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Abstract

Praziquantel (PZQ) is a widely used antiparasitic drug in aquaculture; however, data
on its environmental fate, tissue distribution, and metabolite kinetics in fish following
bath treatment remain limited, particularly with respect to its metabolites. This study
investigated the long-term elimination of PZQ and its two major metabolites, trans-4-
hydroxypraziquantel (TPZQ) and cis-4-hydroxypraziquantel (CPZQ), in water and selected
biological matrices of grass carp (Ctenopharyngodon idella) following a 24 h therapeutic
bath with PZQ administered at 4 mg/L. Results showed a rapid decrease in PZQ in
water after the transfer of fish to clean water, accompanied by a transient increase in its
metabolites, with TPZQ as the predominant metabolite. PZQ tissue residues were highest
in the hepatopancreas, caudal kidney, and skin, where the parent compound remained
detectable up to day 14 of the experiment. Among the metabolites, higher concentrations
of CPZQ were detected across all examined tissues; however, its elimination rate was faster
than that of TPZQ. This difference was most pronounced in plasma and skin, where TPZQ
remained detectable until day 7 of the experiment, whereas the cis-form was detected only
up to day 3. Similar to the parent compound, the highest concentrations of both monitored
metabolites were observed in the hepatopancreas and caudal kidney, where they remained
detectable until day 7 of the experiment. These findings provide comprehensive insight into
the distribution and elimination of PZQ in grass carp following 24 h bath administration
and contribute valuable data that may support environmental risk assessment and future
withdrawal-period evaluation in aquaculture.

Keywords: anthelmintic drug; cis-4-hydroxypraziquantel; trans-4-hydroxypraziquantel

Key Contribution: Bath administration of praziquantel in grass carp resulted in rapid
water elimination but prolonged persistence of praziquantel and its metabolites in hep-
atopancreas, kidney, and skin, providing important data for environmental risk assessment
and withdrawal period determination in aquaculture.

1. Introduction

Praziquantel (PZQ) is a synthetic antiparasitic drug from the pyrazinoisoquinoline
group that is highly effective against flatworms (Platyhelminthes), including tapeworms
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(cestodes) and flukes (trematodes) [1-3]. Owing to its high efficiency, favorable safety
profile, and low cost, PZQ) is included on the World Health Organization’s List of Essential
Medicines, highlighting its importance in the treatment of parasitic infections in human
medicine [4]. Since its introduction in the 1970s, it has become one of the most widely used
antiparasitic agents for treating diseases caused by flukes and tapeworms in humans and
animals, such as schistosomiasis, clonorchiasis, and taeniasis [5]. In veterinary medicine
and aquaculture, PZQ is also applied to control parasitic flatworms in fish, particularly in
ornamental and farmed species [1,6,7].

However, within the European Union, PZQ has long lacked formal registration for use
in aquaculture, and its application in fish was therefore restricted to the veterinary medicinal
product cascade, as defined by Regulation (EU) 2019/6 [8], in cases where no authorised
veterinary medicinal product was available. The use of PZQ in food-producing fish has
also been closely linked to residue considerations regulated under Commission Regulation
(EU) No. 37/2010. Recently, the maximum residue limit (MRL) for PZQ (sum of isomers)
in muscle and skin in natural proportions in finfish has been established at 20 nug/kg,
following the opinion of the EMA Committee for Veterinary Medicinal Products and its
inclusion in Annex I of Commission Implementing Regulation (EU) 2023/981 [9]. Despite
this regulatory progress, commercial formulations specifically designed for fish are still
unavailable, and standardized treatment guidelines for aquaculture remain limited [2,10].

PZQ can be administered in several ways depending on the target species. In mammals,
it is given orally or by injection [11]. In aquaculture, where large groups of fish are treated
simultaneously, the most practical options are medicated feed or therapeutic baths [2,3,10].
Typical oral doses range from 50 to 200 mg/kg of body weight (b.w.) for single treatments
and 7 to 75 mg/kg b.w. for repeated doses. Bath treatments are used at concentrations of
0.25-50 mg/L, depending on exposure time and parasite species [12]. Short “dip” treatments
employ higher concentrations for a few minutes, whereas long baths involve lower concen-
trations for several hours. In laboratory studies, precise dosing may be achieved by oral
gavage or injection, but these methods are unsuitable for large-scale fish production due to
handling stress [6,7]. A withdrawal period of 500 degree-days has been reported in the liter-
ature for food fish under cascade therapy principles (i.e., “off-label” use of veterinary drugs)
to ensure consumer safety [1]. The mechanism of action of PZQ is not yet fully understood,
but research shows that it mainly affects calcium homeostasis in parasite cells. The drug in-
creases the influx of calcium ions into the parasite, resulting in muscle contractions, paralysis,
and damage to the outer body surface (i.e., tegument) [5,13,14]. Tegumental damage caused
by praziquantel leads to the exposure of parasite surface antigens, facilitating recognition
by the host immune system [15]. In Schistosoma worms, this leads to spastic paralysis
and detachment from host tissues, after which the worms are transported via the hepatic
portal circulation to the liver, where they become susceptible to host immune-mediated
clearance [5]. Additional studies suggest that this calcium influx may be mediated through
specific transient receptor potential (TRP) calcium channels in the parasite’s nervous sys-
tem [6]. Only the R-(—) enantiomer of the drug is active against parasites, while the S-(+)
form mainly contributes to the bitter taste and mild side effects [5,7].

After administration, PZQ is rapidly absorbed and widely distributed in the body. In
fish, this drug and its metabolites are primarily detected in metabolically active tissues,
particularly the liver /hepatopancreas, kidney, gill, and skin, reflecting the central role of
hepatic cytochrome P450 enzymes in PZQ biotransformation [3,7]. The major metabolites
of PZQ are cis- and trans-4-hydroxypraziquantel (CPZQ and TPZQ), respectively), which
are formed via stereoselective cytochrome P450-mediated hydroxylation. Their relative
abundance varies among fish species, experimental systems, and routes of administration.
PZQ and its metabolites are predominantly excreted via the kidney, with elimination in fish
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typically occurring within several days and being influenced by environmental factors such
as temperature and salinity [3,6,16,17]. Beyond their formation kinetics, TPZQ and CPZQ
may also differ from the parent compound in their biological activity, pharmacokinetic
behaviour, and contribution to the overall efficacy and safety of praziquantel treatment.
Although their antiparasitic activity is generally lower than that of PZQ), both metabolites
are considered biologically relevant and may contribute to interspecies differences in PZQ
disposition and pharmacological effects [18,19].

This study aimed to investigate the long-term elimination of PZQ and its two major
metabolites, CPZQ and TPZQ), in grass carp (Ctenopharyngodon idella) following a single 24 h
bath exposure at a dose of 4 mg/L. After exposure, fish were transferred to clean water, and
the concentrations of PZQ and its metabolites were monitored over a total 35-day depletion
period to characterize their persistence in blood plasma and selected tissues. To the best of
our knowledge, this is the first study to provide a comprehensive evaluation of both PZQ
and its major metabolites across multiple tissues, including hepatopancreas, caudal kidney,
gill, muscle, skin, and blood plasma, enabling a detailed assessment of tissue distribution
and depletion. While most previous studies have focused solely on the parent compound,
the present work offers a detailed, multi-tissue evaluation of both PZQ and its metabolites
following bath administration.

2. Materials and Methods
2.1. Experimental Design and Sampling

A total of 84 juvenile grass carp (C. idella) were used in the experiment. The fish were
two years old, with a mean total length of 21.6 & 1.8 cm and a mean body weight of
93.2 + 25.4 g. All fish originated from a commercial fish farm (Lnéfe Fishery Ltd., Lnafe,
Czech Republic). Fish were randomly distributed into 7 glass aquaria with a volume of
200 L, each containing 12 individuals. Throughout the experiment, water quality parame-
ters were monitored once daily during the morning feeding period, including temperature
(19.1 £ 1.3 °C), dissolved oxygen (89-96%), and pH (7.6 & 0.3). Fish were fed a commercial
pelleted diet at a daily ration of 2% of body weight. Before the experiment, fish were accli-
mated for 10 days under laboratory conditions at the Faculty of Fisheries and Protection of
Waters (University of South Bohemia, Czech Republic).

A therapeutic bath containing PZQ at a target concentration of 4 mg/L was prepared
by dissolving PZQ) in ethanol and subsequently diluting it with water. The final ethanol
concentration in the bath was 0.005%. Fish were exposed to the praziquantel bath for 24 h.
Following the 24 h bath exposure, PZQ and its two major metabolites (TPZQ and CPZQ)
were monitored in water, blood plasma, and selected tissues of grass carp at defined time
intervals. At each sampling time point, seven fish were randomly selected and sampled
(one fish from each aquarium). Blood was collected from the caudal vein into heparinized
tubes. Plasma was obtained by centrifugation at 800 x g for 10 min at 4 °C and stored at
—80 °C until analysis. Immediately after blood collection, the fish were stunned by a blunt
blow to the head and subsequently euthanized by severing the gill arches. Tissue samples,
including hepatopancreas, gill, caudal kidney, muscle, and skin, were collected and stored
at —80 °C until further analysis. Simultaneously, one 1.5 L water sample was collected
from each aquarium (n = 7) before the scheduled water exchange, resulting in seven water
samples at each sampling time point. Water samples were stored at —20 °C until analysis.

The first sampling (0 h) was performed immediately after preparation of the prazi-
quantel bath, before fish exposure. Fish were then placed in the treatment bath for 24 h.
After completion of the exposure period, the second sampling was conducted (24 h), and
the remaining fish were transferred to clean, praziquantel-free water. Subsequent samplings
were performed at 24 h post-exposure (2 d), 48 h post-exposure (3 d), 6 days post-exposure
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(7 d), 13 days post-exposure (14 d), 20 days post-exposure (21 d), 27 days post-exposure
(28 d), and 34 days post-exposure (35 d). The first water exchange was performed on day 2
of the experiment; thereafter, aquarium water was changed once per week until the end of
the experiment.

2.2. LC-MS/MS Analysis of Praziquantel and Its Metabolites

The determination of praziquantel (PZQ) and its main metabolites (CPZQ and TPZQ)
in biological matrices was performed using liquid chromatography coupled with tandem
mass spectrometry (Thermo Scientific, Waltham, MA, USA) according to a previously
published method [3]. The analysed matrices included water, blood plasma, and selected
tissues (hepatopancreas, caudal kidney, muscle, gill, and skin).

Before analysis, all samples were spiked with isotopically labelled internal standards.
Water and plasma samples were purified using solid-phase extraction (SPEC C18 AR
cartridges, 3 mL, 30 mg; Agilent, Santa Clara, CA, USA). Tissue samples (0.5 g) were ho-
mogenised with methanol (2 x 3 mL; tissue-to-solvent ratio 1:12, w/v) using an immersion
blender Schiitthomgen (Schiitt Labortechnik, Gottingen, Germany). The homogenates were
centrifuged (800x g, 15 min, 20 °C), and the supernatants were subsequently purified by
solid-phase extraction (SPEC C18 AR cartridges, 3 mL, 30 mg; Agilent, Santa Clara, CA,
USA). After evaporation to dryness under a gentle stream of nitrogen, the residues were
reconstituted in deionised water and analysed by liquid chromatography coupled with
tandem mass spectrometry. Chromatographic separation was achieved on a reversed-phase
C18 column using gradient elution with water containing formic acid and acetonitrile.
Detection was carried out on a triple quadrupole mass spectrometer equipped with a
heated electrospray ionisation source operated in positive mode. Quantification was per-
formed using the internal standard method in multiple reaction monitoring mode. Limits
of detection (LOD) for individual analytes and matrices are provided in Table 1.

Table 1. Limits of detection (LOD) of praziquantel (PZQ) and its main metabolites (cis-4-hydroxy-
praziquantel —CPZQ, trans-4-hydroxypraziquantel —TPZQ) in different matrices. Values are given in
ug/L (for water and plasma samples) or ug/kg (for tissue samples).

Matrix PZQ TPZQ CPZQ
Water 0.19 0.26 0.029
Plasma 0.81 1.1 0.73
Hepatopancreas 0.49 5.6 0.69
Caudal kidney 0.53 4.8 0.75
Gill 0.55 4.5 0.67
Muscle 0.51 3.3 0.63
Skin 0.45 3.4 0.73

2.3. Data Analysis

Statistical analyses were conducted using Unistat for Excel 6.5 (Unistat Ltd., London,
UK). Temporal variations in the concentrations of the target analytes were assessed for
blood plasma and selected tissues (hepatopancreas, caudal kidney, muscle, gill, and skin).
Data normality was evaluated using the Shapiro-Wilk test. As the datasets deviated from
a normal distribution, non-parametric methods were applied, specifically the multiple-
sample median test. Measurements below LOD (see Table 1) were imputed as half of the
corresponding LOD for the calculation of mean values and the following statistical evalua-
tion. This substitution approach is commonly applied in toxicological studies for handling
left-censored data and is consistent with US EPA recommendations for data quality as-
sessment and statistical treatment of non-detects [20]. Statistical significance was defined
at p < 0.05. For each analyte (PZQ, CPZQ, TPZQ) and each tissue, statistical comparisons
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were performed among sampling time points. For graphical presentation, concentrations
were additionally displayed on a logarithmic (log10) scale to improve visualization of data
spanning several orders of magnitude.

3. Results
3.1. Water Analysis

Praziquantel and its two major metabolites (TPZQ, CPZQ) were monitored in water
(Figure 1). The water sample collected at 0 h represents the solution immediately after
the bath was prepared, before the introduction of the experimental fish. The subsequent
sample (24 h) was taken at the end of the bath. Afterwards, the fish were transferred to
clean water, and the kinetics of the individual analytes were monitored. The figures show
that after two days, when the fish had been transferred to clean water, the parent compound
decreased rapidly, accompanied by increases in both metabolites. The major metabolite was
TPZQ. At day 14 of the experiment, the concentration of the parent compound was very
low (0.8 £ 0.2 pg/L), while both metabolites were below the LOD. From day 21 onwards,
the PZQ concentration was also found below the LOD.
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Figure 1. Time-dependent concentration profiles of praziquantel (PZQ) and its main metabolites
(cis-4-hydroxypraziquantel —CPZQ, trans-4-hydroxypraziquantel—TPZQ) in water during and after
24 h bath exposure (mean =+ standard deviation, n = 7). Red asterisks (*) indicate values below the
limit of detection.

3.2. Tissue Analysis

Residues of PZQ and its metabolites were analyzed in six different tissues: the hep-
atopancreas, caudal kidney, skin, gill, muscle, and blood plasma. As expected, the highest
concentrations were observed for the parent compound PZQ, predominantly in the hep-
atopancreas and caudal kidney, where levels remained above the LOD even on day 14 of
the experiment. Among the metabolites, higher concentrations were observed for CPZQ,
primarily in the hepatopancreas and caudal kidney; however, levels declined below the
LOD by day 14. The elimination pattern of TPZQ was similar to that of CPZQ. Nevertheless,
TPZQ in plasma and skin remained detectable up to day 7 of the experiment, whereas the
cis-metabolite fell below the LOD by day 7. Detailed results for each tissue and sampling
time are presented in the following sections. It should be noted that limits of detection
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varied among analytes and matrices, particularly for TPZQ in selected tissues; therefore,
minor differences in detectability near the LOD should be interpreted with caution.

3.2.1. Hepatopancreas

The hepatopancreas exhibited the greatest accumulation of the parent compound
and its metabolites (Figure 2), with peak levels detected immediately after the 24 h bath
(126,143 ug/kg for PZQ, 1236 ng/kg for TPZQ, and 1911 pg/kg for CPZQ). A rapid decline
followed this in the concentrations of all monitored compounds. The parent compound
remained detectable up to day 14 (49 pg/kg) but fell below the LOD from day 21 onward.
Positive findings of both metabolites were recorded up to 7 days (17 ug/kg for TPZQ and
11 pg/kg for CPZQ); thereafter, their concentrations were below the LOD.
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Figure 2. Time-dependent concentration profiles of praziquantel (PZQ) and its main metabolites
(cis-4-hydroxypraziquantel —CPZQ, trans-4-hydroxypraziquantel —TPZQ) in the hepatopancreas
during and after 24 h bath exposure (mean =+ standard deviation; n = 7). Different letters indicate
statistically significant differences among sampling time points within the same analyte (p < 0.05).
The y-axis is presented on a logarithmic (log10) scale. Red asterisks (*) indicate values below the limit

of detection.

3.2.2. Caudal Kidney

The caudal kidney was the second tissue with the highest detected concentrations of
PZQ residue and its metabolites. Similar to the hepatopancreas, the highest levels were
observed after the 24 h bath exposure (113,857 ug/kg for PZQ, 1171 pg/kg for TPZQ, and
1363 ug/kg for CPZQ), followed by a rapid decline in the concentrations of the monitored
analytes. Positive PZQ findings were still detected on day 14 of the experiment (40 ug/kg),
whereas its metabolites were detected only on day 7 (13 ug/kg for TPZQ and 5 ug/kg for
CPZQ). Subsequently, all analytes fell below the LOD (Figure 3).

3.2.3. Skin

The skin was the third tissue with the highest residue levels detected. Immediately
after the bath exposure, the concentrations of the monitored analytes were 94,771 ng/kg for
PZQ, 551 ug/kg for TPZQ, and 655 pg/kg for CPZQ. As observed in other tissues, rapid
elimination of the xenobiotics occurred. The parent compound PZQ remained detectable
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until day 14 of the experiment (33 pg/kg), while TPZQ was detected up to day 7 (5 ug/kg).
In contrast, CPZQ was eliminated more rapidly, with positive findings observed only until
day 3 of the experiment (19 ng/kg). At all subsequent sampling times, concentrations in all
samples were below the LOD. An overview of the detailed results is provided in Figure 4.
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Figure 3. Time-dependent concentration profiles of praziquantel (PZQ) and its main metabolites (cis-
4-hydroxypraziquantel—CPZQ), trans-4-hydroxypraziquantel—TPZQ) in the caudal kidney during
and after 24 h bath exposure (mean = standard deviation; n = 7). Different letters indicate statistically
significant differences among sampling time points within the same analyte (p < 0.05). The y-axis is
presented on a logarithmic (log10) scale. Red asterisks (*) indicate values below the limit of detection.
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Figure 4. Time-dependent concentration profiles of praziquantel (PZQ) and its main metabolites
(cis-4-hydroxypraziquantel—CPZQ), trans-4-hydroxypraziquantel —TPZQ) in the skin during and
after 24 h bath exposure (mean + standard deviation; n = 7). Different letters indicate statistically
significant differences among sampling time points within the same analyte (p < 0.05). The y-axis is
presented on a logarithmic (log10) scale. Red asterisks (*) indicate values below the limit of detection.
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3.2.4. Gill

Concentrations of PZQ residue and its metabolites in the gill again peaked immediately
after the bath exposure. The concentration of the parent compound was 62,985 pg/kg. In
contrast, metabolite concentrations were approximately two orders of magnitude lower,
reaching mean values of 551 and 676 ug/kg for TPZQ and CPZQ), respectively. Compared
to the organs described above (i.e., hepatopancreas, caudal kidney, and skin), elimination
of all analytes from the gill was faster, as positive PZQ findings were detected only on day
7 of the experiment (131 pg/kg). Metabolites were detected only on day 3 (32 and 18 pg/kg
for TPZQ and CPZQ, respectively). At all subsequent sampling times, concentrations of
monitored analytes were below the LOD. Detailed results are presented in Figure 5.
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Figure 5. Time-dependent concentration profiles of praziquantel (PZQ) and its main metabolites
(cis-4-hydroxypraziquantel —CPZQ, trans-4-hydroxypraziquantel—TPZQ) in the gill during and
after 24 h bath exposure (mean =+ standard deviation; n = 7). Different letters indicate statistically
significant differences among sampling time points within the same analyte (p < 0.05). The y-axis is
presented on a logarithmic (log10) scale. Red asterisks (*) indicate values below the limit of detection.

3.2.5. Muscle

Another analyzed tissue was muscle, where the concentrations of the monitored
analytes were approximately half those in the hepatopancreas and similar to those in the gill
and plasma samples. As expected, the highest concentrations were detected immediately
after the bath, reaching 54,000, 493, and 583 pg/kg for PZQ, TPZQ, and CPZQ), respectively.
Subsequently, significant decreases in all analytes were observed; for the parent compound,
positive findings were detected only up to day 7 of the experiment (111 pg/kg), while for
the metabolites, this was limited to day 3 of the experiment (28 and 16 ng/kg for TPZQ
and CPZQ, respectively). In the following days, concentrations were below the LOD in all
cases. Detailed results are shown in Figure 6.

3.2.6. Blood Plasma

In the blood plasma, an elimination pattern comparable to that observed in the ana-
lyzed tissues was recorded. Immediately after the bath exposure, concentrations reached
their maximum values (48,229; 466, and 587 pg/L for PZQ, TPZQ, and CPZQ, respectively),
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followed by a rapid decline in the subsequent days. Positive detections of PZQ and TPZQ
persisted up to day 7 of the experiment (52 and 3 pg/L, respectively). In contrast, CPZQ
was eliminated more rapidly, with detectable concentrations observed only up to day 3
(22 ug/L). Thereafter, all analyzed blood plasma samples were below the LOD. Detailed
results are presented in Figure 7.
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Figure 6. Time-dependent concentration profiles of praziquantel (PZQ) and its main metabolites
(cis-4-hydroxypraziquantel —CPZQ, trans-4-hydroxypraziquantel —TPZQ) in the muscle during and
after 24 h bath exposure (mean =+ standard deviation; n = 7). Different letters indicate statistically
significant differences among sampling time points within the same analyte (p < 0.05). The y-axis is
presented on a logarithmic (log10) scale. Red asterisks (*) indicate values below the limit of detection.
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Figure 7. Time-dependent concentration profiles of praziquantel (PZQ) and its main metabolites (cis-
4-hydroxypraziquantel —CPZQ, trans-4-hydroxypraziquantel —TPZQ) in the blood plasma during
and after 24 h bath exposure (mean =+ standard deviation; n = 7). Different letters indicate statistically
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significant differences among sampling time points within the same analyte (p < 0.05). The y-axis is
presented on a logarithmic (log10) scale. Red asterisks (*) indicate values below the limit of detection.

4. Discussion

Praziquantel (PZQ) is widely recognized as an effective antiparasitic agent in aqua-
culture; however, information on its long-term tissue distribution and residue depletion
following bath administration, particularly with respect to its major metabolites, remains
limited. The present study provides a comprehensive evaluation of the tissue distribution
and depletion profiles of PZQ and its major metabolites following a 24 h bath administration
in grass carp (C. idella). By monitoring the parent compound together with its major metabo-
lites across multiple biological matrices over 35 days, this study provides new insights into
their persistence and tissue-specific distribution following therapeutic bath exposure.

In general, after administration, PZQ is rapidly absorbed and distributed throughout
the body. In mammals, the highest concentrations are found in the liver and kidneys,
while smaller amounts are present in the lungs, pancreas, and other organs [14]. A similar
distribution pattern has also been reported in fish, where PZQ and its metabolites occur
in various tissues (e.g., blood plasma, liver /hepatopancreas, caudal kidney, gill, muscle,
and skin), with the highest concentrations typically observed in the hepatopancreas, gill,
and skin following oral administration [3]. These findings are consistent with the central
role of the liver in PZQ metabolism, as this organ exhibits high activity of cytochrome P450
enzymes responsible for the compound’s oxidative biotransformation [7,14].

The main metabolic products of PZQ are cis- and trans-4-hydroxypraziquantel (CPZQ
and TPZQ, respectively), which differ in stereochemistry and are formed in varying propor-
tions across animal species and experimental conditions. These metabolites arise primarily
through cytochrome P450-mediated hydroxylation, and their formation is stereoselective,
showing a strong dependence on both the parent PZQ enantiomer and the metabolic system
involved [18,21,22]. In humans, the trans-isomer is the predominant metabolite. It has also
been identified as the major metabolite in fish, whereas the cis-isomer is present at relatively
higher proportions in rodents, particularly under in vitro conditions [3,18]. Notably, dif-
ferences between in vitro and in vivo metabolism have been repeatedly described. While
CPZQ often predominates in microsomal or hepatocyte-based assays, whole-organism
studies typically report higher levels of TPZQ [3,19,22]. In contrast to these findings, the
results of the present study revealed a somewhat different pattern. Following bath ex-
posure, the relative proportions of the monitored metabolites were comparable, with a
slight predominance of CPZQ. However, CPZQ was eliminated more rapidly from the
skin and plasma than TPZQ, resulting in a longer persistence of the trans-isomer in the
examined matrices. The observed differences in the relative proportions of CPZQ and
TPZQ in our study are likely attributable to the route of administration and species-specific
metabolic characteristics. Previous studies on other veterinary drugs in fish have demon-
strated that bath administration results in substantial uptake across the gills and skin,
leading to pharmacokinetic profiles that differ from those observed after oral administra-
tion [23,24]. Consistent with these general pharmacokinetic principles, bath exposure to
PZQ may partially reduce the influence of hepatic first-pass metabolism, resulting in a
more balanced formation of both cis- and trans-metabolites. In contrast, peroral or par-
enteral administration typically favours initial hepatic metabolism, which can enhance
stereoselective formation of TPZQ [3].

Following systemic distribution, PZQ undergoes rapid metabolism, and the resulting
metabolites are primarily eliminated via renal excretion, with this process generally com-
pleted within a few days in fish. However, environmental factors such as temperature and
salinity can significantly influence elimination rates; higher temperatures tend to enhance
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drug absorption, whereas increased salinity may accelerate its elimination [6,16]. It should
be noted that the present study was conducted at a single water temperature (approxi-
mately 19 °C), which may influence the observed elimination dynamics and should be
considered when extrapolating the results to variable aquaculture conditions. In the present
study, the dynamics of PZQ and its metabolites were also monitored in the water. After
transfer of the fish to clean water, the concentration of the parent compound decreased
rapidly, accompanied by a transient increase in both monitored metabolites, with TPZQ
as the predominant form. By day 14, both metabolites were below the LOD, while PZQ
was no longer detectable from day 21 onwards. Compared with oral administration, bath
treatment resulted in a more pronounced short-term release and transient accumulation
of metabolites in the aquatic environment [3]. From an environmental perspective, this
pattern indicates that exposure to CPZQ and TPZQ in aquaculture effluents is short-lived
and closely associated with the treatment window. Although specific ecotoxicological data
for these metabolites remain limited, available evidence suggests that PZQ exposure in
fish induces only transient physiological responses without sustained systemic effects [10],
which is consistent with a limited duration of biological impact under short-term exposure
scenarios. Nevertheless, due to the lack of dedicated ecotoxicological studies for CPZQ and
TPZQ, their potential effects on non-target aquatic organisms cannot be fully excluded and
warrant further investigation.

In the present study, tissue residues of PZQ declined rapidly following the transfer of
fish to clean water, reflecting the absence of continued external exposure. While a similar
tissue distribution pattern has been reported in the study by Dobsikova et al. [3] based on
peroral administration, a more prolonged persistence of residues was observed in this case,
likely due to ongoing gastrointestinal absorption. In our experiment, the highest concen-
trations of PZQ were detected in the hepatopancreas, caudal kidney, and skin, suggesting
that these tissues play a key role in the compound’s distribution and elimination. The
parent compound remained detectable in these tissues until day 14. In contrast, muscle
tissue exhibited considerably lower concentrations and more rapid depletion. A comparable
distribution pattern was observed following oral administration of PZQ in grass carp (C.
idella), where the hepatopancreas represented the most PZQ-burdened tissue, reaching a
maximum concentration of 4318.6 ug/kg on day 1 after a single oral dose of 50 mg/kg.
Muscle concentrations were substantially lower (maximum 709.4 ug/kg); however, residues
in both muscle and skin remained above the maximum residue limit (20 ng/kg) until day 16
post-administration [3]. In our study, muscle concentrations declined below the maximum
residue limit by day 14, with all samples falling below the LOD, whereas skin concentrations
dropped below this threshold by day 21, which may be relevant in the context of residue
depletion and regulatory assessment. These differences are most likely attributable to the
route of administration, as bath exposure and oral dosing result in distinct absorption and
distribution kinetics of PZQ. Preferential accumulation of PZQ in metabolically active organs
has also been reported in other fish species. In rice field eels (Monopterus albus), kidney
tissue exhibited the longest elimination half-life (54.1 h), whereas muscle tissue showed
faster elimination (20.2 h) following repeated oral dosing [25]. Similarly, in rainbow trout
(Oncorhynchus mykiss), the highest overall drug exposure was observed in gill tissue, while
muscle displayed the fastest elimination, with a half-life of 13.38 h [26]. Taken together, these
findings suggest that PZQ distribution is strongly influenced by tissue-specific metabolic
and excretory functions, while the route of administration also plays a key role.

An important contribution of the present study is the quantitative characterization
of PZQ metabolites following bath exposure, which has been scarcely addressed in the
literature. Immediately after treatment, CPZQ was detected at slightly higher concentra-
tions than TPZQ in all examined tissues; however, it was eliminated more rapidly. As with
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the parent compound, the highest concentrations were observed in the hepatopancreas
and caudal kidney. Detectable levels of both monitored metabolites were still present in
these two tissues on day 7 of the experiment; by day 14, concentrations had fallen below
the LOD in all cases. In other tissues, metabolites were, in most cases, detectable only on
day 3, and by day 7 and onwards, they were already below the LOD. The exception was
plasma and skin, where TPZQ was still detectable on day 7; however, by day 14, it had
also declined below the LOD. Given the analyte- and matrix-specific differences in limits of
detection, particularly for TPZQ, minor differences in detectability at the final sampling
points should be interpreted with caution. Our metabolite pattern differs from observations
reported after oral administration in grass carp (C. idella), where TPZQ predominated over
CPZQ in monitored matrices and, in most cases, exhibited longer persistence. Maximum
concentrations were observed on the day following oral administration (i.e., day 1), and
TPZQ concentrations were, in most cases, nearly tenfold higher than those of CPZQ [3].
The authors further reported the highest TPZQ concentrations in gill tissue, reaching
1161.9-1440.9 pg/kg during days 1-4; however, by day 10 of the experiment, levels had
already fallen below the LOD. In contrast, the longest persistence of PZQ metabolites was
observed in the hepatopancreas, where CPZQ was detected until day 23 of the experiment,
while TPZQ was detectable only until day 16. Such differences indicate that the route
of administration can substantially influence PZQ biotransformation pathways and the
relative abundance of metabolites.

Comparable metabolic trends have also been reported in terrestrial food-producing
animals. In black goats receiving a single oral dose of PZQ (35 mg/kg), both cis- and
trans-4-hydroxypraziquantel were rapidly formed and eliminated, with elimination half-
lives generally not exceeding 13 h across most monitored tissues [27]. In that study, TPZQ
predominated in most tissues and was proposed as a suitable marker residue due to its
higher concentrations and longer persistence. Although the present study involved fish and
bath exposure rather than oral administration, the formation of hydroxylated metabolites
across vertebrate taxa is consistent with a conserved role of oxidative biotransformation in
praziquantel metabolism and clearance. However, the comparatively shorter metabolite
persistence observed following bath exposure highlights the influence of exposure route
and duration on metabolite kinetics.

It should be noted that the limits of detection differed among the analysed compounds
(PZQ, CPZQ, and TPZQ) in the investigated biological matrices, with LOD values ranging
from 0.45-0.81 pg/L for PZQ, 0.63-0.75 png/L for CPZQ, and 1.1-5.6 pug/L for TPZQ, de-
pending on the matrix. However, the measured concentrations in the present study were
generally several orders of magnitude above these limits during most of the experimental
period. Therefore, these differences in analytical sensitivity are considered to have no mean-
ingful impact on the interpretation of the overall depletion trends and tissue distribution
patterns, and are primarily relevant only for the late depletion phase when concentrations
approached the detection limits. In this context, the interpretation of the final detectable
time points should be made with caution.

Taken together, the present study confirms previously reported observations describing
preferential accumulation of PZQ in metabolically active tissues and the more rapid decline
in hydroxylated metabolites compared to the parent compound. At the same time, it provides
novel quantitative evidence that bath administration of PZQ results in distinct metabolite
profiles and tissue-specific residue depletion patterns over time, as well as measurable post-
exposure dynamics in the aquatic environment. These findings highlight the importance of
considering the administration route when interpreting tissue residue behaviour and support
the inclusion of both parent compound and metabolite monitoring when assessing residue
depletion and potential environmental exposure in aquaculture settings.
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5. Conclusions

This study provides a detailed characterization of the tissue distribution and deple-
tion of PZQ and its major metabolites (TPZQ and CPZQ) in grass carp following a 24 h
therapeutic bath with PZQ administered at 4 mg/L. PZQ was rapidly eliminated from the
aquatic environment after transfer to clean water, while its metabolites showed distinct
tissue-specific elimination kinetics. The hepatopancreas, caudal kidney, and skin were
identified as the primary sites of PZQ accumulation, with the parent compound remaining
detectable for up to 14 days. Among the metabolites, TPZQ exhibited a slower depletion
than CPZQ, particularly in plasma and skin, indicating differences in metabolic and clear-
ance pathways. When evaluating drug depletion in fish, the persistence of both metabolites
in metabolically active tissues highlights the importance of considering not only the parent
compound but also its transformation products. Overall, these findings enhance the current
understanding of the tissue distribution and residue depletion of PZQ following bath
administration and provide valuable data that may support environmental risk assessment
and future residue depletion evaluation in aquaculture. Extrapolation of these findings
to other fish species, environmental conditions (e.g., temperature), doses, or treatment
durations should therefore be made with caution.
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b.w. body weight

CPZQ cis-4-hydroxypraziquantel

LC-MS/MS  liquid chromatography—-tandem mass spectrometry
LOD limit of detection

MRL maximum residue limit

PZQ praziquantel

TPZQ trans-4-hydroxypraziquantel

TRP transient receptor potential
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