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Tiamulin (TML) has been studied and analyzed in pigs, cattle, chickens, ducks, and other domestic animals, however, its metabolic state in fish has not been well explored. This study investigated TML metabolism in Crucian carp (Carassius carassius). After intraperitoneal injection of TML into Crucian carp, ultra-high performance liquid chromatography with quadrupole and time-of-flight mass spectrometry (UPLC/Q-TOF MS) analysis, was conducted to identify TML metabolites. The UPLC/Q-TOF MS analysis and the relative molecular mass of the metabolites obtained from related literature identified five metabolites in Crucian carp. These metabolites were M1 (510.2908, C28H48NO5S+), M2 (510.2908, C28H48NO5S+), M3 (466.2750, C26H44NO4S+), M4 (482.2663, C26H44NO5S+), and M5 (482.2663, C26H44NO5S+). The enrichment and metabolism of TML and its metabolites in Crucian carp were investigated using the drug bath method combined with ultra-high performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS). TML exhibited an overall trend of an initial increase followed by a decrease. Moreover, the drug enrichment rate was fast and reached saturation after two days. The bioconcentration factor of TML in Crucian carp was 3.01. However, the drug had a slow elimination rate, with its complete metabolism occurring after 20 days.
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1 Introduction

Tiamulin (TML) is a semi-synthetic derivative of pleuromutilin, a naturally occurring diterpene antibiotic produced by the fungi Pleurotus mutilus and Clitopilus(Witkamp et al., 1996; Liu et al., 2021). It was discovered by Frederick Kavanagh in 1951 in the USA and was widely used after the 1960s(Kavanagh et al., 1951). TML exhibits higher in vitro and in vivo antimicrobial activities against gram-positive and gram-negative microorganisms(Hanson et al., 2002; Goethe et al., 2019). Therefore, it was mainly used as a prophylaxis for dysentery, pneumonia and, mycoplasmal infections in pigs and poultry(Cromwell and Stahly, 1985; Borak et al., 2020). TML has also been used as a growth promoter to enhance growth in animal feed(Schuhmacher et al., 2006). However, its misuse may cause residues in edible animal tissues, the residues of TML may cause other bacteria in the human body to mutate into drug-resistant bacteria, affecting the efficacy of antimicrobial agents. The emergence of these resistance genes in animals poses a potential threat to human medicine and increases the difficulty of prevention and treatment of human diseases(Wang et al., 2004; Duijkeren et al., 2009). Thus, the maximum residue limits (MRLs) of TML in edible tissues (100 μg kg−1 for muscle and 500 μg kg−1 for liver, respectively) have been established by the European Commission (EC), United States, and China.

Being an effective diterpene antibiotic, TML has recently gained attention in aquaculture. Several studies(Bosse and Post, 2010; Irgang and Avendaño-Herrera, 2022) showed that TML could prevent Tenacibaculosis caused by Tenacibaculum dicentrarchi in salmon and Yersinia rucheri in rainbow trout. Moreover, TML could also promote the growth of aquatic animals reducing their susceptibility to diseases. However, there are concerns about the pharmacokinetics and distribution of TML and its metabolites in pigs(Cambeiro-Pérez et al., 2020), cattle(Kriukova et al., 2020), chickens(Garmyn et al., 2017), and other livestock. There are few TML pharmacokinetics(Liu et al., 2021) and residue depletion studies(Cuiyv et al., 2021) in fish. A recent report(Sun et al., 2017) showed significant metabolic differences in TML in various farm animals, which aroused our interest in TML metabolites in fish. The types and distribution of TML metabolites in fish are still unknown, and whether they are consistent with those in terrestrial animals needs further studies.

Yang et al. (Yang et al., 2019) and Fu et al. (Fu et al., 2020) posit that Crucian carp (C. carassius) is one of the most significant freshwater fish species in China and serves as an excellent animal model for various toxicological studies. In this study, we first established a quantitative ultraperformance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) method for determining the TML and identified the TML metabolites using the quadrupole time-of-flight (Q-TOF) method. We further evaluated the bioconcentration, elimination and metabolism patterns of TML in fish using Crucian carp as the animal model. The results provide basic information for the food safety assessment of TML, and for appropriate TML usage in aquaculture.




2 Materials and methods



2.1 Chemicals and reagents

The Tiamulin and Tiamulin-13C4 Fumarate (internal standard, IS) were purchased from Sigma Company (USA). Chromatographically pure-grade methanol, acetonitrile, n-hexane, and ethyl acetate were supplied by Merck Company (Darmstadt, Germany). Formic acid and ammonium acetate (all chromatographic pure) were obtained from Sigma Company (USA). Ultrapure water was obtained from a Milli-Q Water Purification System (Millipore, Bedford, USA). Other chemicals were of analytical grade.




2.2 Animals

A total of 120 Crucian carps with a wet weight of 195 ± 20 g and a body length of 19 ± 1 cm were purchased from Lincheng Market (Zhoushan, China). The samples were analyzed by UPLC-MS/MS to ensure that they were free of TML residues. Dechlorinated tap water was subjected to 72 h of aeration and was used as experimental water. The water temperature was 26 ± 1°C and was kept in glass tanks under a 14/10 h light/dark cycle. The water was supplied with commercial fish food and changed once a day. The fish were reared under laboratory conditions for more than two weeks and were ensured to exhibit normal activity, good health, and disease-free during the rearing period, with natural mortality of less than 5%. All animal experiments were approved by the Animal Welfare Committee of Zhejiang Marine Fisheries Research Institute (Zhoushan, Zhejiang, China) (ID Number:2023-JG-01).




2.3 Instrumental conditions

UPLC-Q-TOF/MS conditions: TML and its metabolites were detected using an ACQUITY UPLC system (Waters Co., USA) coupled with a hybrid Q-TOF/MS (Waters, UK). TML metabolites were separated using the ACQUITY ultraperformance liquid chromatography system with an Acquity UPLC BEH C18 column (50 mm×2.1 mm, 1.7 μm particle size) (Waters, USA) at 40°C. The mobile phase (water containing 0.05% v/v formic acid and ammonium acetate 5 mmol L-1 (solvent A) and acetonitrile (solvent B) was pumped at 0.3 mL min-1. The gradient elution program was run as follows: 0-0.5 min, 20% solvent B; 0.5-1.5 min, 20-60% solvent B; 1.5-6.0 min, 60% solvent B; 6.0-7.0 min, 60-20% solvent B; 7.0-8.0 min, 20% solvent B (injection volume; 10 μL). The analyte was detected by MSe using electrospray (ESI) positive ion mode. LockSpray solution: leucine enkephalin (positive ion m/z 556.2771); Typical source conditions for maximum intensity of precursor ions were as follows: capillary voltage, 3.5 kV; source temperature, 119°C; desolvation temperature, 385°C; cone gas (N2) flow rate, 50 L h-1; desolvation gas (N2) flow rate, 600 L h-1. Data were acquired from 100 to 700 Da. Low energy data were acquired at a collision energy of 5 eV and high energy data using a ramped collision energy of 10−45 eV. Data processing was carried out using Metabolynx software (version 4.1).

UPLC-MS/MS conditions: Quantification of TML was performed on an Acquity UPLC unit coupled with a Quattro Premier XE mass spectrometer equipped with an electrospray ionization (ESI) source (Waters Co.). Chromatographic separation was achieved using a Waters BEH C18 UPLC column (2.1 mm   50 mm, 1.7 μm) at 40 °C. The mobile phase (water containing 0.05% v/v formic acid and ammonium acetate 5 mmol L-1 (solvent A) and acetonitrile (solvent B) was pumped at 0.3 mL min-1. The gradient elution program was run as follows: 0-0.5 min, 20% solvent B; 0.5-1.5 min, 20-30% solvent B; 1.5-4.0 min, 30-40% solvent B; 4.0-4.5 min, 40-20% solvent B; 4.5-5.0 min, 20% solvent B (injection volume; 10 μL). TML was quantified using multiple reaction monitoring (MRM) in the positive ESI mode and the optimized MS parameters were set as follows: capillary voltage, 3.5 kV; source temperature, 119°C; desolvation temperature, 385°C; cone gas (N2) flow rate, 50 L h-1; desolvation gas (N2) flow rate, 55 L h-1. Data acquisition and processing were operated through Masslynx V4.1 workstation. Individual cone and collision energy voltages, as well as multiple reaction monitoring mass transitions are summarized in Table 1.


Table 1 | Analyte and internal standard transition ions and associated mass spectrometric parameters.






2.4 Preparation of standard solutions and samples

Tiamulin stock solution (100 μg mL-1) was prepared in methanol. The stock solution was diluted in acetonitrile to prepare the working solutions which were further diluted in blank plasma to prepare the calibration standards at concentrations of 5, 20, 50, 200, 500, and 1000 ng mL-1. Each standard was spiked with the IS at 20 μg mL-1 concentration.

Weighed 2 ± 0.01 g of the homogeneous tissue samples into a 50 mL centrifuge tube and added 50 μL of 100 ng/mL IS and 10 mL of 2% formic acid-acetonitrile. The mixture was vortexed for 30 s and ultrasonically extracted for 10 min. The resulting solution was centrifuged at 4200  g for 10 min, and the supernatant was transferred into a 15 mL centrifuge tube for purification.

The Oasis MCX (3 mL, 60 mg) solid phase extraction column was activated with 3 mL of methanol and balanced with 2% formic acid water. The supernatant (10 mL) was then passed through the solid phase extraction column at a flow rate of 1-2 drops per second. After sample loading, the solid phase extraction column was eluted with 3 mL of 2% formic acid water, followed by the same volumes of methanol and n-hexane, and the residual liquid in the column was dried. The effluent was discarded, and the eluent was collected in a 15 mL centrifuge tube at a flow rate of 1 drop per second with 4 mL of 5% ammonia-methanol solution. The eluent was dried with nitrogen at 50°C in a water bath, after which 1.0 mL of 5 mmol L-1 ammonium acetate-acetonitrile (v/v=4:1) solution containing 0.05% formic acid was added. Finally, the eluent was filtered through a 0.22 μm organic phase filter membrane for further analysis.




2.5 Optimization of tiamulin extraction conditions

TML extraction conditions were investigated to achieve the best extraction in the shortest time possible. Four different solvents (2% formic acid-acetonitrile, acetonitrile, methanol and ethyl acetate) and two types of extraction columns (Oasis MCX SPE and Oasis HLB SPE columns) were used to extract the samples to be tested. Thereafter, the high and low recoveries of TML were compared to determine the solvent with an ideal extraction effect and the column with a good purification effect.




2.6 Method validation

The performance of the established method was assessed with reference to the validation for the bioanalytical methods of the US Food and Drug Administration(FDA) (U.S. Food and Drug Administration, 2018). The validation parameters included calibration curves, accuracy, recovery, precision, dilution accuracy, limits of detection (LODs) and limit of quantification (LOQs).




2.7 Pharmacokinetics



2.7.1 Tissue distribution of tiamulin in Crucian carp

Sixty Crucian carps were randomly selected and set as the TML treatment group. Four plastic tanks were set for treatment, each containing 40 L of water and 15 organisms. Two parallel control groups were set up. We intraperitoneally injected 1 mL of 10 μg mL-1 TML into the Crucian carp in the treatment tanks, and the blank control groups were injected with the same dose of saline. Three fish were randomly collected from each group at 0.1, 0.5, 1, 4, 12, 24, 72 and 96 h after treatment administration. Each individual fish was randomly selected from separate glass tanks as a replicate. The collected fish were used for heart, liver, spleen, kidney, skin, gallbladder, gill, intestine, gonad, muscle, and plasma sampling using anatomical tools. The sampled tissues were weighed and stored at -20°C for the UPLC/Q-TOF MS analysis.




2.7.2 Enrichment and metabolism of tiamulin in Crucian carp

The drug treatment concentration for the pre-experiment was 600 ng mL-1. The experiment was conducted in three glass tanks, each containing 20 Crucian carps in 10 L of liquor. Two parallel control groups were also set up. Unlike the drug bath treatment groups, the blank control groups were not treated with drugs. The water was changed daily, followed by drug administration The drug bath exposure treatment was conducted for 7 days, after which the drug exposure treatment and the blank control groups were reared in clean water for a two-week purification. The water was changed once a day. The sampling time points were set to 1, 2, 3, 5, 7, 8, 9, 11, 14, and 21 days after the treatment. A fish was collected from each tank and washed with tap water after dechlorination, and the excess water on the fish surface was bolt-dried with absorbent paper, followed by weighing the fish. For the drug exposure treatment, 1 mL of the treatment water was collected at 1, 2, 3, 5, 7, 8, 9, 11, 14, and 21 days before administration, and frozen at -20°C for subsequent concentration analysis. Each individual fish was randomly selected from separate glass tanks as a replicate, and subsequently the whole fish of crucian carp fish were homogenized for experimental processing.

The bioconcentration factor (BCF) refers to the ratio of the compound concentration in the organism to that dissolved in water. The formula was BCF=Cf/Cw, where, when the bioaccumulation reaches equilibrium. Cf is the TML concentration in fish, and Cw represents the TML concentration in water. The half-life (T1/2) of the drug reflects its metabolic status and is calculated by the formula: T1/2 = 0.693/k; k=-(InC0-InC)/t, where T1/2 is the half-life of the drug; k is the elimination rate constant; C0 and C are the drug concentrations of the drug elimination curve; t is the time difference corresponding to the two concentrations.





2.8 Data analysis

Results are presented as mean ± st.dev. The levels of significance were set at P< 0.05. The SPSS version 25.0 (International Business Machines Corporation, Armonk, NY, USA) was used for the statistical analysis.





3 Results and discussion



3.1 Method validation

The standard calibration curve of the TML had a good linear correlation over the range of 5-1000 ng mL-1 with the weighted R2 of 0.9964, indicating that the method had a high selectivity with no interferences. The regression equation was: y=2.87543x+5.00915. Moreover, sample concentrations of S/N=3 and S/N=10 were selected as the LOD and LOQ of the method, respectively. The results showed that the LOD and LOQ of TML were 0.03 μg kg-1 and 0.1 μg kg-1, respectively. The recoveries of TML in the muscle, liver and intestine ranged from 80.35 to 108.24% (Table 2). Thus, the method had a high accuracy and good reproducibility for TML quantification in the muscle and liver tissues of Crucian carp (Cuiyv et al., 2021).


Table 2 | Intra-day/inter-day precision, extraction recovery of TML in Crucian carp muscle, liver, and intestine (n=3).



Tiamulin can be quantified based on the calibration curve of a commercial standard using the UPLC method. However, without a standard, the metabolite quantity can be calculated using the ratio of the metabolite peak area to the wet weight of the sampled tissue. This method (Zalko et al., 2006) has been widely used to analyze metabolites with similar ionization efficiency in mass-spectrometry. Therefore, we established and validated the method by adding TML standard solutions to blank samples, which can be used to quantify TML and assess its metabolite conversion via the semi-quantitative relative abundance (Tan et al., 2020).

To detect TML and its metabolites in biological samples accurately, we performed sample pretreatment to remove interferences. In this study, we established a modified method using different extraction columns and extraction solvents to improve extraction efficiency. TML recovery results are shown in Figure 1. TML recovery using 2% formic acid-acetonitrile, acetonitrile and ethyl acetate was higher, but the average recovery by acetonitrile extraction using the Oasis MCX SPE column was much higher (more than 100%). This indicated that the recovery was influenced by matrix effects. The recoveries of both columns using methanol were very low and did not meet the requirements. When the Oasis HLB SPE column was used for the extraction, pigment deposition occurred, and the color gradually deepened with the increased loading volume, eventually leading to the blockage of the solid phase extraction column and causing losses. In summary, the samples were ultimately extracted with 2% formic acid-acetonitrile, processed by ultrasonic centrifugation, and purified by passing through the Oasis MCX SPE column (Yin et al., 2016).




Figure 1 | Recoveries of TML by different extraction columns (Oasis MCX SPE and Oasis HLB SPE columns) and extraction solvents (2% formic acid-acetonitrile, acetonitrile, methanol, and ethyl acetate) in fish samples spiked at 50 ng mL-1.



Ciucă et al. (Ciucă et al., 2023) established a high-performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) method for analyzing TML residues in pig, rabbit and poultry tissues. The recoveries of samples with 0.5, 1 and 1.5 maximum residue limits exceeded 75.0%, and the coefficient of variation was less than 15%. Moreover, You et al. (You et al., 2021) proposed a label-free electrochemical immunosensor for sensitively detecting TML in pork. TML concentration showed a good linear relationship in the range of 0.05-100 ng mL-1, and its detection limit was 0.04 ng mL-1, with high accuracy. However, the recovery and sensitivity of our method were higher than those of these two methods and thus provides an effective methodology for TML detection in fish.




3.2 Metabolism of tiamulin in Crucian carp

Various tissues were isolated from Crucian carp after the intraperitoneal injection administration. The analysis was performed using high-performance liquid chromatography with quadrupole time-of-flight mass spectrometry (UPLC/Q-TOF MS). Five TML metabolites were identified in Crucian carp tissues based on their relative molecular masses and relevant literature information from MS/MS data. These metabolites included M1 (510.2908, C28H48NO5S+), M2 (510.2908, C28H48NO5S+), M3 (466.2750, C26H44NO4S+), M4 (482.2663, C26H44NO5S+), and M5 (482.2663, C26H44NO5S+). The secondary scanning mass spectra of these five metabolites and their MS/MS fragment ion analysis are shown in Figures 2A–C.




Figure 2 | Mass spectra (A–C) and chromatograms (D) of the five tiamulin metabolites in Crucian carp tissues.



Sun et al. (Sun et al., 2017) used UPLC/Q-TOF MS for in vitro and in vivo identification of TML metabolites in different farm animals such as rats, chickens, pigs, goats and dairy cows. A total of 26 tiamulin metabolites were identified in vitro and in vivo. However, we only detected five TML metabolites in Crucian carp, showing the differences in the amount of TML metabolites among species.

Kolanczyk et al. (Kolanczyk et al., 2018) suggested that mammals generally exhibit a greater abundance of drug metabolites compared to fish. Figure 2 shows the chromatograms of the five TML metabolites in Crucian carp tissues. The m/z values of M1 and M2 were both 510.2908, with an error of 1.1-3.8 ppm between the calculated and measured values, indicating that the metabolites were products of hydroxylation or partial oxidation of nitrogen and sulfur. The retention times of the metabolites on the chromatograms differed due to their different reaction sites. The elemental composition of M3 was C26H44NO4S+ (m/z 466.2750), and compared with TML, M3 decreased by one ethyl group (C2H4), suggesting that M3 may be a de ethyl TML. M4 and M5 contained C26H44NO5S+ with m/z values of 482.2663, 16 Da higher than M3. This indicated that these metabolites were hydroxylated or oxidized products of M3.




3.3 Tissue-specific distribution

The tissue-specific distribution of TML in crucian carp are shown in Figure 3. TML distribution in the collected tissues (heart, liver, spleen, kidney, skin, gallbladder, gill, intestine, gonads, muscle, and plasma) was significantly different. The highest TML concentrations were found in the gills at 0.5 h but were not detected in the skin and gall bladder. TML concentration showed an initial increase, followed by a decreasing trend in all tissues except the heart (Yang et al., 2022).




Figure 3 | Content of tiamulin in various Crucian carp tissues.



Shang et al. (Shang et al., 2010) found that 90% of the orally administered TML was absorbed in the intestinal canal of pigs within a very short time, and the peak blood concentration could be reached at 2-4 h; however, the highest liver content was observed after absorption. In contrast, in this study, the intraperitoneally administered TML was distributed to the heart with sufficient oxygen supply in a short period, and the highest concentration of the drug was reached at 0.5 h in the gills. We infer that some drugs are enriched in the gills through blood circulation, which are important metabolic tissues for these drugs. Some studies also support our viewpoint. Ling et al. (Ling et al., 2016) found certain residues of the sanguinarine in the gills of common carp during the pharmacokinetic evaluation experiment of intraperitoneal injection of sanguinarine.




3.4 Enrichment and metabolism of tiamulin in Crucian carp

As shown in Figure 4A, TML was rapidly incorporated into the fish body in the first three days of the drug bath treatment, and the drug concentration increased rapidly to a peak of 1927.42 ng g-1. After the third day, TML was saturated, and its concentration remained the same in Crucian carp, possibly because in an equilibrium state, complete saturation occurs quickly at higher exposure concentrations. However, after the 7th day (the end of the drug bath treatment), the TML concentration exhibited a significant downward trend. On the 8th day, the drug concentration decreased to 1323.68 ng g-1 and continued to decrease gradually on the subsequent days, reaching 55.33 ng g-1 on the 21st day, thus indicating the drug had been metabolized.




Figure 4 | Concentration-time curves of TML (A) and peak areas of extraction chromatograms of TML metabolites (B) detected in in vivo of Crucian carp..



This was similar to fenoxaprop-ethyl enrichment and metabolism in zebrafish (Xu et al., 2019). In the accumulation stage, the drug concentration in the fish showed a positive correlation with time. When the drug reaches a certain concentration in the body, it rapidly begins to enter the elimination stage until it is completely metabolized. The metabolic trends of the five metabolites were consistent with those of TML. As shown in Figure 4B, the two metabolites with the highest peak areas were M1 and M3. The overall change trend of the five metabolites also involved an initial increase followed by a decrease, reflecting the absorption and release process of tiamulin in Crucian carp (Liu et al., 2014).

The bioconcentration factor (BCF) determines the enrichment and accumulation trend of organic compounds in organisms. The BCF of TML in Crucian carp was 3.01, much lower than that of most heavy metals in fish. Xu et al. (Xu et al., 2020) determined the accumulation of Cr, As, Cd, Pb, Zn, Cu, Ni, and Hg in eight types of fish obtained from six caves. The results showed that the BCFs of these metals were all greater than 5000. Furthermore, Cui et al. (Cui et al., 2023) studied the enrichment and metabolism of organophosphorus pesticide malathion and its metabolites in zebrafish. The BCF of zebrafish was 12.9 after 15 days of exposure to the pesticide. These differences in the BCFs may be related to drug solubility in water or its metabolism degree in fish. The water solubility of TML is better than that of malathion, resulting in higher drug concentrations in water but with a lower BCF.

The half-life (T1/2) of the drug reflects its metabolic status in the case of the TML tested in the Crucian carp was of 3.74 d. Peng et al. (Peng et al., 2021) found that the half-life of the nonylphenol in zebrafish was 1.75-2.45 d. Xu et al. (Xu et al., 2019) found that the half-life of the fenoxaprop-ethyl in zebrafish was 0.92-1.72 d. The metabolism of TML was slower in crucian carp compared to other compounds. And the tissue-specific distribution experiment showed that the TML was eliminated within 24 h of the administration but was not completely eliminated by the second week of purification experiment. This indicates that the same drug could exhibit different half-lives under different administration methods or dose conditions.





4 Conclusion

This study developed a preliminary method for detecting TML, a truncated pleuromutilin antibiotic, in fish tissues. The extraction conditions of TML were evaluated and optimized using four extraction solvents and two extraction columns to determine the suitable method. TML was injected intraperitoneally into Crucian carp, and five TML metabolites were identified from Crucian carp tissues using the UPLC/Q-TOF MS technique based on related literature. The drug bath treatment was used to determine the enrichment and release pattern of TML in Crucian carp. The enrichment efficiency of TML was higher on the first day, and reached saturation on the second day. TML had a slow metabolic rate with its complete metabolism occurring after 20 days. Based on these results, we provide a reference for the TML absorption and metabolism mechanism in fish. However, further in-depth research is needed to explore the application prospect of TML in fish biology.
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