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Abstract: Owing to the presence of drugs targeting adrenergic receptors in aquatic ecosystems,
considerable attention has been directed towards their environmental distribution and fate in recent
decades. However, their potential impacts on non-target aquatic organisms, particularly fish, have
received relatively limited investigation. In this study, moxisylyte (MOX) and propranolol (PRO)
were selected as representatives of x- or $-adrenergic receptor antagonist, respectively, and we
assessed their effects on the early life stages of zebrafish, especially on the nervous and cardiovascular
systems. Although both compounds exhibited marginal effects on zebrafish survival, hatching and
gross abnormality following exposure to concentrations ranging from 1 to 625 pug/L, they adversely
affected the development of cardiovascular and nervous systems, but through different mechanisms
of action, as evidenced by variations in gene transcriptional responses and enzyme activities. Notably,
cardiovascular responses appear promising for use as potential biomarkers for exposure to drugs
targeting adrenergic receptors. This study enhances our understanding of the ecotoxicological risks
posed by a- and p-blockers in fish. Nonetheless, further investigation is needed to elucidate the
precise mechanisms underlying the impacts of drugs targeting adrenergic receptors due to our limited
knowledge of the physiological functions of the adrenergic system in fish.

Keywords: adrenergic system; neurobehavior toxicity; cardiovascular response; biomarker; pharma-
ceuticals

1. Introduction

Adrenergic receptors (ARs), also known as adrenoceptors, are members of the G
protein-coupled receptors (GPCRs) superfamily, responsible for mediating physiological
responses to catecholamines, such as norepinephrine (noradrenaline) and epinephrine
(adrenaline) [1]. The adrenergic system plays a crucial role in regulating endocrine, neu-
ronal, autonomic, cardiovascular, and metabolic functions, underscoring the significance of
adrenergic receptors in maintaining homeostasis [1,2].

Based on their relative affinity for characteristic ligands, adrenergic receptors are
classified into two main types, «- and (3-adrenergic receptors. Each type can be further
divided into subtypes according to their pharmacological and physiological properties [1].
Adrenergic receptors are widely expressed in various tissues and organs throughout the
body, making them promising therapeutic targets [1,3]. A wide range of drugs targeting
adrenergic receptors, including agonists and antagonists, have been developed and are
extensively used due to their efficacy in treating a broad spectrum of cardiovascular, respi-
ratory, and metabolic disorders [3,4]. 3-adrenergic receptor antagonists, or 3-blockers, for
instance, have been developed and extensively used for managing various cardiovascular
conditions, including arrhythmias, hypertension, angina pectoris, and heart failure [5,6].
Over thirty types of (3-blockers have been used clinically, with several ranking among
the most prescribed and consumed medications worldwide [5,7]. Furthermore, the high
incidence of cardiovascular disease is expected to fuel the growth of the (3-blockers market
in the forecast period.
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Since the initial evidence reported in the 1970-1990s, the presence of pharmaceuti-
cals in the aquatic environment has become a heightened concern in recent decades [8].
Pharmaceuticals are designed for their biological activities, making their potential impacts
on non-target aquatic organisms more significant compared to certain conventional pollu-
tants. These pharmaceuticals and/or their metabolites are continuously discharged into the
environment, particularly the aquatic environment, in large amounts from drug manufac-
turing, patient and animal excretion, aquafarming, and the disposal of unused or expired
medicines, rendering many of them “pseudo-persistent” [8,9]. Due to their widespread
use and limited metabolism in humans, drugs targeting adrenergic receptors have been
detected in various aquatic environments, including wastewater treatment plant (WWTP)
effluents and influents, surface water, groundwater, and even drinking water [5,10,11]. For
example, 3-blockers are among the most frequently detected therapeutic classes, and at
least twelve (3-blockers have been identified in various aquatic environments, with concen-
trations ranging from nanograms per liter to several hundred micrograms per liter [11,12].
The highest concentration reported was up to 307 ug/L for atenolol in wastewater influent
in India, as reviewed by Yi et al. [11].

The adrenergic system is conserved across vertebrate families. Recent but limited data
have revealed that fish and mammalian androgenic receptors exhibit remarkable similari-
ties, suggesting a wide range of functions for the adrenergic system and the catecholamines
in fish [5,7]. Consequently, it is reasonable to infer that drugs targeting adrenergic receptors
may induce similar pharmacological and toxicological effects in fish. Over the past few
decades, extensive research, including our own, has examined the adverse impacts of drugs
targeting adrenergic receptors on fish mortality, growth, reproduction, cardiac develop-
ment, and the endocrine system [5,11-15], though results have been partially conflicting.
Moreover, research efforts have primarily focused on (3-blockers, given their dominance in
the pharmaceutical market and frequent presence in the aquatic environment, while the
impacts of other drugs targeting adrenergic receptors remain less understood.

Therefore, this study aimed to investigate the toxicological effects of drugs target-
ing adrenergic receptors in fish. Moxisylyte, a specific x-adrenergic antagonist, has been
approved for medical use since 1987 [15]. Propranolol, a non-selective 3-adrenergic antago-
nist, has been approved since 1964 [14]. They were selected as representatives of xx-blockers
and (-blockers, respectively. Their effects on the early life stages of zebrafish, including
conventional toxicity endpoints such as mortality and time to hatching, were assessed and
compared. Furthermore, their impacts on the nervous and cardiovascular system were
evaluated, considering the current, albeit limited, knowledge of the physiological function
of the adrenergic system in fish. The results are expected to enhance our understanding
of the effects of different drugs targeting adrenergic receptors on aquatic organisms, thus
contributing to the ecotoxicological risk assessment of these pharmaceuticals.

2. Materials and Methods
2.1. Chemicals

Moxisylyte hydrochloride (MOX, CAS: 964-52-3) and propranolol hydrochloride (PRO,
CAS: 318-98-9) with purities exceeding 99% were purchased from Sigma-Aldrich, St. Louis,
MO, USA. Stock solutions were prepared without the need for carrier solvent due to the
high solubility of these test substances.

2.2. Zebrafish Maintenance and Embryo Production

Wide-type AB zebrafish (Danio rerio) were sourced from the China Zebrafish Resource
Center (Wuhan, China), and maintained following established protocols [16]. Embryo
production was conducted following the methods described by Westerfield [17]. Briefly,
adult males and females were collocated in the breeding tanks one hour before the onset
of light. Subsequently, embryos were collected, washed, and visually inspected under
an inverted microscope, and those exhibiting normal development were chosen for the
following testing procedures.
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2.3. Exposure Conditions for Embryos and Larvae

At 2 h post-fertilization (hpf), embryos were transferred to glass beakers containing
200 mL of test solutions. Each treatment comprised three replicates, totaling 240 embryos
per treatment. The exposure concentrations for MOX and PRO were 1, 5, 25, 125 and
625 pg /L. Control groups, exposed solely to dechlorinated tap water, were included. Fish
were maintained at a constant temperature of 28 £ 1 °C with a photoperiod of 16 h light
to 8 h dark. Exposure lasted 5 days, with daily solution renewals. Observations were
made at least three times daily. The dead fish, identified by embryo coagulation, loss of
heartbeat, lack of somite formation, and non-detachment of the tail [18] were removed as
soon as observed. The hatching period of zebrafish occurs between 48 and 72 hpf, and
the hatching time was recorded when the larvae emerged. The fish morphology was also
visually evaluated, and developmental malformations, such as yolk sac edema, pericardial
edema, curved or bent body axis, collectively referred to as “gross abnormality” (Figure S1),
were recorded. Dead or malformed fish were excluded from the subsequent tests on the
cardiovascular and nervous systems.

The survival rate was defined as the percentage of surviving fish among the total
exposed individuals from each replicate. Hatchability at 72 hpf was defined as the percent-
age of fish hatched before 72 hpf among the total hatched fish before the end of exposure
(120 hpf). Time to hatching was defined as the sum of the time to hatching for each hatched
fish divided by the total number of hatched fish. Gross abnormality rate was defined as the
percentage of individuals with morphological malformations among the total number of
exposed fish from each replicate.

The chemical analysis for PRO followed a previously described method [19]. Briefly,
the exposure solutions were sampled and extracted using activated Sep-Pak C18 car-
tridges. PRO was then eluted with methanol and dried under nitrogen. Quantification
was performed using a reverse-phase liquid chromatography system equipped with a
C18 reverse-phase column. Separation employed an HPLC isocratic system elution with a
mobile phase composed of 28:72 (v/v) acetonitrile:acidic water (1% acetic acid and 0.2% tri-
ethylamine). PRO samples were reconstituted in the mobile phase, and then injected. Peaks
were monitored using a fluorescence detector with an excitation wavelength of 296 nm
and an emission wavelength of 340 nm. As the test solutions were renewed daily, actual
concentrations were measured before and after renewal. The average percent recovery was
96.8% for freshly prepared test solutions with different nominal concentrations, and 87.6%
for the test solutions prior to renewal, which closely matched the nominal values. However,
no analytical method is currently available for MOX due to its high biodegradability [20].
Although MOX concentrations were not measured, procedures were followed to minimize
the effects of moxisylyte instability, as described previously [15]. For simplicity, nominal
concentrations of PRO and MOX were used in this study.

2.4. The Measurement of Heartbeat, Blood Flow and Vessel Diameter

At 48 hpf, fifteen fish were randomly sampled from each replicate to measure cardio-
vascular parameters, including heartbeat, blood flow, and vessel diameter. For unhatched
embryos, the chorion was removed with tweezers before measurement. The measurements
were performed on the main artery using the ZebraLab VideoTrack system (Blood Flow
V1.0.1, ViewPoint Life Science, Civrieux, France) according to the manufacturer’s protocol.

2.5. Locomotor Behavior Assay

After five days of exposure, fifteen larvae from each of three replicates were individ-
ually transferred into wells of 96-well plates containing 100 uL dechlorinated tap water,
and then acclimatize for about 10 min. Locomotor behavior was assessed using the Ze-
bralab VideoTrack system, as described previously [21,22]. The swimming responses of fish
during light-dark transition (5 min light acclimation, 5 min dark stimulation, 5 min dark
acclimation, and 5 min light acclimation) were recorded every 60 s. The swimming speed
data were then analyzed and compared across each of the 5 min light/dark phases [22].
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2.6. Gene Transcription Analysis

After exposure, about fifteen larvae from each of three replicates per treatment were
homogenized for gene transcription analysis. Total RNA was extracted using RNAiso
Plus (Takara, Dalian, China). The RNA concentration was determined at 260 nm using an
ultramicro UV-Vis spectrophotometer (Bioteke, Beijing, China), and its quality was verified
by measuring the 260/280 nm ratio and through agarose gel electrophoresis. The RNA
was then converted to first-strand cDNA using the ReverTra Ace qPCR RT kit (Toyobo,
Osaka, Japan), followed by quantitative real-time PCR with SYBR green detection (Toyobo,
Osaka, Japan) on a Mastercycler ep Realplex system (Eppendorf, Hamburg, Germany).
Samples were run in triplicate with the following cycling parameters: denaturation for
1 min at 95 °C, followed by 40 cycles of 15 s at 95 °C, and 1 min at 60 °C. The primer
sequences for the target genes related to the nervous and cardiovascular system were
identical to those reported previously [23-25]. The B-actin gene served as the internal
reference for normalization, and relative transcription was quantified using the comparative
cycle threshold (Ct) method [26].

2.7. Acetylcholinesterase (AChE) Activity Measurement

After the exposure period, about thirty larvae from each of three replicates were
homogenized on ice in normal saline. After centrifugation at 4 °C, the supernatant was
used to assess AChE activity using a chemical colorimetric method with a commercial kit,
following the manufacturer’s instructions (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). This assay relies on the production of a yellow color product (trinitroben-
zene) resulting from the hydrolysis of acetylthiocholine by AChE. The optical density of
this product was measured at 412 nm using a spectrophotometer (Multiskan Sky, Thermo
Scientific, Waltham, MA, USA). Total protein concentration was determined using the
bicinchoninic acid (BCA) method. Enzyme activity was expressed as nanomoles per minute
per milligram of protein, and then normalized to the corresponding controls.

2.8. Data Analysis

The data were checked for normality and homogeneity of variance using the Kolmogorov—
Smirnov test and Levene’s test, respectively. Subsequently, a one-way analysis of variance
(ANOVA) followed by Dunnett’s post hoc test was performed using SPSS 19.0 software.
The threshold for statistical significance was set at p < 0.05.

3. Results
3.1. Effects on the Embryonic Development of Zebrafish

No significant changes in mortality were observed for zebrafish embryos following
exposure to MOX and PRO compared to the control group (Table S1). Exposure to MOX
did not affect the hatchability or time to hatching, but increased gross abnormality relative
to the controls, with statistical significance at 625 pg/L. Conversely, PRO did not affect
hatchability or gross abnormality, but a significant decrease was observed in time to
hatching at 5 pug/L.

3.2. Effects on the Locomotor Behavior of Zebrafish

Exposure to MOX changed the swimming speed of larvae in response to a light-dark
transition (Figure 1). Specifically, MOX exposure induced significant hyperactivity during
the initial light acclimation phase at 25 and 625 ug/L, and during the dark acclimation
phase at concentrations of 25 pg/L and above; however, no effects were observed in
other phases.
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Figure 1. Changes in the swimming speeds of zebrafish larvae in light-dark photomotor response
assays following exposure to moxisylyte (MOX) and propranolol (PRO). The white columns represent
data from the light phase, while the black columns represent data from the dark phase. The values are
expressed as the mean =+ S.D. (three replicates with fifteen larvae each). Asterisks denote significant
differences compared to the controls (* p < 0.05).

Following exposure to PRO, a trend of decreasing swimming speed was observed
(Figure 1). During the initial light acclimation phase, a significant hypoactivity was noted
at 25 ug/L compared to the controls. Conversely, during both the dark stimulation and
acclimation phases, locomotor activity decreased with increasing concentrations of PRO,
with a significant difference observed at 625 pg/L. No effect was observed during the light
acclimation phase.

3.3. Effects on the Heartbeat, Blood Flow and Vessel Diameter of Zebrafish

Exposure to MOX resulted in a reduction in vessel diameter and blood flow volume
at a concentration of 625 ug/L compared to the controls (Table 1). Regarding heart rate, a
slight increase was observed at low concentrations, but it was not statistically significant.
However, as the concentration increased, the heart rate decreased, with a significant
difference noted at the highest concentration (625 nug/L).

For PRO, a concentration-dependent decrease was observed for all three endpoints
(Table 1). Significant reductions in vessel diameter and blood flow volume were noted at
concentrations of 125 ug/L and above, while the decrease in heart rate was significant at
concentrations of 25 ug/L and higher.
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Relative activity of AChE

Table 1. Changes of vascular diameter, blood flow volume and heart rate in the zebrafish larvae
following exposure to moxisylyte (MOX) and propranolol (PRO).

Relative Blood

Treatment (ug/L) nglij\:i::; :ﬁiz(;l Flow(}/’(;lume RelIi’;it‘;e(g;eart
0 100.0 &£ 11.5 100.0 4.0 100.0 £ 3.5
1 94.6 £5.1 99.8 £ 3.9 108.5 + 15.8
5 98.8 + 3.7 96.4 +4.7 111.7 £9.1
MOX 25 90.5+ 2.6 93.1+£5.1 979 £ 6.1
125 873+7.6 921 4+7.7 932+74
625 803 +6.1*% 744 4+ 11.8* 85.44+49*
0 100.0 £5.7 100.0 £ 7.3 100.0 £ 4.3
1 97.0+ 43 101.1 + 8.6 979 + 6.1
5 95.4+47 1014 +5.9 932+ 34
PRO 25 89.2 +£5.6 88.7 £ 6.7 90.6 +=4.8*
125 86.6 £3.3% 80.2+4.0% 86.8 £+ 2.0 **
625 81.1 £5.2** 76.5 £ 4.4 ** 84.4 4+ 3.5**

The values relative to the controls are expressed as the mean =+ S.D. (three replicates with fifteen larvae each).
Asterisks denote significant differences compared to the controls: * p < 0.05 and ** p < 0.01.

3.4. Effects on AChE Activity of Zebrafish

Exposure to MOX led to increased AChE activity, with a significant difference observed
at concentrations of 25 pg/L and above (Figure 2). Conversely, PRO exposure significantly
induced activity at the lowest concentration (1 ug/L), followed by a decreasing trend
with increasing concentration. Significant inhibition was observed at 125 and 625 ng/L
(Figure 2).

MOX PRO
1.8 e « 1.8
% kk
-
1.2- 1.2 -
T L -
kk
0.6- 0.6 sk
0.0 0.0
0 5 25 125 625 0 1 5 25 125 625

Concentration (pg/L)

Figure 2. Changes in the activities of acetylcholinesterase (AChE) in zebrafish larvae following expo-
sure to moxisylyte (MOX) and propranolol (PRO). The values relative to the controls are expressed as
the mean + S.D. (three replicates with thirty larvae each). Asterisks denote significant differences
compared to the controls (* p < 0.05, ** p < 0.01).

3.5. Effects on Transcriptional Response of Genes Related to the Cardiovascular System in
Zebrafish Larvae

MOX exposure significantly downregulated all four genes related to the cardiovascular
system (Figure 3). Specifically, the transcription of gata4 and bmp4 showed significant
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decreases at all tested concentrations, while downregulation was observed at concentrations
of 5 ug/L and above for nkx2.5 and tbx5.

MOX PRO
ache- * * * l ? ache- * l ?
shhaq =* *  kk ok shaa- *
ngnl- * * * ngnl- *
gap43- * % * F 11 gap43- * * F 1
gfap1 * % * % * gfap- *
nestin{ % k% k%  kk  ®% nestin- * *
syn2aq #% k% &k kk  xk% syn2a- * *
elavi34 * - kdk sk kg 1’ elavi3A % 1
mbp- * * * * * mbp-
chrna7{ * % * * * chrna7- *
gata4{ * * 0 dk ek kk F o q -1 gata4- * - 4 -1
bmp4q = * * * * bmp4q = * *
nkx2.5- £ * * * nkx2.5- e
thx 5 . >Ik >:< *. =Il= > thx 5 . >Ix< . . . .
1 5 25 125 625 1 5 25 125 625

Figure 3. Transcriptional response of genes involved in the nervous and cardiovascular system
in zebrafish larvae following exposure to moxisylyte (MOX) and propranolol (PRO). The average
transcript values (three replicates with fifteen larvae each) relative to the controls are log2 transformed.
Asterisks indicate significant differences compared to the controls: * p < 0.05 and ** p < 0.01.

The transcription of gata4 exhibited an inverted “U-shaped” response following expo-
sure to PRO, with significant induction observed at 5 pg/L (Figure 3). Similar patterns were
noted for the transcription of nkx2.5 and tbx5. In the case of bmp4, PRO initially upregulated
the transcription at 1 and 5 ug/L, followed by a concentration-dependent decrease, with
significant downregulation evident at 625 ug/L (Figure 3).

3.6. Effects on Transcriptional Responses of Genes Related to the Nervous System in the
Zebrafish Larvae

Following exposure to MOX, the transcription of ache decreased in a concentration-
dependent manner, with significant differences observed at concentrations of 25 pg/L
and above (Figure 3). Moreover, the transcription of genes related to neurodevelopment
decreased following exposure to MOX, except for ngnl and gap43 at certain concentrations
(Figure 3).

Exposure to PRO elicited an inverted “U-shaped” response in the transcription of ache,
with significant upregulation observed at 5 ug/L (Figure 3). Similarly, genes associated
with neurodevelopment showed comparable inverted “U-shaped” trends, particularly for
shha, ngnl, gfap, elavl3, and chrnx7. However, gap43, nestin, and syn2a exhibited signifi-
cant transcriptional increases at 5 ng/L, followed by significant decreases at 625 ug/L.
Conversely, PRO downregulated the transcription of mbp at the highest concentration
(625 nug/L) (Figure 3).

4. Discussion

According to the ecotoxicity studies using phytoplankton, zooplankton, invertebrates,
and fish, PRO exhibited the highest toxicity among all 3-blockers [11]. Relatively few stud-
ies have focused on the toxicity of «-blockers, including MOX. In this study, both MOX and
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PRO had only marginal effects on the survival and development of zebrafish in the early
life stages at the concentrations tested (Table S1). However, both compounds induced toxic
effects on cardiovascular development in a concentration-dependent manner. MOX expo-
sure at 625 pg/L significantly reduced vessel diameter, heart rate and blood flow volume,
while PRO disrupted cardiovascular development at lower concentrations, reducing vessel
diameter and blood flow volume at 125 pg/L, and reducing heart rate at 25 ug/L. These
findings align with prior observations. Fraysse et al. [27] reported propranolol-induced re-
ductions in zebrafish heart rate at 48 hpf, albeit at higher concentration (8 mg/L). Similarly,
our previous study found that exposure to 1 mg/L of PRO significantly decreased zebrafish
heart rate at 48 hpf, although effects at lower concentrations were not explored [13]. In a
test based on medaka and zebrafish, Finn et al. [19] found no significant effects on heart
rate in the embryos exposed to PRO at 0.1, 1, and 10 ug/L; however, the embryos from an
exposed parent exhibited reduced heart rates across all developmental stages, accompanied
by alterations in cardiac morphology, albeit with non-monotonic concentration-response
curves. Larsson et al. [28] reported significant reductions in trout heart rate following the
injection of 2 mg/kg PRO, while no effects on heart rate were found after 48 h of exposure
to a very high PRO concentration (70 mg/L) in tank water. Comparable cardiovascular
responses were observed in other aquatic organisms. For example, Dzialowski et al. [29]
found that two (3-blockers, PRO and metoprolol, concentration-dependently decreased
heart rate in D. magna, an aquatic invertebrate. This observation was consistent with find-
ings by Stanley et al. [30]. Therefore, despite uncertainty regarding effective concentration,
the cardiovascular effects of 3-blockers on development and function are unequivocal.
Furthermore, regarding the 3-blocker’s effects, cardiovascular development during em-
bryonic stages was more sensitive than other endpoints, such as hatching rate, mortality
or abnormality (Table S1), consistent with previous reports [7,13]. Based on knowledge of
potential 3-blocker mechanisms of action, Owen et al. [7] suggested that cardiovascular
responses, such as heart rate or blood pressure, might be prioritized when identifying
suitable exposure biomarkers for 3-blockers. Regarding «-blockers, although targeting
different androgenic receptor subtypes than 3-blocker, they likely share common physi-
ological functions, leading to similar pharmacological effects in some cases; for example,
both are used to treat hypertension [1,7,15]. Therefore, it is not surprising that exposure to
MOX, an a-blocker, could impact cardiovascular development and function as well.

The vertebrate heart’s development during embryogenesis is a complex process, char-
acterized by a well-coordinated series of events and precise transcriptional regulation. The
genes gata4, thx5, nkx2.5, and bmp4 encode key transcriptional regulators in cardiogenesis,
and serve as biomarkers for assessing chemical cardiotoxicity [25]. The gene gata4 encodes
a zinc finger transcription factor, which plays a vital role in organogenesis, particularly
in myocardial differentiation and function. The gene nkx2.5 encodes a member of the
NK homeobox gene family, which functions as a DNA-binding transcriptional activator
implicated in multiple processes, including the regulation of cardiac chamber formation
and circulatory system development. The gene tbx5 encodes a T-box transcription factor
involved in the formation of the cardiac conduction system and ventricular chambers dur-
ing cardiogenesis. The gene bmnp4 encodes a protein from the bone morphogenetic protein
family, which plays an important role in the left-right asymmetry of heart development [25].
In this study, exposure to PRO resulted in te significant upregulation of gata4, nkx2.5, and
tbx5 at 5 ug/L, and bmp4 at 1 and 5 ng/L, followed by a concentration-dependent decrease,
yielding an inverted “U-shaped” concentration-response relationship. Conversely, MOX
exposure down-regulated the transcription of all four genes at nearly every concentra-
tion. The downregulation of key transcriptional regulators may explain the observed
cardiovascular responses. Du et al. [25] reported that exposure to organophosphate flame
retardants induced heart developmental toxicity, including arrhythmia and cardiac looping
defects, during zebrafish embryogenesis, suggesting that bmp4, nkx2.5, and tbx5 inhibition
might contribute to heart developmental toxicity. However, due to the complexity of the
transcriptional regulation network and the multifunctionality of certain genes like bmp4
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in various organogenesis processes, the further exploration of additional genes and their
temporal-spatial transcription is necessary for a comprehensive understanding of the
impact on cardiovascular development and function.

The adrenergic receptors are distributed throughout both the central and peripheral
nervous systems [7]. Given the adrenergic system’s role in fish physiology, the modulation
of the nervous system is directly influenced by the characteristics of «- or 3-blockers.
Furthermore, in comparison to mammals, the blood-brain barrier in fish is relatively
permeable, facilitating the easier passage of xenobiotics [7]. Disruptions of nervous system
development can have adverse effects on behavior and health, with locomotor behavior
serving as a key indicator of nervous system development [21,22,24]. However, in this
study, zebrafish larvae exhibited different locomotor responses to MOX and PRO exposure:
MOX induced hyperactivity, while PRO induced hypoactivity in light-dark photomotor
response assays. Previous reports have indicated that PRO can penetrate the blood-brain
barrier in fish and decrease the neutral activity [7], thus the hypoactivity observed with
PRO aligns with its expected mode of action. As for MOX, the hyperactivity may be
attributed to the distinct physiological functions of x-adrenergic receptors, although the
precise mechanism requires further investigation. Currently, there are limited data on
the physiological functions of the adrenergic system in a small number of fish species,
illustrating many similarities between fish and mammals, as well as differences [5,7]. This
underscores the need for a deeper understanding of the physiology and pharmacology of
adrenergic functions in fish.

Neurobehavioral responses encompass various physiological and biochemical pro-
cesses. Disruption of the cholinergic system has been identified as a potential trigger
for neurodevelopmental defects [21]. Acetylcholinesterase (AChE) is a pivotal enzyme
responsible for catalyzing acetylcholine, a primary neurotransmitter in the cholinergic
system, thereby terminating synaptic transmission. Consequently, enzyme activity and
corresponding gene transcription are widely recognized as sensitive biomarkers for neuro-
toxicants [21,24]. PRO initially increased AChE activity at low concentrations, followed by
a decrease with increasing concentration. Similarly, the transcription of the ache gene exhib-
ited a similar trend, initially increasing before decreasing. However, the pattern of AChE
activity and its transcription varied in response to MOX exposure. Despite inconsistencies
between enzyme activity and gene transcription, it is suggested that both o« and (3-blockers
impair acetylcholine-mediated neurotransmission in zebrafish larvae.

We further investigated the transcription of additional marker genes related to the
nervous system to assess the neurotoxicity of the two compounds. The nicotinic acetyl-
choline receptor «-7, encoded by chrna7, plays a pivotal role in brain development, and
regulates cognition, locomotion, and stress responses across the lifespan [24]. Five genes
expressed in neuronal stem cells and/or developing neurons were selected: nestin, elavl3,
neurogeninl (ngnl), shha (sonic hedgehog a) and growth-associated protein 43 (gap43) [23]. Neu-
roepithelial stem cell protein (encoded by the nestin gene), an intermediate filament protein,
is predominantly expressed in neuronal progenitor cells and neuronal stem cells during
nervous system development, serving as a marker for stem cells committed to the neural
fate [23,24]. The elavl3 gene encodes the neuron-specific RNA-binding protein HuC, while
ngnl encodes a helix-loop-helix transcription factor, both being implicated in regulating
neurogenesis and identified as early neuronal markers in zebrafish and mammals [23,24,31].
Sonic hedgehog a (encoded by shha) acts as a morphogen that patterns many organ systems,
including the nervous system [21,23]. Growth-associated protein 43 (encoded by gap43) is a
nervous tissue-specific cytoplasmic protein, serving as an intrinsic determinant of neuronal
development and plasticity [23]. Moreover, the synapsin Ila (encoded by syn2a) is a neu-
ronal phosphoprotein crucial for neurotransmitter release and synaptogenesis, serving as a
marker of synapse formation. Glial fibrillary acidic protein, encoded by the gfap gene, is
an intermediate filament protein expressed in numerous cell types of the central nervous
system, especially in astrocytes, and is regarded as a marker of astroglia [23]. Myelin basic
protein (encoded by mbp), primarily expressed by oligodendrocytes as a major component
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of the myelin sheath, serves as a marker of nerve myelination [23]. These two genes, gfap
and mbp, expressed in other cell types within the nervous system, were also included.

Following exposure to PRO, all genes, except mbp, exhibited a common transcriptional
response trend characterized by an initial increase followed by a slight reduction, albeit
with varying relative fold-changes and statistical significance. Conversely, exposure to
MXO resulted in the downregulation of all these genes. The transcriptional changes in
genes related to the nervous system may contribute to alterations in swimming speed.
However, when considering locomotor behavior, as well as the transcriptional responses of
nervous system genes and the enzyme activities, the magnitude and direction of changes
suggest that the mechanisms underlying neurobehavioral toxicity may differ between PRO
and MXO, implying variations in the distribution and physiological functions of «- and
[-adrenergic receptors. The limited understanding of the adrenergic system in fish impedes
further elucidation of the neurotoxicity of these compounds. Additionally, it should be
noted that several genes, including nestin and shha, are expressed in tissues beyond the
nervous system [23]. Therefore, besides the antagonistic effects on adrenergic receptors, the
observed neurobehavioral toxicity may also involve impacts on the overall developmental
processes during the early life stages of zebrafish. Given that neurobehavioral toxicity is
believed to result from various mechanisms of action, the potential of neurobehavioral
effects to serve as validated biomarkers for exposure to drugs targeting adrenergic receptors
warrants further investigation. Considering that sleep disorders and fatigue are recognized
side effects of adrenergic receptor antagonists [7], future studies could explore their impacts
on activity rhythms, sleep patterns, or even breeding cycles in fish, which hold greater
ecological significance.

Although exposure to MOX and PRO in the early life stages of zebrafish showed
only marginal effects on survival and development, significant impacts on cardiovascular
and nervous system development were observed due to the specific actions of these
pharmaceuticals. However, the persistence of these effects from early life stages into
adulthood requires further investigation. Additionally, the simultaneous presence of a
wide range of drugs targeting the adrenergic receptor in the aquatic environment, especially
various [3-blockers, warrants the paying of attention to potential additive or interactive
effects of these mixtures. Previous studies suggest that -blocker mixtures may exhibit
higher toxicity than individual compounds, following either the concentration addition or
independent action model [11]. Therefore, accurate ecotoxicological risk assessment for
these pharmaceuticals remains an open question.

5. Conclusions

In summary, both «- and 3-adrenergic receptor blockers induced detrimental effects
on cardiovascular and nervous system development in the early life stages of zebrafish.
The cardiovascular response could potentially serve as a biomarker of exposure to these
blockers. However, the transcriptional responses of genes and enzyme activities differed
between the two compounds, suggesting variations in distribution and physiological
function of x- and (3-adrenergic receptors in zebrafish. Comparative studies on the effects
of a- and p-blockers in fish not only enhance our understanding of the ecotoxicological
risks associated with these pharmaceuticals, but also provide insights into the adrenergic
system and its physiological functions in fish.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/toxics12080583/s1, Figure S1: Morphological malformation of zebrafish
larvae following exposure to moxisylyte; Table S1: Developmental toxicity of moxisylyte (MOX) and
propranolol (PRO) on zebrafish embryos.
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