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Simple Summary: Aquaculture is vital for global food production, but parasites like Microcotyle sebastis
pose challenges to Korean rockfish, leading to economic concerns. As there is a growing worry about
drug resistance, we explored salinomycin, previously recognized for treating other parasites, to combat
this issue. Our experiments revealed that salinomycin effectively lessens these parasites in Korean
rockfish without significant side effects. Importantly, the treatment appeared potentially more stable
when administered at a water temperature of 13 ◦C. This study suggests that salinomycin could be a
promising alternative, especially if resistance against current treatments like praziquantel emerges.

Abstract: Aquaculture, a crucial sector of the global food industry, faces a myriad of issues due
to parasitic invasions. One such parasite, Microcotyle sebastis, which afflicts Korean rockfish in
South Korea, has a significant economic impact. The impending danger of resistance to traditional
anthelmintics necessitates the exploration of new antiparasitic candidates. Although the efficacy
of salinomycin against aquatic parasites such as ciliates and sporozoans is known, its influence on
monogeneans has yet to be studied. Therefore, this study investigated the efficacy and safety of
salinomycin for the treatment of M. sebastis infections, presenting the first exploration of salinomycin’s
therapeutic potential against monogeneans. In vitro examinations revealed a minimum effective
concentration of salinomycin of 5 mg/kg, which led to necrosis of the haptor upon dislodging
from the gill filaments. The one-time oral administration of the drug at concentrations of 5 mg/kg
and 10 mg/kg showed a significant dose-dependent reduction in parasite counts, with no apparent
behavioral side effects in Korean rockfish. Biochemical analyses monitored the liver, heart, and kidney
enzymes, specifically aspartate transaminase (AST), alanine transaminase (ALT), blood urea nitrogen
(BUN), and creatine kinase–myocardial band (CK-MB). At both 20 ◦C and 13 ◦C, no significant
differences were observed in the levels of AST and ALT. However, at 20 ◦C, alterations in BUN
levels were evident on Day 14, a deviation not observed at 13 ◦C. The CK-MB analysis revealed
elevated enzyme levels at both temperatures when compared to the control group, reflecting the
similar changes observed in terrestrial animals administered salinomycin. The biochemical data
suggest that the oral administration of salinomycin is potentially more favorable at 13 ◦C than at
20 ◦C. Although our findings warrant further comprehensive studies, including on the long-term and
potential effects on nontarget species and water quality, they also suggest that salinomycin could be
considered as an alternative or adjunctive treatment if resistance to the currently used praziquantel
against M. sebastis is confirmed.
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1. Introduction

Aquaculture is an increasingly important sector of the global food industry, providing
a significant source of protein for millions of people worldwide [1]. However, it faces
numerous challenges, including the detrimental impact of parasites on fish health and
production [2]. These parasites inflict various forms of damage, leading to stunted growth,
elevated mortality rates, compromised immunity, behavioral alterations, and considerable
economic losses [3]. In particular, infections of Korean rockfish (Sebastes schlegelii) by the gill
parasite Microcotyle sebastis are observed throughout the year [4]. However, these infections
predominantly occur en masse around the summer, when water temperatures approach
20 ◦C [5,6]. Infection rates ranging from a minimum of 46.7% to a maximum of 96.7% have
been reported [7]. This proliferation can cause respiratory distress leading to mortality,
or excessive inflammation and mucus secretion, which in turn can result in secondary
infections or stunted growth, posing challenges in aquaculture settings [8].

The infection process of M. sebastis in Korean rockfish involves several stages. Follow-
ing the hatching of eggs, the adult parasites give rise to free-swimming oncomiracidium [9].
Utilizing both the flow of seawater and the respiration of the host, these organisms attach
themselves to the gill filaments of the fish [10]. Praziquantel has served as the principal
therapeutic option for treating M. sebastis infections in Korean rockfish for approximately
20 years [11]. However, emerging reports have suggested a potential resistance to praz-
iquantel in several monogenean species [12,13]. This necessitates the exploration and
development of alternative anthelmintics, given the documented decline in susceptibility
across various parasite species [14–17].

Salinomycin, a polyether antibiotic, has been extensively utilized in the poultry in-
dustry as an anticoccidial agent and a growth promoter for ruminant animals [18,19]. The
diverse pharmacological properties of salinomycin, such as its capacity to disrupt cellular
ion balance and its selective toxicity against cancer stem cells, position salinomycin as
a promising candidate for research into applications against various pathogens [20,21].
Moreover, documented antiparasitic effects span a range of parasites, including protozoa,
cestodes, and flagellates [22–26]. The primary antiparasitic action of salinomycin is at-
tributed to its ability to form monovalent cation (especially K+) and lipophilic complexes,
which subsequently promote transmembrane cation transport and increase osmotic pres-
sure in coccidia [27]. Additionally, salinomycin’s interactions with multiple biological
membranes, especially cytoplasmic and mitochondrial ones, can lead to mitochondrial
damage and the suppression of mitochondrial oxidative phosphorylation, ultimately re-
sulting in cellular death [21]. However, in the absence of research concerning the efficacy
of salinomycin against monogeneans such as M. sebastis, it is imperative to conduct re-
search to validate the potential applicability of salinomycin’s anti-parasitic action for these
parasite species.

In aquaculture, common drug administration methods include injection, immersion,
and oral administration [28,29]. Determining the efficacy and safety of these methods is
essential [30–32]. For fish species farmed in sea cages, injection is often impractical due to
space constraints [33]. Currently, immersion is the primary method used [34]. However,
this technique necessitates a large quantity of medication relative to its therapeutic effect
and demands significant labor for drug preparation [35]. In contrast, oral administration
emerges as a promising alternative [36]. By simply incorporating the drug into feed, this
method offers a way to achieve therapeutic effects with batch feeding. Not only does oral
administration reduce stress on the fish, but it also requires less labor [36]. However, its
efficacy might be affected by digestive enzymes in the gastrointestinal tract. The actual
therapeutic outcome can also vary depending on the feed intake [37]. Notably, the majority
of research on salinomycin application in aquaculture has centered on its efficacy when
administered orally [23,25,38].

In vitro susceptibility testing is foundational in determining the potential of therapeu-
tic pharmaceuticals. Determining the appropriate drug concentration and its anticipated
effects is crucial before progressing to more intricate in vivo studies [39]. These in vivo



Animals 2023, 13, 3233 3 of 14

tests, when supplemented with in vitro results, shed light on a drug’s efficacy, metabolism,
and safety in a living organism. Blood biochemical analyses are equally critical, providing
insights into the physiological and metabolic reactions of the organism to the therapeutic,
thereby ensuring its safety and efficacy [40–42]. An integrated approach, amalgamating
in vitro, in vivo, and biochemical studies, is pivotal to ascertaining whether potential thera-
peutics are both efficacious and safe for wider applications, such as in aquaculture. This
comprehensive testing approach not only protects the target species but also safeguards the
broader ecosystem, reducing the risk of unintended ecological impacts or the emergence of
drug-resistant parasites [43].

This study aims to ascertain whether salinomycin exhibits effective anthelmintic activ-
ity against M. sebastis in vitro and to assess the safety and efficacy of orally administered
salinomycin in the treatment of M. sebastis infections in Korean rockfish. Our investigation
encompasses the validation of M. sebastis’s susceptibility to salinomycin in an in vitro envi-
ronment, an evaluation of the efficacy of oral administration in vivo, and an assessment of
treatment safety via post-administration biochemical analyses at both 20 ◦C and 13 ◦C.

Through this comprehensive approach, we seek to provide robust insights into the
potential of salinomycin as an effective anthelmintic agent in the context of aquaculture,
particularly focusing on its potential for mitigating the detrimental effects of M. sebastis
infections in Korean rockfish populations. The findings from this study are expected to offer
valuable contributions towards the development of improved parasitic control strategies
in aquaculture settings, potentially enhancing productivity and economic viability within
the industry.

2. Materials and Methods
2.1. Fish

For both in vitro and in vivo experiments, Korean rockfish were procured from a
farm near Tongyeong City, Gyeongsangnam-do. The fish were then euthanized using a
solution of MS222 powder (Sigma-Aldrich, St. Louis, MO, USA) dissolved in 100% ethanol
to achieve a final concentration of 500 mg/L [44]. Subsequent to this, the presence of
M. sebastis infection was confirmed in the gills. The fish used in the study had a mean
length of 15.5 cm with a standard deviation (SD) of ±2 cm and a mean weight of 37.8 g
with an SD of ±3.5 g. A total of 350 Korean rockfish were acclimated over a period of one
week in a 2.5-ton tank maintained at a temperature of 20.3 ± 0.4 ◦C. During this period, the
dissolved oxygen (DO) levels were maintained at 5.0 ± 0.3 mg/L, and salinity was held
at 34.1 ± 0.22‰. A daily water exchange of 50% was conducted, encompassing both the
main tank and the pre-entry tank.

2.2. In Vitro Assessment of M. sebastis Sensitivity to Salinomycin

M. sebastis was harvested from Korean rockfish euthanized using MS222 solution at
a concentration of 500 mg/L. The gills of the Korean rockfish were carefully removed,
and at room temperature, any mucus and contaminants were gently eliminated by briefly
dipping them in sterile seawater for no more than 10 s per dip, repeating this three times.
M. sebastis, delicately extracted while remaining attached to the gill filaments, were collected
using forceps and dissecting scissors. Subsequently, to facilitate easier identification in
subsequent in vitro experiments, the strands to which M. sebastis were attached were
individually separated from the gill using fine forceps and dissecting scissors. These
parasites, still attached to the gill filament strands, were transferred to a Petri dish filled
with sterile seawater and allowed to acclimate for one hour before in vitro experimentation.

The sensitivity of M. sebastis to salinomycin (Sigma-Aldrich, USA) was assessed in
a 12-well plate containing 2 mL of sterile seawater in each well. For the assessment,
20 individuals of M. sebastis were allocated to each of the five experimental wells, one of
which served as a control group. Salinomycin was dissolved using dimethyl sulfoxide
(Sigma-Aldrich, USA) and then added to each well plate at concentrations of 2.5, 5, 7.5,
and 10 mg/L. Changes in the parasites, both before and after exposure to salinomycin,
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were documented using an inverted microscope ECLIPSE Ts2 (Nikon, Tokyo, Japan). The
behavior of the parasites, while adhered to the gill filaments, was observed at intervals of 1,
2, 3, 6, 9, and 12 h. Photographs captured using the inverted microscope were subsequently
analyzed with the Image J 1.53t software to calculate and annotate with a scale bar [45].
The minimum effective concentration (MEC) was determined based on the exposure time
and the point at which the parasites were considered dead. Mortality was defined as the
absence of movement in M. sebastis and the lack of observable activity in the internal organs.
The experiment was conducted in triplicate.

2.3. In Vivo Assessment of M. sebastis Efficacy to Salinomycin

The therapeutic potential of salinomycin was evaluated in Korean rockfish with
M. sebastis infections. The adopted approach to parasite quantification was built upon
established methods from prior monogenean studies [46]. To facilitate the examination,
Korean rockfish with M. sebastis infections were anesthetized using MS222 solution at a dose
of 100 mg/L [47]. Subsequently, individual gills were meticulously inspected with forceps
and tweezers, and we conducted a precise enumeration of the adult M. sebastis parasites
present in each culture tank. Enumeration was undertaken based on individuals of a size
that could be visually confirmed. All Korean rockfish involved in the study had between 5
and 10 M. sebastis. Separately, the omega-3 fatty acid (Kirkland, QC, Canada) was sourced
from commercially available gel capsules. The choice to use omega-3 fatty acids in this
study was underpinned by their dual benefits. Firstly, their lipid properties facilitate the
uniform distribution of the hydrophobic salinomycin, ensuring consistent dosing. Secondly,
given that omega-3 is a standard component in fish feed, its incorporation can help assess
the potential for the oral feeding of salinomycin. Using dissection scissors, a small incision
was made in the capsules to extract the contained liquid, which was then transferred
to a 50 mL corning tube. This omega-3 liquid was subsequently combined with the
salinomycin solution, ensuring an appropriate mixture based on the intended experimental
concentrations of 5 mg/kg and 10 mg/kg. The combined solution was thoroughly mixed
to ensure homogeneous distribution. The final formulation was designed to achieve the
intended dose for each experimental group with a 100 uL volume, which was administered
as a single dose to the fish based on their body weight.

For the in vivo experiments, four tanks, each with a capacity of 120 L, were utilized.
Specifically, two tanks were designated for the two salinomycin concentrations: one for
the 5 mg/L dosage and the other for the 10 mg/L dosage. The remaining two tanks
served as control groups. Each tank housed 20 Korean rockfish. The oral administration
protocol was adopted from prior research designed to minimize reflux during the oral
delivery of anthelmintics [48]. The prepared salinomycin solution (5 mg/L, 10 mg/L) was
loaded into a syringe connected to an oral zonde (5 cm, Ø0.9 × 50 mm). Anesthetized
fish were gently held in a vertical position with hands pre-wetted in seawater, and the
solution was administered according to each experimental concentration. The control group
was administered both the PBS solution and omega-3 using the same method to examine
any potential effects of oral administration on the fish. All test groups were consistently
monitored for behavioral changes and mortality.

Since M. sebastis eggs begin to hatch 8 days after initial spawning at a temperature
of 20 ◦C, a cautious approach was adopted for efficacy evaluation [49]. More specifically,
taking into account the extended time required for the drug to reach M. sebastis through oral
administration, anthelmintic efficacy was assessed on the seventh day post-administration.
During these 7 days, the fish in the oral administration group were maintained in a seawater
recirculation filtration system with a salinity of 35.2 ± 0.5‰ at 20 ◦C, receiving daily rations
equivalent to 0.2% of their body weight and undergoing 50% water replacement every day.

Then, 7 days after oral administration, the Korean rockfish were euthanized with an
excess of MS222 solution at a concentration of 500 mg/L. The gills were extracted and
placed in separate Petri dishes filled with sterilized seawater. The numbers of M. sebastis
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attached to the gill filaments were counted visually, and a stereomicroscope was utilized to
further confirm the presence of smaller M. sebastis.

2.4. Biochemical Analysis

Based on the evaluation of in vivo efficacy, a blood biochemistry analysis for safety as-
sessment was conducted using Korean rockfish under conditions similar to those described
in our previous in vivo experiments [46]. All Korean rockfish were infected with M. se-
bastis, and six tanks were installed for both experimental and control groups, each with a
capacity of 120 L and able to accommodate 35 Korean rockfish. The water temperature was
initially set and maintained at 13 ◦C, reflecting the average temperature during the initial
confinement culture of the Korean rockfish, and at 20 ◦C, where damage occurs due to
M. sebastis infection, to confirm stability under these conditions. Two experimental groups
and one control group were assigned to each temperature. The conditions in all tanks were
consistently maintained at a salinity of 34.2 ± 0.5‰ and DO levels of 5.0 ± 0.3 mg/L. The
experimental groups received the oral administration of salinomycin solution at concen-
trations of 5 mg/kg and 10 mg/kg, prepared in the same manner as in previous in vivo
studies, while the control groups received a corresponding volume of omega-3.

On days 1, 3, 7, 14, and 28 after administration, six Korean rockfish from each group
were chosen for sample collection. Blood samples were extracted from the caudal vein
using a 1 mL syringe, then placed into Eppendorf tubes and preserved at 4 ◦C until the
following day. The serum was extracted via centrifugation at 3000 rpm for 20 min and
stored at −80 ◦C until analysis. Biochemical analyses were carried out on the obtained
serum to assess the potential hematological effects of the anthelmintics on the Korean
rockfish. The analysis included measurements of aspartate transaminase (AST), alanine
transaminase (ALT), blood urea nitrogen (BUN) and creatine kinase–myocardial band
(CK-MB) using a FUJI DRI-CHEM 4000I device, as per the manufacturer’s instructions.

2.5. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software, version 9.5.1.
Sensitivity to salinomycin in vitro was assessed for significance using the Friedman test.
The anthelmintic efficacy of salinomycin was evaluated in vivo by comparing parasite
counts before and after treatment in the experimental groups. The efficacy evaluation and
biochemical analysis were both expressed as mean ± SD, assuming a normal distribution
as determined by the Shapiro–Wilk test for normality. Statistical significance for the efficacy
evaluation and biochemical analysis was determined using two-way analysis of variance
(ANOVA), followed by post hoc testing with the Tukey test. Statistical significance levels
were indicated as follows: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

3. Results
3.1. In Vitro Assessment of M. sebastis’ Sensitivity to Salinomycin

Exposure to salinomycin resulted in the detachment and necrosis of the posterior
attachment organs of M. sebastis in gill filaments (Figure 1).

In contrast to the control group, where no detachment or death was observed in
the gill filaments, 8 out of 20 parasites (40%) were dislodged from the gill filaments 3 h
after exposure to a salinomycin concentration of 10 mg/L. By the 9 h mark post-exposure,
all M. sebastis were detached from the gill filaments (Figure 2A). Detachment from the
gill filaments was observed from the 6th hour onwards at concentrations of 7.5 mg/L,
5 mg/L, and 2.5 mg/L, with an average of 14, 10, and 4 individuals, respectively. The
lowest concentration at which mortality was observed was 5 mg/L, with an average of one
death observed 12 h after exposure (Figure 2B). A gradual increase in death manifested in a
concentration-dependent manner, with one and six deaths observed at 9 h post-exposure at
concentrations of 7.5 mg/L and 10 mg/L, respectively, and total death occurring at 12 h
at 10 mg/L, in contrast to three deaths at 7.5 mg/L. Based on these in vitro results, the
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MEC exhibiting death at the lowest concentration, 5 mg/L, was determined for subsequent
in vivo experiments.
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Figure 1. Microscopic images of Microcotyle sebastis from an in vitro assessment. (A) shows the overall
appearance of M. sebastis without exposure to the drug, (B) depicts a control specimen of M. sebastis
attached to gill filaments, and (C) presents the haptor of a M. sebastis individual that died as a result
of exposure to salinomycin. The scale bar, represented by the black bar, corresponds to a length of
500 µm.
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Figure 2. Detachment and deaths of Microcotyle sebastis exposed to salinomycin in vitro. (A) represents
the number of M. sebastis that detached from the gill filaments following exposure to salinomycin,
while (B) indicates the number of M. sebastis that died post-exposure to salinomycin.

3.2. In Vivo Assessment of M. sebastis Efficacy to Salinomycin

The in vivo study was conducted to evaluate the efficacy of salinomycin after a single
oral administration, based on the MEC determined in the in vitro experiments (Figure 3).
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Figure 3. The anthelmintic efficacy of salinomycin against Microcotyle sebastis following oral adminis-
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Korean rockfish administered with a salinomycin solution did not exhibit any be-
havioral signs of stress or mortality throughout the experimental period. Efficacy was
demonstrated by a reduced parasite count on day 7 post-administration in groups treated
with doses of 5 mg/kg or 10 mg/kg, compared to the control group (p = 0.9946, 0.5589).
No significant changes in the count of M. sebastis were observed in the omega-3 and PBS
experimental control groups. A 31% reduction in the parasite count from an initial 7.2 ± 2.3
to 5 ± 2.1 was observed in the 5 mg/kg group after 7 days (p = 0.0008), while in the
10 mg/kg group, there was a 57% reduction from an initial 6.8 ± 2 to 2.9 ± 1.1 (p < 0.0001).
The difference in the anthelmintic-treated groups was statistically significant, and the an-
thelmintic efficacy was confirmed to be dose-dependent. No mortalities were observed,
and no abnormal symptoms were evident immediately after administration or during the
7-day observation period. The safety of salinomycin was subsequently confirmed through
the biochemical analysis of blood.

3.3. Biochemical Assessment of Salinomycin’s Safety

To evaluate the safety of salinomycin in Korean rockfish, serum samples were collected
from six fish at 1, 3, 7, 14, and 28 days after the oral administration of salinomycin at various
concentrations and temperatures. Subsequently, the levels of AST, ALT, BUN, and CK-MB
were analyzed (Figures 4 and 5). The Korean rockfish administered with a salinomycin
solution did not exhibit any behavioral signs of stress or mortality throughout the exper-
imental period. In the analysis of AST and ALT carried out after oral administration at
20 ◦C, both the 5 mg/kg and 10 mg/kg treatment groups showed no significant difference
(Figure 4A,B). For the BUN measurements, distinct variations were evident on day 14 for
both the 5 mg/kg (p = 0.442) and 10 mg/kg (p = 0.0036) dose groups (Figure 4C). Regarding
the CK-MB evaluations, the 5 mg/kg and 10 mg/kg dose groups both showed marked
deviations when juxtaposed with the control group on days 3 (p < 0.0001) and 7 (p = 0.0019,
p = 0.0027). However, no significant differences were observed between the treatment and
control groups after day 14 (Figure 4D).

In the AST, ALT, and BUN analyses conducted after oral administration at 13 ◦C, no
significant difference was detected between the control group and the treatment groups
(Figure 5A–C). However, at 13 ◦C, the analysis of CK-MB concentration showed a statisti-
cally significant difference in the 5 mg/kg treatment group compared to the control group
on day 7 (p < 0.0001; Figure 5D).
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Figure 5. Biochemical analysis of Korean rockfish post-oral administration of salinomycin at 13 ◦C.
(A) Levels of alanine transaminase (ALT), (B) levels of aspartate transaminase (AST), (C) levels of
blood urea nitrogen (BUN), and (D) levels of creatine kinase–myocardial band (CK-MB). Significant
differences are denoted by respective superscripts (**** p < 0.0001).
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4. Discussion

Research on using salinomycin, a treatment for coccidiosis in chickens, in aquaculture
to treat parasites has predominantly focused on ciliates and myxozoans [22,23,25]. To
the best of our knowledge, this study is the first to apply salinomycin to monogeneans.
M. sebastis, a gill parasite of the Korean rockfish, starts its parasitic life cycle when a
free-swimming larva, known as an oncomiracidium, attaches to the gill filaments using
its haptor [9]. These haptors are vital for firmly gripping to the host’s gill filaments,
preventing detachment, facilitating growth, and increasing in number, playing a pivotal
role throughout M. sebastis’s life stages [9]. Our in vitro observations revealed that the
haptors of M. sebastis were damaged upon exposure to salinomycin, leading to necrosis
and detachment from the gill filaments. Once detached from the gills, these parasites
face environmental threats and cannot feed, limiting their reproductive capabilities. A
significant concern in aquaculture is complications arising from the unchecked proliferation
of such parasites, which can cause gill anemia and respiratory challenges in host species [50].
Managing these parasite populations effectively is imperative. Our research suggests that
salinomycin offers potential efficacy in addressing these challenges. However, since the
anthelmintic action of salinomycin is primarily documented for species like coccidiosis,
more research is needed to explore its activity against monogeneans.

In our in vivo studies, single doses of 5 mg/kg and 10 mg/kg demonstrated effica-
cies of 31% and 57% against M. sebastis, respectively. At first glance, these percentages
might seem to indicate modest efficacy. However, the importance of these findings be-
comes evident when considering the limitations of single-dose administration and the
lower bounds of effective concentrations. Our study aimed to eliminate parasites without
causing significant harm to the host fish. High doses of anthelmintics can cause undue
stress in aquaculture populations and disrupt innate immune responses, highlighting
the im-portance of careful dosing [51]. Anthelmintic application in aquaculture usually
involves bathing or oral administration [52]. Notably, oral administration often requires
prolonged treatment durations. For instance, studies targeting the control of Cryptocaryon
irritans, a parasitic threat to Paralichthys olivaceus, confirmed enhanced survival rates when
salinomycin was orally given at a concentration of 200 ppm over two weeks [23]. Based
on this evidence, our findings corroborate the hypothesis that the efficacy of salinomycin
is dose-dependent, laying the groundwork for potential applications involving increased
salinomycin concentrations in future investigations.

Enzymes are instrumental in assessing farmed fish health through biochemical analysis
post drug treatment [53,54]. AST and ALT are primarily found in the blood and are associ-
ated with liver function, myocardial, and muscular activity [55,56]. Their concentrations
might increase due to leakage into the blood from damage to liver cells, the myocardium,
and skeletal muscles [57,58]. Because of these characteristics, they serve as safety indicators
in both terrestrial and aquatic animals exposed to drugs and harmful substances [59,60].
After orally administering salinomycin to Korean rockfish at a water temperature of 20 ◦C,
we observed no significant differences in ALT and AST levels post a single dose. The
lack of significant changes in ALT and AST levels post salinomycin administration might
suggest that this compound does not extensively damage liver cells, possibly due to the
rapid metabolism of salinomycin in the liver [61]. Similar to studies in which the oral
administration of albendazole in conjunction with a high-fat diet in rats limited severe
elevations in liver enzymes, the co-administration of omega-3 with salinomycin might have
mitigated the elevation of ALT and AST levels [62].

BUN, or blood urea nitrogen, provides an indirect evaluation of kidney function [63].
Elevated BUN levels can indicate kidney dysfunction [64]. In fish, BUN levels help detect
potential impairments in the gills and kidneys, which are primary sites for ammonia excre-
tion [65–67]. After orally administering salinomycin at a water temperature of 20 ◦C, we
noticed significant differences in BUN levels on the 14th day. Although BUN alterations
can be influenced by increased protein metabolic enzymes from liver activation when
concurrent increases in AST and ALT are observed, an alternate perspective to consider
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is metabolic clearance [68]. When a substance is introduced to the body, initial metabolic
responses could lead to temporary changes in certain serological markers. As the substance
undergoes metabolic processing and is cleared from the system, these markers can return
to baseline levels [64]. Such an effect aligns with the tendencies observed in calves admin-
istered salinomycin, where BUN demonstrated a delayed metabolic response compared
to other biochemical indicators [69]. In our study, the transient elevation in BUN levels
might hint at such a metabolic response, and its recovery by day 28 indicates that effective
clearance mechanisms are at play. Thus, the changes might stem from gill and kidney
function rather than solely from protein metabolism [65]. The transient nature of the BUN
alteration suggests that the potential damage, if any, is likely temporary.

CK-MB, an isoform of creatine kinase, is a biomarker for diagnosing myocardial in-
farction (MI) [70]. Elevated CK-MB serum concentrations indicate cardiac tissue injury [71].
Consequently, elevated serum concentrations of CK-MB serve as a reliable indicator of
cardiac tissue injury [72]. Prior research on terrestrial animals suggests that toxic doses
of salinomycin impact not only the liver, but also skeletal and cardiac muscles [60,73–75].
Unlike these studies, which observed persistent enzyme elevations at toxic doses in mam-
mals, our findings in Korean rockfish did not demonstrate such pronounced changes [76].
Specifically, CK-MB enzyme levels increased significantly when the fish were administered
salinomycin at M. sebastis’s MEC concentration and its double. However, by the 14th day,
these levels subsequently converged with the CK-MB levels of the control group, showing
no statistically significant difference. This contrast hints that the MEC and its double dosage
might not represent toxic doses for the Korean rockfish. Furthermore, considering the dis-
tinctions between the creatine kinase systems in fish and mammals, the observed elevation
in CK-MB levels between days 3 and 7 post-administration in our study could suggest a
different metabolic response from the immediate reactions observed in mammals [77]. To
further elucidate these effects, a comprehensive evaluation emphasizing histological tissue
stability is essential.

Contrary to previous studies on terrestrial animals like turkeys and camels, in which
a toxic dose of salinomycin resulted in sustained increases in biochemical markers such
as AST, ALT, BUN, and CK-MB, and higher mortality rates, our Korean rockfish study
showed no mortality at 5 mg/kg and 10 mg/kg concentrations [78,79]. These findings
are consistent with earlier fish studies, like in Sparus aurata, where a 6 mg/kg dose over
42 days neither caused mortality nor histological toxicity [80]. According to our results,
the salinomycin dosages used are not toxic to Korean rockfish. Despite no observed mor-
tality at these concentrations, more in-depth research is essential to understand transient
biochemical changes. Future research should delve deeper into the specific mechanisms
of how salinomycin impacts biochemical markers like BUN and CK-MB. It should also
examine salinomycin’s long-term effects, including potential growth inhibition, and explore
its pharmacokinetics, clearance, and other related physiological processes.

Water temperature influences the metabolism and behavior of aquatic organisms and
plays a crucial role in fish [81]. M. sebastis is most actively infected within the Korean
rockfish’s typical habitat temperature range, between 15 ◦C and 20 ◦C [4,5]. Prior research
suggests that salinomycin, used to prevent coccidiosis in poultry, is most effective when
administered before infection [23]. To determine salinomycin’s potential applicability for
Korean rockfish, it is essential to confirm its preventive administration’s stability at both
the optimal infection temperature of 20 ◦C and the pre-infection temperature of 13 ◦C. In
our study, we observed enzyme level patterns at the suboptimal water temperature of
13 ◦C, confirming no significant changes in AST, ALT, and BUN compared to the 13 ◦C
control group, with only a temporary change in CK-MB. The differences between 20 ◦C and
13 ◦C suggest metabolic changes based on water temperature, emphasizing the need for
dosage adjustments. This opens the possibility for the prophylactic application of the treat-
ment prior to the onset of M. sebastis infection during the initial stages of Korean rockfish
aquaculture. However, more research is needed to validate its efficacy for preventative use.
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Our study mainly highlights immediate effects, but a comprehensive understanding
of its effects requires evaluating salinomycin’s long-term impacts, especially as a feed
additive. This would address several environmental and health concerns raised by recent
studies [52,82,83]. Although our assessment relies heavily on enzymatic activity measure-
ments, a more accurate safety profile necessitates in-depth histological analyses and residue
characterization. Furthermore, the effect of salinomycin on non-target species, broader
ecosystems, and water quality remains unaddressed. Having established its effects on
M. sebastis infection, upcoming research should ensure that control strategies consider both
Korean rockfish’s aquacultural environment and practical industry applications.

5. Conclusions

In conclusion, this study explored M. sebastis’s susceptibility to salinomycin and as-
sessed the efficacy and safety of its oral administration for treating M. sebastis infections in
Korean rockfish. Our findings confirm that salinomycin exhibits dose-dependent efficacy
against M. sebastis and that the evaluated oral administration approach is potentially effec-
tive and safe. We also found that water temperature plays a crucial role in treatment safety,
with more stable enzyme patterns at 13 ◦C than at 20 ◦C. This research provides valuable
insights for developing parasite control strategies using salinomycin in Korean rockfish,
aiming to reduce adverse impacts on fish health and the environment. However, in-depth
research is crucial for understanding salinomycin’s long-term impacts and potential side
effects. Future studies should address this study’s limitations, such as the potential effects
on non-target species and water quality, and the need for comprehensive histopathological
evaluations.

Author Contributions: Conceptualization, W.-S.W., S.H.S., D.-H.K. and C.-I.P.; methodology, W.-S.W.;
formal analysis, W.-S.W., G.K., K.-H.K., M.-Y.S., S.H.S., S.L., J.K., J.-S.S., M.-G.K. and H.-J.S.; investi-
gation, W.-S.W.; resources, J.-S.S., M.-G.K. and C.-I.P.; writing—original draft preparation, W.-S.W.
and S.H.S.; writing—review and editing, W.-S.W., D.-H.K. and C.-I.P.; visualization, W.-S.W. and
S.H.S.; supervision, D.-H.K. and C.-I.P.; project administration, J.-S.S., M.-G.K. and C.-I.P.; funding
acquisition, J.-S.S., M.-G.K. and C.-I.P. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was funded by the Ministry of Oceans and Fisheries [grant number NFQS2023002].

Institutional Review Board Statement: All experimental protocols were performed following the
guidelines of the Institutional Animal Care and Use Committee of Gyeongsang National University
(approval number: GNU-220519-E0051).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. FAO. The State of World Fisheries and Aquaculture 2022; Towards Blue Transformation; FAO: Rome, Italy, 2022.
2. Shinn, A.; Pratoomyot, J.; Bron, J.; Paladini, G.; Brooker, E.E.; Brooker, A. Economic costs of protistan and metazoan parasites to

global mariculture. Parasitology 2015, 142, 196–270. [CrossRef]
3. Behringer, D.C.; Wood, C.L.; Krkošek, M.; Bushek, D. Disease in Fisheries and Aquaculture; Oxford University Press: Oxford, UK,

2020; Volume 183.
4. Choi, H.-S.; Jee, B.-Y.; Cho, M.-Y.; Park, M.-A. Monitoring of pathogens on the cultured Korean rockfish Sebastes schlegeli in the

marine cages farms of south sea area from 2006 to 2008. J. Fish Pathol. 2010, 23, 27–35.
5. Choi, H.-S.; Myoung, J.-I.; Park, M.; Cho, M.-Y. A Study on the summer mortality of Korean rockfish Sebastes schlegeli in Korea. J.

Fish Pathol. 2009, 22, 155–162.
6. Kang, G.H.; Cha, S.J. Monitoring of pathogens detected in cultured fishes of Gyeongnam in 2018. Korean J. Fish Aquat. Sci. 2019,

52, 539–546. [CrossRef]
7. Song, J.Y.; Kim, K.Y.; Choi, S.W. Occurrence and Molecular Identification of Microcotyle sebastis Isolated from Fish Farms of the

Korean Rockfish, Sebastes schlegelii. Korean J. Parasitol. 2021, 59, 89–95. [CrossRef] [PubMed]

https://doi.org/10.1017/S0031182014001437
https://doi.org/10.5657/KFAS.2019.0539
https://doi.org/10.3347/kjp.2021.59.1.89
https://www.ncbi.nlm.nih.gov/pubmed/33684992


Animals 2023, 13, 3233 12 of 14

8. Reed, P.; Francis-Floyd, R.; Klinger, R.; Petty, D. Monogenean parasites of fish. Fish. Aquat. Sci. 2009, 4, 1–4. [CrossRef]
9. Thoney, D.A. The Development and Ecology of the Oncomiracidium of Microcotyle sebastis (Platyhelminthes: Monogenea), a Gill

Parasite of the Black Rockfish. Trans. Am. Microsc. Soc. 1986, 105, 38–50. [CrossRef]
10. Thoney, D.A. Post-Larval Growth of Microcotyle sebastis (Platyhelminthes: Monogenea), a Gill Parasite of the Black Rockfish.

Trans. Am. Microsc. Soc. 1986, 105, 170–181. [CrossRef]
11. Kim, K.H.; Park, S.-I.; Jee, B.-Y. Efficacy of oral administration of praziquantel and mebendazole against Microcotyle sebastis

(Monogenea) infestation of cultured rockfish (Sebastes schlegeli). J. Fish Pathol. 1998, 33, 467–471. [CrossRef]
12. Bader, C.; Starling, D.E.; Jones, D.E.; Brewer, M.T. Use of praziquantel to control platyhelminth parasites of fish. J. Vet. Pharmacol.

Ther. 2019, 42, 139–153. [CrossRef] [PubMed]
13. Zorin, B.; Gibson-Kueh, S.; Zilberg, D. A novel treatment against the monogenean parasite, Gyrodactylus turnbulii, infecting

guppies (Poecilia reticulata), using a plant-based commercial insecticide Timor C. Aquaculture 2019, 501, 313–318. [CrossRef]
14. Greenberg, R.M.; Doenhoff, M.J. Chemotherapy and drug resistance in schistosomiasis and other trematode and cestode infections.

Antimicrob. Drug Resist. Mech. Drug Resist. 2017, 1, 705–734. [CrossRef]
15. Chelladurai, J.J.; Kifleyohannes, T.; Scott, J.; Brewer, M.T. Praziquantel resistance in the zoonotic cestode Dipylidium caninum. Am.

J. Trop. Med. Hyg. 2018, 99, 1201. [CrossRef]
16. Tinga, N.; Van De, N.; Vien, H.V.; Van Chau, L.; Toan, N.D.; Kager, P.A.; de Vries, P.J. Little effect of praziquantel or artemisinin on

clonorchiasis in Northern Vietnam. A pilot study. Trop. Med. Int. Health 1999, 4, 814–818. [CrossRef] [PubMed]
17. Lateef, M.; Zargar, S.A.; Khan, A.R.; Nazir, M.; Shoukat, A. Successful treatment of niclosamide-and praziquantel-resistant beef

tapeworm infection with nitazoxanide. Int. J. Infect. Dis. 2008, 12, 80–82. [CrossRef] [PubMed]
18. D’Alessandro, S.; Corbett, Y.; Ilboudo, D.P.; Misiano, P.; Dahiya, N.; Abay, S.M.; Habluetzel, A.; Grande, R.; Gismondo, M.R.;

Dechering, K.J. Salinomycin and other ionophores as a new class of antimalarial drugs with transmission-blocking activity.
Antimicrob. Agents Chemother. 2015, 59, 5135–5144. [CrossRef] [PubMed]

19. Huczyński, A.; Janczak, J.; Stefańska, J.; Antoszczak, M.; Brzezinski, B. Synthesis and antimicrobial activity of amide derivatives
of polyether antibiotic—Salinomycin. Bioorg. Med. Chem. Lett. 2012, 22, 4697–4702. [CrossRef]
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