regression model to estimate the median
lethal concentration (LC50) and its 95% confidence interval. For morphological and
behavioral endpoints, differences among treatment groups were analyzed using one way
analysis of variance (ANOVA) followed by Dunnett’s multiple comparisons test against
the vehicle control. For gene expression analyses, treatment groups were compared with
the untreated control group using one way analysis of variance (ANOVA) followed by
Dunnett’s multiple comparisons test. Relative mRNA expression was calculated using the

2-44C method. A p value < 0.05 was considered statistically significant.

3 Results
3.1 Mortality assessment

Zebrafish embryos exposed to testosterone propionate (TP) from approximately 4 hpf to
96 hpf were evaluated for mortality across three independent replicates, with 20 embryos
per concentration in each replicate. Mortality increased with increasing TP concentration,
with the highest mortality observed at 300 uM. The cumulative mortality at 96 hpf was
corrected for background mortality in the DMSO vehicle- control group, were analyzed
using a variable- slope nonlinear regression model (Figure 2). The estimated LCso value

was 146.3 uM (95% cl: 114.9-180.4 uM, R?>=0.88) as determined using GraphPad Prism.

12
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Figure 2. Determination of LCsg of testosterone (TP) at 96 hpf in zebrafish larvae. Embryos were exposed to
increasing concentrations of testosterone (0.1-300uM) from 4 hpf to 96 hpf. Mortality was assessed at 24,
48, 72, and 96 hpf, and cumulative mortality at 96 hpf was corrected for background mortality observed in
the DMSO vehicle control group. The corrected mortality data were fitted using a variable slope nonlinear
regression model. A concentration-dependent increase in mortality was observed, with a sharp rise in higher
doses. The LCsg value is calculated as 146.3 (95% cl: 114.9-180.4 uM; R?=0.88). Data presented as mean +
SEM, from three independent biological replicates (n = 3).

3.2 Experimental model optimization

The mortality profile, together with the developmental responses observed during the
range-finding experiment, was used to define the exposure range for subsequent
experiments. Quantifiable developmental abnormalities were observed within the 1-100
uM TP range, whereas concentrations above 100 uM were associated with early lethality.
The 1-30 uM TP range showed substantially lower mortality and was therefore selected for
subsequent behavioral assessments. For molecular analysis, 3 and 10 uM TP were selected

from this lower exposure range.

3.3. Developmental morphological effect of early embryonic TP Exposure

13



295
296
297
298
299

300
301
302
303
304
305
306
307
308

309
310
311
312
313

314
315
316
317
318
319
320

Developmental morphological abnormalities were assessed at 96 hpf following exposure
to TP at concentration ranging from 1-100 uM. Four morphological endpoints evaluated
included pericardial edema, yolk sac edema, uninflated swim bladder, and spinal curvature
(Figure 3). The incidence of morphological abnormalities varied across the TP exposure

concentration.

The incidence of uninflated swim bladder increased with increasing TP concentration, with
mean incidence of 3.88%, 26.22% and 52.50 % at 10, 30, and 100 uM, respectively.
compared with the vehicle control group. Significant increases were observed at 30, and
100 uM (adjusted p < 0.0001 for both), whereas the differences at 10 uM were not
statistically significant (adjusted p < 0.717). Pericardial edema showed a similar
concentration related pattern, with mean incidences of 1.32%, 2.63%, 13.68%, 17.57% and
33.25% at 1,3,10,30 and 100 uM respectively. Compared with the vehicle control group,
pericardial edema was significantly increased at 10, 30 and 100 uM (adjusted p < 0.0001

for each), while no significant difference was observed at 1 or 3 uM.

Spinal curvature, mean incidence were 4.06%, 7.83%, 13.11%, 19.64% and 48.50% at 1,

3, 10, 30, and 100 uM, respectively. Significant increases compared with the vehicle-
control group were observed at 30 uM (adjusted p = 0.0031) and 100 uM (adjusted p <
0.0001), The difference at 1,3, and 10 pM were not statistically significant (adjusted p =
0.9052, 0.4216, 0.0615 respectively).

Yolk sac edema was not prominent at 1 and 3 uM but increased at higher concentrations,
with mean incidences of 5.13%, 10.26%, and 15.50% at 10, 30 and 100 uM, respectively.
Compared with the vehicle-control group, significant increases were observed at 10 uM
(adjusted p=0.0493), 30 and 100 uM (adjusted p < 0.0001 for both). The most pronounced
morphological abnormalities were observed at 30 and 100 uM TP, while lower
concentrations produced fewer or no significant changes depending on the endpoint

assessed.

14



321

A B
S
< 100+ 100+
— D
= £
£ 2 go-
3 80 % 80
E *kk*k t
:::e: 60— a 60— *kkk
= £
= o=
E 40+ ® 40+
-: *kk*k 2 %
= >
= 20 3 204 |_1_|
> J
= =
5 0 I 1 1 1 rT}I 0 N ! r:::—l r:::—l !
X > D §°\ /@\ @ ﬁ\ @ @ @
& S IICISESISINS
> NTST QT A \QQ o AS
& &
&
C
£ 100- D
3 « 100
2 £
D
= 807 T g0
E E
E 60 % 60—
% =)
= =
< 40 Hkk ok = 40
£ =
z o
g *kk ; *kkk
g 20 Fkkk ; 20 *okkk
= =~ *
= m 2 0-—|—r—|—r—*—[ﬂ—ﬂ
G\c 0 1 1 —%_‘::F 1 1 I NS @ @ @ @ @
> S SR
SRS SEITIFTISE
RO DRI RPN S S NS
O AN R
<& IS
o <
4&

322

323  Figure 3. Morphological abnormalities induced by testosterone exposure in zebrafish larvae at 96 hpf.
324 Percentage of larvae exhibiting (A) Uninflated swim bladder, (B) spinal curvature (C) pericardial edema, (D)
325  yolk sac edema following exposure to increasing concentrations of testosterone (1-100 uM) from 4 hpf to
326 5dpf. Each condition contained 20 embryos per replicate (N = 4 biological replicates). Data are presented as
327  mean + SEM. Statistical significance was determined by one-way ANOVA followed by Dunnett’s post-hoc
328 test vs vehicle control (p < 0.05, p < 0.01, p < 0.0001). Morphological defects or abnormalities increased

329 progressively with concentration of testosterone, confirming a dose-dependent developmental impact.
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3.4 Behavioral effects of early embryonic TP exposure

Behavioral responses to early embryonic TP exposure (1- 30 uM) were assessed using
spontaneous movement at 24 hpf and open-field, light- dark preference, and novel tank
assay at 5 and 7 dpf. Spontaneous movement was assessed in live larvae at 24 hpf, while

behavioral testing was performed at 5 and 7 dpf using morphologically normal larvae
3.4.1 Spontaneous movement

Spontaneous tail-coiling frequency was assessed at 24 hpf as an early behavioral endpoint
of TP exposure (Figure 4). Increased spontaneous movement, with a significant increase
observed at 30 uM compared with DMSO (adjusted p = 0.0342), whereas no significant
differences were detected at 1, 3 or 10 uM TP exposure. Spontaneous tail coiling at 24 hpf
is widely used as an early measure of motor activity during zebrafish development [34].
Spontaneous coiling at 24 hpf is a sensitive early indicator of motor-network excitability

and is widely used in developmental neurotoxicity screening [34].
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Figure 4. Spontaneous movement in zebrafish embryos with TP exposure at 24 hpf: Spontaneous coiling
activity was assessed in zebrafish embryos at 24 hpf after exposure to 1-30 uM TP. Data are presented as
mean = SEM from three independent biological replicates, with three technical replicates per biological
replicates. Statistical significance was determined by one-way ANOVA followed by Dunnett’s multiple

comparison test against the DMSO (p < 0.05).

3.4.2 Open field test

The open- field assay evaluated the wall sticking behavioral activity in TP-exposed larvae.
At 5 dpf, TP exposure altered wall-sticking behavior in the open field assay compared with
the DMSO vehicle control. Significant increases were observed at 1,3,10, and 30 uM
(adjected p < 0.0001). (Figure 5 A-B). At 7dpf, a similar pattern was observed with
significantly increased wall sticking behavior at 3, 10, and 30 uM TP compared with the
DMSO control (adjusted p =0.0325, 0.0036 and 0.0001 respectively), whereas 1 uM group
did not differ significantly from the DMSO control (adjusted p= 0.4094). Data are

presented as mean £ SEM of biological replicates (N = 3), with technical replicates
17
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averaged prior to statical analysis. The enhanced edge preference indicates altered
exploratory behavior and may reflect early changes in neural circuit regulation of

environmental explorations following early embryonic testosterone exposure.
3.4.3 Novel tank test

Novel tank test was assessed by measuring the percentage of larvae occupying the lower
half of the tank during the observation period (Figure 5 C-D). TP exposure increased lower
half of occupancy compared with DMSO control group. Significant increases were
observed at 3 uM (adjusted p=0.0074), 10 uM (adjusted p= 0.0023) and 30 uM (adjusted
p=0.0003), whereas the difference at 1 uM was not significant (adjusted p=0.2037).

At 7 dpf, TP exposure increased bottom-dwelling behavior compared with the DMSO
vehicle control. Significant increases were observed at 3 uM and 10 uM (adjusted p=
0.0466) and 30 puM (adjusted p= 0.0009), whereas the difference at 1 uM was not
significant (adjusted p= 0.2973).

3.4.4 Light and dark test

Light-dark preference behavior was assessed using the preference index (PI), calculated as
(L-D)/ total larvae in the arena, where L and D represent the number of larvae in the light
and dark zones, respectively (Figure 5 E-F). Negative PI values indicate a preference for
the dark zone. TP exposure reduced PI across the tested concentrations. Compared with the
DMSO vehicle control, the differences were significant at 3 pM (adjusted p = 0.0029, 10
uM (adjusted p = 0.0018) and 30 uM (adjusted p < 0.0001), whereas the difference at 1
uM was not significant (adjusted p = 0.0534). At 7 dpf, larvae exposed to 1 uM TP showed
no significant difference (adjusted p = 0.9731). In contrast, TP exposure at 3, 10, and 30
UM resulted in significantly lower PI values compared with DMSO vehicle control, with

adjusted p values of 0.0226, 0.0078, and 0.0043, respectively.

18



392

393
394
395
396
397
398

A 100 B 100

3 3
g g
2 807 2 80
2 ******** 8
E" 60- *kkk lél) 60 * e
= %
2 40 ‘z 40
W
:
i 20- 3 204
< <
0- 0-
> O D S O S DM
N S AR SR SO SO SR
s NP N N NI
C b
= —
£ 100- £100
2 " b
3 80+ o = 80
‘0;; -g
£ -
= 60+ E 60
s =
£ 401 s 40
'g £ *kk
2 2 P
S 204 8 20+
: I ininll
<
-
:u 0- R 0 |—T—| T
SL{ LSS &ﬁé‘&‘é‘&‘
(,PQ N s »
% 0.2
E z 017 F =
: 2 olm
5 0.0+ S 0.0 E3 i
= 5}
g 5
< 0.1 e
& & -0.2-
d
,:_ -0.2 - = .
= - S 0.4
< 0.3 2"
E E * %
= ) *
= 04T T T T =~ -0.6 T T T T 1
> O I S O DD
&
& 9& NIESIIN c°°é Q@% NSNS

Figure 5. Behavioral changes in zebrafish larvae following testosterone propionate (TP) exposure
at 5 dpf and 7 dpf. (A-B) Open field test: Analysis of wall sticking behavior (5 dpf: N = 3
independent biological replicates; 7dpf: N= 5 independent biological replicates), with each
biological replicate consisting of n = 3 technical replicates and 10 larvae per plate. (C-D) Novel
tank assay: Analysis of bottom-dwelling behaviors (5 dpf: N = 3 independent biological replicates;
7 dpf: N = 5 independent biological replicates), with each biological replicate consisting of n = 3
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technical replicates and 5 larvae per beaker. (E-F) Light-dark preference test: Analysis of light-dark
preference index (5 dpf: N = 3 independent biological replicates; 7 dpf: N = 5 independent
biological replicates), with each biological replicate consisting of n = 3 technical replicates and 10
wells per technical replicate and one larva per well. Data are presented as mean = SEM and
statistical analysis was performed using one-way ANOVA followed by Dunnett’s multiple

comparisons test, where **p < 0.001, “p < 0.01, *p < 0.05 as compared to control group.

3.5 Gene expression analysis

Relative gene expression was assessed using the 2744Ct

method, with expression normalized
to the untreated control group [35, 36]. Quantitative RT-PCR analysis showed significant
reductions in the expression of steroid receptor related and neurodevelopment associated
genes following TP exposure (Figure 6). Quantitative RT-PCR analysis showed significant
reductions in the expression of steroid receptor- related and neurodevelopment - associated
genes following TP exposure. AR, ESRI, BDNF and MAPKI4 expressions were
significantly reduced at both 3 and 10 uM TP compared with the untreated control (adjusted
p <0.0001). MAPK1 expression was significantly reduced at 3 uM (adjusted p < 0.001)

and 10 uM (adjusted p < 0.01).

TP exposure significantly reduced the expression of AR, ESRI, BDNF, MAPKI, and
MAPKI14 compared with the untreated control, with the magnitude of reduction varying

among the genes and TP concentrations.
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Figure 6. Gene expression changes in zebrafish larvae with testosterone at 7 -dpf. Relative
mRNA expression levels of AR, ESRI, BDNF MAPKI, and MAPK 14 were quantified by
RT gPCR from 3 replicates of study (n =3x50). The results are reported as mean +S.E.M
and statistical analysis was performed using one-way ANOVA followed by Dunnett’s
multiple comparison test in GraphPad Prism software, where = p < 0.001, “p <0.01, p <
0.05 as compared to control group.

Discussion

Testosterone signalling is a significant regulator of vertebrate development, and changes in
androgen exposure during early developmental period have been associated with
differences in developmental and behavioral phenotypes [37, 38]. Several epidemiological

studies have also indicated an association between maternal androgen excess and altered
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neurodevelopmental outcomes in offspring [39-42]. Rodent studies have also reported
behavioral alterations associated with prenatal androgen exposure [43-45]. However, the
biological mechanisms linking early androgen excess to altered brain development remain
poorly understood [46]. These previous findings strengthen the biological plausibility of
androgen-mediated developmental risk pathway [43, 45, 47]. Zebrafish is an excellent
vertebrate system for studying hormone-mediated neurodevelopment due to its conserved

endocrine pathways and rapid brain development [48, 49].

In the present study, we examined the effects of early embryonic testosterone (TP) exposure
on developmental morphology, behaviors, and gene expression levels. Our findings suggest
that early embryonic testosterone exposure affected the developmental morphology at 96
hpf, different behavioral alterations including spontaneous embryonic movement at 24 hpf,
larval behavioral responses at 5 and 7 dpf, and changes in the expression of genes related
to steroid hormone signaling, neurotrophic regulation and intracellular signaling. [10, 37,

50, 51].

At 24 hpf, TP exposure significantly increased spontaneous tail coiling activity at 30uM
compared with DMSO. Spontaneous coiling is one of the earliest observable motor
behaviors in zebrafish embryos and reflects the developing sensorimotor system. The
Spontaneous embryonic movement is an early functional behavior that emerges during
zebrafish development and reflects the maturation of motor activity [52]. Previous studies
have used spontaneous embryonic movement as an early behavioral indicator of
developmental effects on motor function, supporting its use as an early behavioral endpoint
[26, 53]. However, the present study did not directly measure neuronal activity or spinal-
circuit function; therefore, the increased coiling frequency should not be interpreted as
direct evidence of neuronal hyperexcitability. This early behavioral response was followed
by more complex behavioral alterations in larvae at 5 and 7 dpf across the open field, novel

tank test, and light - dark assays.

22



456
457
458
459
460
461
462
463
464
465
466
467
468

469
470
471
472
473
474
475
476
477
478
479
480
481

The open field assay showed altered wall-sticking behavior in TP exposures, with
significant differences observed at several concentrations relative to DMSO. Increased
occupancy of peripheral region may reflect an alteration in spatial exploration within the
open arena. The light-dark preference testing provided a behavioral measure of zone
preference, with lower preference index at the higher TP concentrations reflecting
increased occupancy of the dark region. The novel tank assay similarly demonstrated
altered vertical distribution, showing increased bottom occupancy by larvae both at 5 and
7 dpf. These behavioral assays showed consistent alterations in spatial distribution and
zone preference across different environmental contexts in the developing sensory, motor
and behavioral systems between these stages [54-56]. However, the magnitude of the
response differed between 5 and 7 dpf. This difference should be interpreted in the context
of ongoing behavioral maturation during larval development rather than as evidence of

behavioral compensation.

The transcriptional analysis provided additional evidence of molecular changes associated
with TP exposure. The expressions of AR, ESRI, and BDNF were significantly reduced,
while MAPK 1, and MAPK14 also showed altered expression. AR and ESR/ encode steroid
hormone receptors that function as transcriptional regulators, and recent studies have
further characterized the mechanisms through which androgen and estrogen receptors
regulate gene expression [11, 12, 57]. The observed changes in AR and ESRI expression
therefore suggest an alteration in steroid hormone receptor associated transcriptional
responses subsequent TP exposure. BDNF has established role in neuronal development,
differentiation and synaptic function, and recent work has further characterized
BDNF/TrkB signalling during neural development [18, 58-62]. The reduction in BDNF
transcript abundance observed in TP exposure, therefore provides a molecular finding that
can be considered alongside the behavioral alterations observed in the larvae. Nevertheless,

the present study measured transcript levels rather than BDNF protein or downstream
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signaling activity, and the relationship between transcriptional changes and the behavioral

phenotypes remains to be established experimentally.

Changes in MAPK 1 and MAPK 14 expression provide additional evidence of transcriptional
changes associated with TP exposure. MAPK/ERK signalling is involved in cellular
differentiation and developmental processes, including cellular regulation during
development [15, 63, 64], while p38 MAPK signalling also contributes to neuronal cellular
responses [65]. And related pathways participate in a wide range of developmental
processes, including cellular differentiation and neuronal development. The observed
changes in MAPKI, and MAPK14 transcript abundance therefore broaden the molecular
response identified in the present study beyond steroid receptor-related genes. The altered
MAPKI1 and MAPK14 transcript abundance provides molecular evidence of changes in
genes associated with intracellular signaling, although transcript measurements alone

cannot establish altered pathway activity.

This study has several limitations. The zebrafish model provides an experimentally
tractable system for studying developmental responses to androgen exposure, but direct
embryonic TP exposure does not reproduce the complex maternal and placental
environment associated with maternal hyperandrogenic conditions in humans. The
molecular analysis was also limited to selected genes and transcript-level measurement;
therefore, changes in protein abundance, receptor activity and downstream signaling
remain to be determined. These limitations identify important directions for future studies
rather than diminishing the developmental, behavioral, and transcriptional responses

observed in the present model.
Conclusion

In conclusion, early embryonic testosterone exposure was associated with developmental
abnormalities, altered larval behavioral responses and transcriptional changes in zebrafish.

Developmental exposure was associated with morphological abnormalities at higher
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concentration, alterations in spontaneous motor activity at 24 hpf, and behavioral changes
across the open field, light-dark and novel tank assays at 5 and 7 dpf. TP exposure also
reduced the expression of AR, ESRI, MAPK14, MAPK1 and BDNF. These findings indicate
that early embryonic testosterone (TP) exposure can influence developmental, behavioral
and molecular phenotypes in zebrafish. Further investigation at protein and pathway levels
is required to determine the mechanisms linking altered androgen exposure with these

developmental and behavioral responses.
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