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Abstract: Although modern analytical methods developed for monitoring antibiotics in several
biological matrices are easily available, none of them have been applied to evaluate the transfer
of tiamulin into sow milk. Therefore, this work was intended to analyse the concentrations of
tiamulin in milk samples collected from lactating sows during and after a treatment consisting of
three consecutive intramuscular applications of the antibiotic. The second aim of this investigation
was to determine tiamulin concentrations in serum samples obtained from suckling piglets ingesting
milk contaminated with the compound. Ultra-high-performance liquid chromatography coupled
with tandem mass spectrometry (UHPLC-MS/MS) was used to quantify the analyte in both matrices.
Our investigation proved tiamulin was transmitted into the milk of lactating sows. The mean
concentration of the antibiotic among samples collected 3 h after administration was 1043 pg/L. The
mean level of tiamulin on days 1 and 2 was 876 ug/L and 902 ug/L, respectively. The highest mean
concentration of the antibiotic (1061 ug/L) was observed in samples collected on day 3. The mean
concentration of the antibiotic in serum samples collected from 3-day-old piglets was 22.2 ug/L.
The association between their body weight and serum tiamulin concentration was not statistically
significant (p = 0.456).
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1. Introduction

Tiamulin is a semisynthetic derivative of a naturally occurring tricyclic diterpene an-
tibiotic pleuromutilin, a substance produced by the edible mushroom Clitophilus scyphoides
(formerly named Pleurotus mutilus) and some other species of fungi [1-3]. The antibiotic
was discovered in the 1950s in the USA [1]. A structural formula of tiamulin was elucidated
in the 1960s in the UK [4], and afterwards, the drug was patented in the late 1970s in the
same country [5]. Tiamulin, alongside valnemulin (the latter was introduced in 1999), is the
only pleuromutilin derivate currently accessible on the global veterinary medicine market.
Neither active substance is authorised for use in human medicine. Tiamulin is an important
antimicrobial agent, which is now commercially available under a broad variety of invented
names, either in water-soluble and premixed formulations of tiamulin hydrogen fumarate
or as injectable solutions containing purified sesame oil [6]. In general, the mechanism of
tiamulin bacteriostatic activity is highly specific and based on the selective inhibition of
bacterial translation achieved by binding to the 50S ribosomal subunit [7,8].

Tiamulin is a limited-spectrum antibiotic, with antibacterial properties characterised by
its high activity against Gram-positive bacteria, such as staphylococci and streptococci [9,10]; a
variety of mycoplasmata [9-15]; and spirochetes, such as Brachyspira spp. [16-18]. Moreover,
the drug presents selective activity against Gram-negative pathogens, such as Actinobacillus
pleuropneumoniae [19] and Lawsonia intracellularis, among others [20,21]. Therefore, the
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antibiotic is extensively used in the treatment and metaphylaxis of common pulmonary
and gastrointestinal diseases in food-producing animals caused by various bacterial agents,
mostly in pigs and to a lesser extent in poultry, with oral medications accounting for the
overwhelming majority of sales [22-25].

According to the available scientific literature, the antibiotic undergoes an extensive
metabolic pathway in swine [26,27], but some of the aspects of its clinical pharmacology
have not been adequately elucidated so far. Even though the accessible peer-reviewed
publications present detailed information about modern analytical methods (including
high-performance liquid chromatography—HPLC) developed for monitoring the antibiotic
in several biological matrices, such as animal tissues [3,26,28], cow milk [29], honey [30],
premixes and medicated feeds [31-33], soil [34], liquid manure [35], and swine wastew-
ater [36], these methods have not yet been fully utilised in order to shed light upon the
matter of some missing links in modern academic knowledge. Indeed, tiamulin serum
and tissue concentrations in pigs following oral and intramuscular administration have
been established empirically [3,27,37]; nevertheless, to the best of our knowledge, there is a
paucity of information from experimental data on the passage of the antibiotic in question
into sow milk.

For all the aforementioned reasons, the main purpose of the research described here-
inafter was to analyse the concentrations of tiamulin in milk samples collected from lac-
tating sows during and after a treatment (consisting of three consecutive intramuscular
applications of the antibiotic). The second purpose of the investigation was to determine
tiamulin concentrations in serum samples obtained from the sows’ progeny.

2. Results
2.1. Validation of the UHPLC-MS/MS Method

The tiamulin concentrations in the collected milk and serum samples were determined
using a validated analytical method. The performed method was sensitive, with satisfactory
recovery and precision. A good linear response for all matrix-matched calibration curves
was observed with 12 > 0.999. The linearity for milk was evaluated by preparing two matrix-
matched calibration curves in concentration ranges of 1-500 pg/L and 500-2000 pg/L. For
serum, a matrix-matched calibration curve was prepared as 1-300 pug/L. No matrix inter-
ferences were observed in the retention time of the target analyte. Figure 1 presents the
chromatograms of a blank milk sow sample, a sample fortified with tiamulin at a level of
10 ug/L, and a sample determined on the first day after medication. The coefficients of
variation, CVs, were less than 10% for repeatability and less than 15% for within-laboratory
reproducibility, indicating reproducible and repeatable validation results and the good
precision of the presented methods.

The validation results are presented in Table 1. The milk recovery was obtained in the
range of 94.0-107%, depending on the fortification level, while for serum, it was calculated
as 97.3-106%. The low values of LOQ =1 ug for milk and serum show the high sensitivity
of the method.

The simple sample preparation step of the presented method with the acetonitrile
extraction and filtration of samples with the usage of PVDF filters was found to be suitable
and labour-efficient for the analysis of tiamulin in many milk samples in a very short time.
For the analysis of tiamulin from serum, isolation with 0.5% formic acid and purification
with nanosep centrifugal filters were used with satisfactory results. The obtained vali-
dation calculations indicated that the developed methods are adequate for the reliable
quantification of tiamulin in sow milk and serum.

2.2. Detection and Quantification of Tiamulin

Individual and mean tiamulin concentrations in sow milk obtained during the trial are
presented in Figure 2. All 40 of the analysed milk samples that had been collected from five
sows between 3 h and 14 days following the first intramuscular application of the antibiotic
were tiamulin-positive. The mean concentration of the antibiotic among samples collected
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3 h after administration was 1043 pg/L, with a slight variation from 922 ug/L to 1190 ug/L.
The mean levels of tiamulin on days 1 and 2 were 876 ug/L and 902 ug/L, respectively. The
highest mean milk concentration of the antibiotic amid sows included in the investigation,
ie., 1061 pg/L with deviations in individuals varying from 922 ug/L to 1260 ug/L, was
observed on day 3. The mean concentrations of the active substance detected in sow milk
on days 4, 5, and 7 were significantly lower, reaching 660 ug/L, 388 ug/L, and 221 pg/L,
respectively. Tiamulin exhibited the lowest mean concentration in samples collected on
day 14 (12 ug/L). The concentrations of tiamulin in all the milk samples collected on day
22 were below the limit of quantification.
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Figure 1. Extracted ion chromatograms (EICs) of (A) blank milk sample, (B) tiamulin (TIAM) milk
sample fortified with 10 pg/L, and (C) milk sample obtained 1 day after the intramuscular injection
of a veterinary medicinal product with tiamulin at a concentration of 949 pug/L.
Table 1. Validation parameters of the method for the analysis of tiamulin in sow milk and serum.
Analvte Fortification Level Repeatability [%] Reproducibility [%] Recovery [%]
Y [ug/L] (n=6) (n=18) (n=18)
Milk
1.0 8.8 12.8 94.0
5.0 5.6 5.1 107
10 9.6 11.7 103
. . 100 8.4 124 105
Tiamulin
Serum
1.0 7.9 134 97.3
5.0 6.6 8.1 104
10 9.8 12.2 106

100 8.0 11.5 102
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Figure 2. Concentration of tiamulin in sow milk during and after treatment using 3 injectable daily
doses of 12 mg of the antibiotic per kg of body weight. * 3 h after the first injection.

The mean body weight among all 15 piglets subjected to the investigation was 1749 g
(ranging from 1330 g to 2245 g; SD 265 g). All the serum samples collected from the batch were
tiamulin-positive. The mean concentration of the antibiotic was 22.2 pug/L (SD 14.7 ug/L). The
values detected in individuals ranged from 1.9 ug/L to 55.6 ug/L. The Pearson correlation
indicated that there was a very small negative relationship between the weight of a piglet
and its body weight (v = 0.209); however, the association between the variables evaluated
in the study was not considered significant (p = 0.456).

3. Discussion

The results presented in this paper clearly demonstrate the effective passage of tia-
mulin into sow milk after an intramuscular application. An evaluation of samples collected
3 h after a deep intramuscular administration of 12 mg of the antibiotic per kg of body
weight resulted in a concentration of 1043 ug/L; therefore, the milk concentration-time
profile of the antibiotic after its application to lactating sows can be characterised by a rela-
tively rapid absorption plateau phase and a good distribution throughout the extravascular
compartment. Moreover, the injection followed by two redosings administered every 24 h
provided a 72-h-long phase marked by a stable level of the active substance in milk. The
mean milk concentrations evaluated on days 4 and 5 of the trial were 37.8% and 63.4%
lower than the mean value noted on day 3.

As specified in the drug information leaflet, tiamulin reaches its maximum plasma
concentration (i.e., 610 ug/L) 4 h post-injection [38]. The duplication of an analysis of
plasma concentrations employing a group of sows as a study model was outside the scope
of our research; nevertheless, having taken into consideration the official pharmacokinetic
data declared by the drug manufacturer, as well as the mean values detected in our
investigation, the prior mentioned milk concentration (that had been assessed 1 h before
the anticipated occurrence of the corresponding plasma peak) was found to be 1.71 times
higher than the most plausible maximum plasma concentration in the sampled sows.
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To the best of our knowledge, data on the excretion of tiamulin into sow milk have not
been published to date. Thus far, tiamulin milk concentrations were documented only for
ruminants, in which the values observed in milk samples were several times higher than
those detected in blood [29] (Table 2). Indeed, the highest mean concentration observed in
cow milk after the intramuscular application of 10 mg of tiamulin per kg of body weight
was 7.5 times higher than the mean peak serum concentration; however, the specimens were
collected from culled animals with partially functioning mammary glands. Considerable
similarities were observed in ewes and goats receiving the same dosage of the antibiotic.

Table 2. Concentrations of tiamulin in milk and blood after an intramuscular application of the
antibiotic in different species of food-producing animals.

Animals Tiamulin Mean Peak Mean Peak Milk Cmax to
Species Tested Dosage Serum Cmax Blood Cmax Blood Cmax Ref.
n mglkg ugl/L ugl/L ratio
Goats 23 10 560 2500 4.46 [29]
Ewes 8 10 640 7500 11.72 [29]
Sows 5 12 610 1043 1.72 [this study]

Theoretical ratios between milk and plasma concentrations of the active substance in
lactating sows could have been estimated using the Henderson-Hasselbalch equation [39],
although the reliability of the process appears to be severely limited by the lack of a previ-
ously proven agreement between concentrations of antibiotics anticipated exclusively on
calculations (on the basis of pH partitioning) and pharmacokinetic data (obtained using
empirical evidence based on an animal model). In other words, the usefulness of math-
ematically projected milk-to-serum ratios at equilibrium in swine seems to be dubitable
and requires further investigation focused on the fundamental principles of xenobiotics
permeability across swine mammary tissue along with additional factors affecting their
excretion in milk.

The present study showed that the administration of tiamulin to lactating sows re-
sulted in a low antibiotic concentration in serum specimens collected from suckling piglets
on day 3. Moreover, even though all the sampled animals had been provided with milk
contaminated with a stable level of tiamulin, the serum concentrations of the drug differed
markedly. The relatively high variation in the noted values among single piglets did not
significantly correlate with their body weight. The most plausible explanation for this
observation is the fluctuating consumption of milk caused by several underlying circum-
stances that were not investigated in our study, including disruptions of suckling patterns
in individuals and factors affecting circadian milk yield together with those influencing
milk availability in a specific gland.

Derivatives of pleuromutilin are not authorised to be used in ruminant production;
therefore, extrapolation of safety standards set for human consumption into suckling piglets
(obviously, taking into account the proportionally high ingestion of tiamulin-contaminated
milk combined with a relatively low body weight) would have been achievable only if
the veterinary authorities had established the maximum residue limits for the antibiotic in
question in cow milk, or in milk from some dairy species other than cattle.

Tiamulin is inactive against Enterobacteriaceae; however, low concentrations of the drug
have been found in vitro to have a considerable influence on the haemagglutinating prop-
erties of K88 and K99 Escherichia coli, including strains obtained from diarrhoeic neonatal
piglets [40]. It is noteworthy that the lowest concentration tested in the aforementioned
research that was found to still remain effective was 3 ng/L, which is approximately three
times higher than the mean value obtained from all the samples collected during the first
3 days of our investigation. Nevertheless, concentrations lower than 3 ng/L were not tested
in the cited work, so the influence on suckling piglets in our study remains speculative.
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Since neonatal diarrhoea is one of the key contributors to increased pre-weaning
mortality in swine [41-43], further actions elucidating the clinical consequences of tiamulin
application to lactating sows, including potential serendipitous effects accompanying the
procedure, as well as prospective deterioration caused by alterations in the intestinal
microbiota would definitively prove beneficial.

4. Materials and Methods
4.1. Animal Experiment and Sample Collection

The experiment was carried out in August and September 2022 on a sow farm (8000 Dan-
Bred sows) located in Poland. The sows were reared using a weekly farrowing system on a
slatted floor under conditions meeting the requirements of Council Directive 2008/120/EC
of 18 December 2008, which sets the minimum standards for the protection of pigs, and the
sows received regular wheat-based lactation feed in pellet form. The levels of protein, fat,
and fibre in the feed were 16.0%, 5.4%, and 4.3%, respectively.

A group of 5 randomly selected multiparous sows was used to evaluate the penetration
of tiamulin into sow milk. All the sows were given deep intramuscular injections of tiamulin
by a veterinarian at 12 mg of compound per kg of body weight for 3 consecutive days using
Tiamowet inj. (active substance in a concentration of 162.2 mg/mL; Vetoquinol Biowet
Sp. z 0.0., Gorzéw Wielkopolski, Poland). The treatment administered within the first day
postpartum was part of a program designed for the reduction of the vertical transmission
of Mycoplasma hyopneumoniae. The withdrawal time declared by the producer was 10 days.

With the purpose of evaluating the milk concentration-time profile of tiamulin in
lactating sows after the deep intramuscular application of the antibiotic, milk samples were
collected manually by a veterinarian 9 times: just before the drug administration; 3 h after;
and then at systematic intervals, i.e., 1,2, 3, 4, 5, 7, 14, and 22 days after the first injection.
Prior to the treatment, all sows had negative results for the presence of the antibiotic in
milk. Each 25 mL sample was expressed into a sterile plastic screw-top 100 mL specimen
jar, allowed to cool down, and stored at —19 °C until the analysis.

In order to assess the tiamulin concentration in the sera of suckling piglets ingesting
milk contaminated with the compound within 3 consecutive days, a total number of
15 randomly selected piglets from 3 litters (5 each born from sows 1, 2, and 3) were chosen
as the donors of the venous blood samples. To prove full traceability, all the piglets born
from the sows in the trial were ear tagged with an individual sow’s identification number.
The blood samples were obtained through the puncture of the cranial vena cava performed
by a veterinarian operating disposable 0.7 mm (22 G) needles and a 6 mL sterile vacuum
tube system containing a clot activator (MLVacuCol, Medlab-Products Sp. z 0.0., Raszyn,
Poland). The sera were separated after centrifugation. In pursuit of identification of a
correlation between serum drug concentrations in suckling piglets and their body weight,
all the sampled piglets were individually weighed immediately after blood collection using
a digital scale.

4.2. Animal Experiment and Sample Collection
4.2.1. Reagents, Chemicals, and Standards

All organic solvents used were of an analytical grade. The tiamulin fumarate stan-
dard and internal standard (IS) of sulfaphenazole were purchased from LGC Standards
(Teddington, Middlesex, UK). Acetonitrile was from ].T. Baker (Deventer, the Netherlands).
Heptafluorobutyric acid and formic acid were from Sigma-Aldrich (St. Louis, MO, USA).
Hydrophilic polyvinylidene fluoride (PVDF) membrane syringe filters, 0.22 um, were
provided by Restek (College, PA, USA). Nanosep centrifugal filters with 0.2 um of Bio-Inert
were from Pall Corporation (New York, NY, USA).

A tiamulin and sulfaphenazole stock standard solution at a concentration of 1000 pg/mL
in methanol was kept stable for 6 months by storing at —18 °C in the dark. Working solutions
were made in ultrapure water from a diluted stock solution and stored at 4-8 °C for 1 month.
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4.2.2. Sample Preparation and UHPLC-MS/MS Analysis

For the extraction of tiamulin from milk samples, an aliquot of 2 mL was deposited
into a polypropylene centrifuge tube, and the internal standard was added and briefly
vortex-mixed. Extraction was performed using 8 mL of acetonitrile. The samples were
vortex-mixed for 10 min and centrifuged at 3500 rpm for 15 min. Next, 6 mL of supernatant
was transferred to a glass tube and evaporated to dryness using a nitrogen stream at
45 °C. The dry residue was reconstituted in 0.6 mL of 0.025% HFBA, filtered through a
0.22 mm PVDF filter, transferred to an HPLC vial with a glass insert, and analysed using
UHPLC-MS/MS.

For the extraction of tiamulin from serum samples, 400 pL of 0.5% formic acid
was deposited into an Eppendorf tube, vortex-mixed, transferred to nanosep tubes with
0.2 um of Bio-Inert, and centrifuged for 15 min. The obtained extract was poured into a
chromatographic glass vial and analysed by UHPLC-MS/MS.

The analysis of tiamulin in milk and serum was carried out using ultra-high-performance
liquid chromatography with tandem mass spectrometry (UHPLC-MS/MS). The LC separation
was performed using a Shimadzu Nexera X2 UHPLC system (Shimadzu, Japan). For the milk
analysis, a Poroshel 120 EC-C18 column, 150 mm x 2.1 mm X 2.7 um (Agilent Technologies,
Santa Clara, CA, USA) with a mobile phase of 0.025% heptafluorobutyric acid in water
(solvent A) and acetonitrile (solvent B) was used. The gradient mode was as follows:
0-5.0 min at 5% of solvent B, 5.01-8.00 min after increasing to 80% of solvent B, and
8.01-10.0 min after decreasing to 50% of solvent B. The oven temperature was set at 35 °C
with a flow rate of 0.3 mL/min and injection volume of 5 uL. The LC analysis of tiamulin in
plasma was carried out using a Zorbax SB-C18 column, 50 mm x 2.1 mm X 1.8 um (Agilent
Technologies, USA) with a mobile phase of 0.025% heptafluorobutyric acid in water (solvent A)
and acetonitrile (solvent B). The gradient mode was as follows: 0—4.0 min at 10% of solvent B,
4.01-5.30 min after increasing to 80% of solvent B, and 5.31-7.0 min after decreasing to 10%
of solvent B. The oven temperature was set at 35 °C with a flow rate of 0.6 mL/min and
injection volume of 2 pL.

The monitored tiamulin and sulfaphenazole precursor — product ion pairs were
494 — 192/118 and 315 — 156, respectively. The established mass spectrometer parameters
were curtain gas (N2): 20; nebuliser gas (N2): 60; auxiliary gas: 65; ion spray voltage: 4500 V,
temperature: 450 °C. The MS/MS parameters for tiamulin were declustering potential (DP):
128 V; cell exit potential (CXP) for ion 1 and ion 2: 18 and 6 V, respectively; entrance potential
(EP): 10 V; and collision energy (CE) for ion 1 and ion 2: 30 and 56 V, respectively. For
sulfaphenazole as IS, the values were set at DP: 90 V; CE: 26 V; CXP: 15 V; and EP: 10 V.

4.2.3. Analytical Method Validation

The methods used in this study were validated according to the Commission Regu-
lation (EU) 2021/808 [44]. Validation was carried out for linearity, selectivity, precision
(repeatability and within-laboratory reproducibility), and recovery. As an additional step,
the limit of quantification (LOQ) was calculated. The lowest validated concentration of
the LOQ was established at S/N > 10. The linearity for milk was evaluated by preparing
two matrix-matched calibration curves in the concentration ranges of 1-500 pg/L and
500-2000 pg/L. For the serum, the matrix-matched calibration curve was prepared as
1-300 ug/L. Precision was evaluated by calculating the coefficients of variation (CVs, %)
at each fortification level. Repeatability and within-laboratory reproducibility were de-
termined via the analysis of 6 milk and 6 serum samples spiked with tiamulin at four
concentrations: 1, 5, 10, and 100 pg/L. Within-laboratory reproducibility was established
by different operators and days by analysing 3 sets of samples (n = 6), while repeatability
was determined by the same person on the same day.

Concentrations were calculated in reference to internal standards using a matrix-
matched calibration curve. Based on the results obtained in the precision study, the average
recovery was studied. The specificity of the method was determined by analysing 20 milk
and 20 serum samples.
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4.3. Statistical Evaluation

The statistical analysis was performed using Microsoft Excel 2019 (Microsoft Corpo-
ration, Redmont, WA, USA). A p value < 0.05 was considered significant. The Pearson
correlation coefficient was used to identify the relationship between the individual serum
concentration of tiamulin and the body weight of the tested piglets.

5. Conclusions

In the field of veterinary medicine, detailed data on antibiotics transfer into sow milk
are very limited. The results obtained in our investigation provide a thorough description
of the transmission of tiamulin into sow milk after deep intramuscular injections of the
antibiotic. The experiment provides valuable insight into veterinary pharmacology and
clearly illustrates the long-term exposure of suckling piglets to relatively low doses of
tiamulin; nevertheless, the potential biological effects of contaminated milk ingestion
remain obscure and require additional systematic research.

Author Contributions: Conceptualisation, P.C. and A.G.; methodology, A.G. and M.B; validation, P.C.,
A.G.,M.B. and A]; investigation, P.C., A.G. and M.B.; writing—original draft preparation, P.C., A.G.
and A J.; writing—review and editing, P.C. and A.G,; visualisation, P.C. and A.G.; supervision, PC., A.G.
and A.J. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Ethical review and approval were waived for this study, as
the analysed material originated from a routine procedure ordered by the farm owners.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: The valuable assistance of Richard Willmetts was greatly appreciated.
Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not available.

References

1.  Kavanagh, F; Hervey, A.; Robbins, W.]. Antibiotic substances from Basidiomycetes: VIII. Pleurotus Multilus (Fr.) Sacc. and
Pleurotus Passeckerianus Pilat. Proc. Natl. Acad. Sci. USA 1951, 37, 570-574. [CrossRef] [PubMed]

2. Knauseder, F,; Brandl, E. Pleuromutilins fermentation, structure and biosynthesis. . Antibiot. 1976, 29, 125-131. [CrossRef]

3. Laber, G; Schiitze, E. Blood level studies in chickens, turkey poults and swine with tiamulin, a new antibiotic. ]. Antibiot. 1977, 30,
1119-1122. [CrossRef] [PubMed]

4. Birch, AJ,; Holzapfel, C.W.; Rickards, R.W. The structure and some aspects of the biosynthesis of pleuromutilin. Tetrahedron 1966,
22,359-387. [CrossRef]

5. Espacenet Patent Search. Available online: https://worldwide.espacenet.com/publicationDetails /biblio?CC=gb&NR=2027590&
KC=&FT=E&locale=en_EP# (accessed on 20 February 2023).

6.  European Medicines Agency. Information on Medicines for Use in Animals That Are Authorised Anywhere in the European
Union (EU) and European Economic Area (EEA). Available online: https:/ /medicines.health.europa.eu/veterinary/en (accessed
on 20 February 2023).

7.  Hodgin, L.A.; Hogenauer, G. The mode of action of pleuromutilin derivatives. Effect on cell-free polypeptide synthesis. Eur. ].
Biochem. 1974, 47, 527-533. [CrossRef] [PubMed]

8.  Poulsen, S.M.; Karlsson, M.; Johansson, L.B.; Vester, B. The pleuromutilin drugs tiamulin and valnemulin bind to the RNA at the
peptidyl transferase centre on the ribosome. Mol. Microbiol. 2001, 41, 1091-1099. [CrossRef] [PubMed]

9.  Drews, ].; Georgopoulos, A.; Laber, G.; Schiitze, E.; Unger, ]. Antimicrobial activities of 81.723 hfu, a new pleuromutilin derivative.
Antimicrob. Agents Chemother. 1975, 7, 507-516. [CrossRef] [PubMed]

10. Chengappa, M.M.; Pace, L.W.; Williams, J.A.; Herren, C.H.; Ascher, S.E. Efficacy of tiamulin against experimentally induced
Streptococcus suis type-2 infection in swine. J. Am. Vet. Med. Assoc. 1990, 197, 1467-1470.

11. Baughn, C.O.; Alpaugh, W.C.; Linkenheimer, W.H.; Maplesden, D.C. Effect of tiamulin in chickens and turkeys infected
experimentally with avian Mycoplasma. Avian Dis. 1978, 22, 620-626. [CrossRef]

12.  Burch, D.G.; Goodwin, R.F. Use of tiamulin in a herd of pigs seriously affected with Mycoplasma hyosynoviae arthritis. Vet. Rec.

1984, 115, 594-595. [CrossRef]


https://doi.org/10.1073/pnas.37.9.570
https://www.ncbi.nlm.nih.gov/pubmed/16589015
https://doi.org/10.7164/antibiotics.29.125
https://doi.org/10.7164/antibiotics.30.1119
https://www.ncbi.nlm.nih.gov/pubmed/599086
https://doi.org/10.1016/S0040-4020(01)90949-4
https://worldwide.espacenet.com/publicationDetails/biblio?CC=gb&NR=2027590&KC=&FT=E&locale=en_EP#
https://worldwide.espacenet.com/publicationDetails/biblio?CC=gb&NR=2027590&KC=&FT=E&locale=en_EP#
https://medicines.health.europa.eu/veterinary/en
https://doi.org/10.1111/j.1432-1033.1974.tb03721.x
https://www.ncbi.nlm.nih.gov/pubmed/4611767
https://doi.org/10.1046/j.1365-2958.2001.02595.x
https://www.ncbi.nlm.nih.gov/pubmed/11555289
https://doi.org/10.1128/AAC.7.5.507
https://www.ncbi.nlm.nih.gov/pubmed/1170807
https://doi.org/10.2307/1589637
https://doi.org/10.1136/vr.115.23.594

Molecules 2023, 28, 6940 90of 10

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

Roberts, E.; Hammer, ].M.; Lechtenberg, K.; Roycroft, L.; King, S. Investigation of tiamulin hydrogen fumerate in-feed antibiotic for
the control of porcine respiratory disease complex that includes Mycoplasma hyopneumoniae. J. Swine Health Prod. 2011, 19, 218-225.
Jordan, ET.; Forrester, C.A.; Ripley, PH.; Burch, D.G. In vitro and in vivo comparisons of valnemulin, tiamulin, tylosin, en-
rofloxacin, and lincomycin/spectinomycin against Mycoplasma gallisepticum. Avian Dis. 1998, 42, 738-745. [CrossRef]

Elazab, S.T.; Elshater, N.S.; Hashem, Y.H.; Park, S.C.; Hsu, W.H. Tissue residues and pharmacokinetic/pharmacodynamic
modelling of tiamulin against Mycoplasma anatis in ducks. Front. Vet. Sci. 2020, 27, 603950. [CrossRef] [PubMed]

Fossi, M.; Saranpad, T.; Rautiainen, E. In vitro sensitivity of the swine Brachyspira species to tiamulin in Finland 1995-1997. Acta
Vet. Scand. 1999, 40, 355-358. [CrossRef]

Karlsson, M.; Gunnarsson, A.; Franklin, A. Susceptibility to pleuromutilins in Brachyspira (Serpulina) hyodysenteriae. Anim.
Health Res. Rev. 2001, 2, 59-65. [CrossRef] [PubMed]

Lobova, D.; Smola, J.; Cizek, A. Decreased susceptibility to tiamulin and valnemulin among Czech isolates of Brachyspira
hyodysenteriae. ]. Med. Microbiol. 2004, 53, 287-291. [CrossRef]

Aarestrup, EM.; Jensen, N.E. Susceptibility testing of Actinobacillus pleuropneumoniae in Denmark. Evaluation of three different
media of MIC-determinations and tablet diffusion tests. Vet. Microbiol. 1999, 64, 299-305. [CrossRef] [PubMed]

McOrist, S.; Gebhart, C.J. In vitro testing of antimicrobial agents for proliferative enteropathy (ileitis). Swine Health Prod. 1995, 3, 146-149.
McOrist, S.; Mackie, R.A.; Lawson, G.H.K. Antimicrobial susceptibility of Ileal Symbiont intracellularis isolated from pigs with
proliferative enteropathy. J. Clin. Microbiol. 1995, 22, 1314-1317. [CrossRef]

Islam, K.M.; Klein, U.; Burch, D.G. The activity and compatibility of the antibiotic tiamulin with other drugs in poultry medicine—A
review. Poult. Sci. 2009, 88, 2353-2359. [CrossRef] [PubMed]

Jensen, V.F.; Emborg, H.D.; Aarestrup, EM. Indications and patterns of therapeutic use of antimicrobial agents in the Danish pig
production from 2002 to 2008. J. Vet. Pharmacol. Ther. 2012, 35, 33—46. [CrossRef] [PubMed]

Van Duijkeren, E.; Greko, C.; Pringle, M.; Baptiste, K.E.; Catry, B.; Jukes, H.; Moreno, M.A.; Pomba, M.C.; Pyoril4, S.; Rantala, M.;
et al. Pleuromutilins: Use in food-producing animals in the European Union, development of resistance and impact on human
and animal health. ]. Antimicrob. Chemother. 2014, 69, 2022-2031. [CrossRef] [PubMed]

European Medicines Agency. Sales of Veterinary Antimicrobial Agents in 31 European Countries in 2019 and 2020. Trends from
2010 to 2020. Eleventh ESVAC Report. Available online: https://www.ema.europa.eu/documents/report/sales-veterinary-
antimicrobial-agents-31-european-countries-2019-2020-trends-2010-2020-eleventh_en.pdf (accessed on 20 February 2023).
Lykkeberg, A K.; Cornett, C.; Halling-Serensen, B.; Hansen, S.H. Isolation and structural elucidation of tiamulin metabolites
formed in liver microsomes of pigs. J. Pharm. Biomed. Anal. 2006, 42, 223-231. [CrossRef]

European Medicines Agency. EMEA /MRL /578 /99-FINAL-corr.1. August 1999. Committee for Veterinary Medicinal Products.
Tiamulin. Summary Report (1). Available online: https://www.ema.europa.eu/en/documents/mrl-report/tiamulin-summary-
report-1-committee-veterinary-medicinal-products_en.pdf (accessed on 20 February 2023).

Chen, H.-C.; Cheng, S.-H.; Tsai, Y.-H.; Hwang, D.-F. Determination of tiamulin residue in pork and chicken by solid phase
extraction and HPLC. JFDA 2006, 14, 80-83. [CrossRef]

Ziv, G.; Levisohn, S.L.; Bar-Moshe, B.; Bor, A.; Soback, S. Clinical pharmacology of tiamulin in ruminants. J. Vet. Pharmacol. Ther.
1983, 6, 23-32. [CrossRef]

Nozal, M.J.; Bernal, J.L.; Martin, M.T.; Jiménez, J.J.; Bernal, J.; Higes, M. Trace analysis of tiamulin in honey by liquid
chromatography-diode array-electrospray ionization mass spectrometry detection. J. Chromatogr. A 2006, 1116, 102-108. [Cross-
Ref] [PubMed]

Howard, D.; Cowen, T. Determination of tiamulin hydrogen fumarate in animal feeds using high-performance liquid chromatog-
raphy. Analyst 1982, 107, 319-323. [CrossRef]

Moore, D.B.; Britton, N.L.; Smallidge, R.L.; Riter, K.L. Determination of tiamulin in type C medicated swine feeds using high
throughput extraction with liquid chromatography. J. AOAC Int. 2002, 85, 533-540. [CrossRef]

Krasucka, D.; Mitura, A.; Cybulski, W.; Kos, K.; Pietrori,, W. Tiamulin hydrogen fumarate-veterinary uses and HPLC method of
determination in premixes and medicated feeding stuffs. Acta Pol. Pharm. 2010, 67, 682—685.

Schliisener, M.P.; Bester, K. Persistence of antibiotics such as macrolides, tiamulin and salinomycin in soil. Environ. Pollut. 2006,
143, 565-571. [CrossRef]

Schliisener, M.P,; Bester, K.; Spiteller, M. Determination of antibiotics such as macrolides, ionophores and tiamulin in liquid
manure by HPLC-MS/MS. Anal. Bioanal. Chem. 2003, 375, 942-947. [CrossRef]

Ben, W.; Qiang, Z.; Adams, C.; Zhang, H.; Chen, L. Simultaneous determination of sulfonamides, tetracyclines and tiamulin in
swine wastewater by solid-phase extraction and liquid chromatography-mass spectrometry. J. Chromatogr. A 2008, 1202, 173-180.
[CrossRef]

Dimitrova, D.; Katsarov, V.; Dimitrov, D.; Tsoneva, D. Pharmacokinetics of tiamulin and chlortetracycline after application of
tetramutin-premix in pigs. Agric. Sci. Technol. 2011, 3, 229-234.

Product Description. Available online: https:/ /www.vetoquinol.pl/products/tiamowet-injr (accessed on 20 February 2023).
Po, H.N; Senozan, N.M. The Henderson-Hasselbalch Equation: Its History and Limitations. J. Chem. Educ. 2001, 78, 1499-1503.
[CrossRef]

Larsen, L. Effect of subinhibitory concentrations of tiamulin on the haemagglutinating properties of fimbriated Escherichia coli
(K88, K99). Res. Vet. Sci. 1988, 45, 134-135. [CrossRef]


https://doi.org/10.2307/1592709
https://doi.org/10.3389/fvets.2020.603950
https://www.ncbi.nlm.nih.gov/pubmed/33330724
https://doi.org/10.1186/BF03547015
https://doi.org/10.1079/AHRR200118
https://www.ncbi.nlm.nih.gov/pubmed/11708748
https://doi.org/10.1099/jmm.0.05407-0
https://doi.org/10.1016/S0378-1135(97)00119-3
https://www.ncbi.nlm.nih.gov/pubmed/10063535
https://doi.org/10.1128/jcm.33.5.1314-1317.1995
https://doi.org/10.3382/ps.2009-00257
https://www.ncbi.nlm.nih.gov/pubmed/19834086
https://doi.org/10.1111/j.1365-2885.2011.01291.x
https://www.ncbi.nlm.nih.gov/pubmed/21564137
https://doi.org/10.1093/jac/dku123
https://www.ncbi.nlm.nih.gov/pubmed/24793902
https://www.ema.europa.eu/documents/report/sales-veterinary-antimicrobial-agents-31-european-countries-2019-2020-trends-2010-2020-eleventh_en.pdf
https://www.ema.europa.eu/documents/report/sales-veterinary-antimicrobial-agents-31-european-countries-2019-2020-trends-2010-2020-eleventh_en.pdf
https://doi.org/10.1016/j.jpba.2006.03.023
https://www.ema.europa.eu/en/documents/mrl-report/tiamulin-summary-report-1-committee-veterinary-medicinal-products_en.pdf
https://www.ema.europa.eu/en/documents/mrl-report/tiamulin-summary-report-1-committee-veterinary-medicinal-products_en.pdf
https://doi.org/10.38212/2224-6614.2497
https://doi.org/10.1111/j.1365-2885.1983.tb00451.x
https://doi.org/10.1016/j.chroma.2006.03.028
https://doi.org/10.1016/j.chroma.2006.03.028
https://www.ncbi.nlm.nih.gov/pubmed/16574136
https://doi.org/10.1039/an9820700319
https://doi.org/10.1093/jaoac/85.3.533
https://doi.org/10.1016/j.envpol.2005.10.049
https://doi.org/10.1007/s00216-003-1838-9
https://doi.org/10.1016/j.chroma.2008.07.014
https://www.vetoquinol.pl/products/tiamowet-injr
https://doi.org/10.1021/ed078p1499
https://doi.org/10.1016/S0034-5288(18)30911-1

Molecules 2023, 28, 6940 10 of 10

41.

42.

43.

44.

Tran, H.; Nguyen, L.; Ogle, B.; Lindberg, ]. Survey on the prevalence of diarrhoea in pre-weaning piglets and on feeding systems
as contributing risk factors in smallholdings in Central Vietnam. Trop. Anim. Health Prod. 2006, 38, 397—405.
Mesonero-Escuredo, S.; Strutzberg-Minder, K.; Casanovas, C.; Segales, J. Viral and bacterial investigations on the aetiology of
recurrent pig neonatal diarrhoea cases in Spain. Porc. Health Manag. 2018, 4, 5. [CrossRef] [PubMed]

Eleazar, A.N.; Sonibare, A.O.; Ojo, O.E.; Awoyomi, O.].; Otesile, E.B. A Survey of Neonatal Piglet Mortality in Commercial Pig
Farms in Lagos State, Southwest Nigeria. NV] 2021, 42, 238-251. [CrossRef]

European Commission. Commission Implementing Regulation (EU) 2021/808 of 22 March 2021 on the Performance of Analytical
Methods for Residues of Pharmacologically Active Substances Used in Food-Producing Animals and on the Interpretation of
Results as Well as on the Methods to Be Used for Sampling and Repealing Decisions 2002/657/EC and 98/179/EC. Off. ]. Eur.
Union L 2021, 180, 84-109.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1186/s40813-018-0083-8
https://www.ncbi.nlm.nih.gov/pubmed/29632701
https://doi.org/10.4314/nvj.v42i3.6

	Introduction 
	Results 
	Validation of the UHPLC-MS/MS Method 
	Detection and Quantification of Tiamulin 

	Discussion 
	Materials and Methods 
	Animal Experiment and Sample Collection 
	Animal Experiment and Sample Collection 
	Reagents, Chemicals, and Standards 
	Sample Preparation and UHPLC-MS/MS Analysis 
	Analytical Method Validation 

	Statistical Evaluation 

	Conclusions 
	References

