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Introduction: Actinobacillus pleuropneumoniae (APP) is a serious pathogen that affects the development of livestock breeding. Due to excessive use of antimicrobial drugs, many multidrug-resistant bacteria have emerged and spread, which have threatened the livestock industry. Therefore, we established a peristaltic pump infection model (PPIM) to evaluate the susceptibility change and pharmacokinetic/pharmacodynamic (PK/PD) integration of tulathromycin against APP during the mutant selection window (MSW) for preventing the emergence of mutant-resistant bacteria.

Methods: The 99% minimum inhibitory concentration (MIC99) and mutant prevention concentration (MPC) of tulathromycin against APP were measured using the agar-plate method. After the model of dynamic infection had been established based on tulathromycin data in lungs, different dosages were administered to make the drug concentrations located in different parts of the MSW. The population and sensitivity of APP were monitored. Tulathromycin concentrations were measured by high-performance liquid chromatography-tandem mass spectrometry. Finally, a sigmoid Emax model was used to analyze the relationships between PK/PD parameters and antibacterial effects.

Results and discussion: The values of MIC, MIC99, and MPC of tulathromycin against APP were 2, 1.4, and 44.8 μg/mL, respectively. The PPIM was stable. An elimination effect without regrowth was observed at 5.6 to 44.8 μg/mL (−4.48 to −7.05 Log10 CFU/mL, respectively). The MIC of APP increased 32-fold at 8 MIC99. AUC168 h/MIC99 had the best fit with the antibacterial effect (R2 = 0.9867). The AUC168 h/MIC99 required to achieve bacteriostatic, bactericidal, and clearance effects were 1.80, 87.42, and 198 h, respectively. Our results could provide guidance for the clinical application of tulathromycin to treat APP infection and avoid the generation of drug-resistant bacteria.
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1 Introduction

Actinobacillus pleuropneumoniae (APP) can cause porcine contagious pleuropneumonia (PCP). The latter can result in the mass death of pigs worldwide, which would seriously affect the pig-production industry and cause huge economic losses (1–4).

Vaccination is an effective strategy for preventing PCP. However, APP has many serotypes, and cross-protection is poor (5, 6). Therefore, antimicrobial drugs (e.g., cephalosporins, fluoroquinolones, and macrolides) are commonly used to treat PCP.

However, excessive application of antimicrobial agents has led to the emergence of multidrug resistant (MDR) bacteria (7, 8). The common solutions to address MDR include the development of new drugs, reformation of susceptibility breakpoints, drug combinations, and optimization of dosage regimens. However, the time required to develop new drugs cannot keep pace with the speed at which bacteria develop resistance. Therefore, it is a more practical approach to preventing the generation of resistant bacteria by optimizing the dosage regimen based on the integration between the pharmacokinetic/pharmacodynamic (PK/PD) parameters and antibacterial effect (9–12).

The mutant selection window (MSW) represents a range of drug concentrations between the minimum inhibitory concentration (MIC) and mutant prevention concentration (MPC). Analyses of the relationships between MIC-based or MPC-based PK/PD parameters and changes in bacterial sensitivity are important for inhibiting the generation and spread of drug-resistant bacteria (13–16).

Tulathromycin is a macrolide drug approved for the treatment of respiratory diseases in pigs. The PK/PD of tulathromycin against APP has been analyzed in tissue-cage fluid from piglets (17). However, the PK characteristics of tulathromycin in tissue-cage fluid from pigs are obviously different from those in lung tissue (target tissue of APP infection). In addition, establishing a lung-infection model in pigs is difficult. The use of a peristaltic pump to simulate the PK of target tissue could be an important solution for PK/PD integration (14, 18). Moreover, in our previous study, we found that the MSW of tulathromycin against APP was wider (1.4, and 44.8 μg/mL) compared with cephalosporins and fluoroquinolones which more easily result drug resistance mutations. Therefore, it is very necessary to carry out drug resistance prevention study of tulathromycin against APP.

Therefore, in this study, we aimed to establish a peristaltic pump infection model (PPIM) according to the PK of tulathromycin in pig lungs. We wished to analyze the changes in bacterial sensitivity within and outside the MSW as well as the antibacterial effect of tulathromycin against APP. Our results could guide the formulation of dosage regimens to prevent the emergence and spread of resistant pathogens.



2 Materials and methods


2.1 Bacteria, reagents and equipment

The standard strain of APP CVCC259 and Staphylococcus aureus ATCC29213 were purchased from the China Veterinary Culture Collection Center (Qingdao, China). Tulathromycin powder (99.8%) was provided by Shandong Lukang Shelile Pharmaceuticals (Shandong, China). Tryptic soy broth (TSB) and Mueller–Hinton agar (MHA) were provided by Guangdong Huankai Microbiology Technology (Guangdong, China). Nicotinamide adenine dinucleotide (NAD) was sourced from Beijing Puboxin Biotechnology (Beijing, China). Fetal bovine serum (FBS) was provided by Guangzhou Ruite (Guangzhou, China). A peristaltic pump (BT100-1F), pump head (DG-2-B/D, 10 rollers), ratchet card, and rubber hose (inner diameter ≤ 3.17 mm, wall thickness = 0.8–1 mm) were purchased from Baoding Lange Constant Current Pump (Baoding, China). A fiber dialysis tube (Float A-Lyzer, 1000 KD, 10 mL) was purchased from MilliporeSigma (Burlington, MA, USA).



2.2 Detection of MIC, MIC99, and MPC

APP was cultured in TSB and MHA supplemented with 4% FBS and 1% NAD and placed in an incubator or shaker (180–200 rpm) at 37°C in an atmosphere of 5% CO2.

For the counting of APP populations, the original bacterial solution was serially diluted (10-fold) from 10−1 to 10−6. Then, 20 μL of each dilution was inoculated into MHA and cultured for 18–20 h. The number of bacteria (colony-forming unit (CFU)/mL) was determined with a limit of detection of 50 CFU/mL.

For MIC determination, logarithmic-phase bacterial suspensions containing APP at 106 CFU/mL were inoculated into drug-containing MHA (2-fold dilution from 0.125 to 16 μg/mL) and cultured for 18–20 h. The minimum drug concentration without bacterial growth was defined as the MIC.

For MIC99 determination, drug containing MHA was prepared at a MIC from 90 to 50% (10% linear dilution). Logarithmic-phase APP was serially diluted (10-fold) from 10−6 to 10−1 CFU/mL, inoculated into blank and drug-containing MHA, and cultured for 18–20 h. The MIC99 was calculated as the concentration that inhibited the growth of bacteria by 99%.

For MPC determination, drug containing MHA at 1–16 MIC was prepared. Logarithmic-phase APP (100 mL) were enriched by centrifugation (5,000 × g, 20 min, 4°C) and resuspended in 1 mL of TSB to make the final suspension of 1.5 × 1011 CFU/mL. The bacterial suspension (100 μL) was inoculated into drug-containing MHA and cultured for 72 h. The minimum drug concentration without bacterial growth was defined as the MPCpr. Then, drug-containing MHA was prepared from 1 to 50% MPCpr by a 10% linear decrease, and tested as the MPCpr method to determine the MPC.



2.3 PPIM establishment

The PPIM was established according to our previous method (18). Briefly, the central chamber was a three-neck bottle and placed in a beaker containing water on a constant-temperature magnetic stirrer (100 rpm, 37°C). The two side-arms were connected by peristaltic pumps and rubber tubes to a storage chamber (fresh TSB culture medium) and an elimination chamber (for collection of waste liquid), respectively. The inner part of the middle arm was connected to a dialysis tube containing bacterial solution (10 mL) and used to administer drugs and collect samples for measurement of the drug concentration and APP population. The flow rate (Q) was set according to the following formula:
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where Kel is the elimination rate constant, t1/2β is the terminal half-life, and Vc is the volume of the TSB and dialysis tube in the central chamber. We defined t1/2β as 142 h according to the value reported by Benchaoui et al. (19). After the flow rate had been set, the device was run for 2 h to stabilize. Then, logarithmic-phase APP (108 CFU/mL) were added to the dialysis tube.



2.4 MIC of APP and measurement of drug concentration

According to MIC99 and MPC, eight dosing groups (0, 0.7, 1.4, 2.8, 5.6, 11.2, 22.4, and 44.8 μg/mL) were applied. We needed to balance the drug concentration in the dialysis tube rapidly. Hence, at the beginning of the test, an identical drug dose was added to the central chamber and dialysis chamber simultaneously. Then, 0.1 mL of the bacterial suspension from the dialysis chamber and 1 mL from the central chamber were collected at 0, 1, 3, 6, 9, 12, 24, 36, 48, 72, 96, 120, 144, and 168 h. The same volume of blank TSB was added to make the final volume identical. The number of APP were counted by the agar-plate method. The drug concentration was measured using high-performance liquid chromatography–tandem mass spectrometry (HPLC-MS/MS). Then, time–kill curves and drug concentration–time curves were created.

To monitor changes in APP susceptibility, the MIC was detected at 24, 36, 48, 72, 96, 120, 144, and 168 h by the agar-plate method. The ratio of bacterial MIC before and every 24 h after drug administration (MICfinal/MICinitial) was calculated, and MICfinal/MICinitial–time curves were created.

For measurement of the drug concentration, equal volumes of sample and acetonitrile were mixed and centrifuged (12,000 × g, 10 min, 4°C). Then, the supernatant (200 μL) was added to the mobile phase (800 μL), vortex-mixed, and passed through a 0.22-μm filter membrane for analysis by HPLC-MS/MS according to a protocol described previously (17). The limit of detection and limit of quantification were 5 and 10 ng/mL, respectively.



2.5 PK/PD analysis

The PK parameters AUC168 h (area under the curve between 0 h to 168 h) and Cmax (maximum concentration) were analyzed using a non-compartment model in WinNonlin.1

The antibacterial effect (I) was calculated as the maximum change in population (Log10 CFU/mL) over 168 h.

The PK/PD parameters AUC168 h/MIC99 and Cmax/MIC99 were calculated as the PK value divided by the MIC99. Also, %T > MIC99 (percentage of time that the tulathromycin concentration was above the MIC99 during 168 h) was obtained by PD-model analysis in WinNonlin.

The relationship between PK/PD parameters and I was analyzed using the inhibitory sigmoid Emax mode. The correlation coefficient (R2) was applied to represent the degree of fitting relationship (greater values reflect better correlation) according to the following formula:
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where I represents the antibacterial effect as the change in bacterial count in different concentrations of drugs within 168 h (Log10 CFU/mL); Imax is the maximum antibacterial effect; I0 is the bacterial change in the blank group; Ce represents the PK/PD parameters AUC168 h/MIC99, Cmax/MIC99, and %T > MIC99; IC50 is the value of PK/PD parameters required to reach half of Imax; N is the Hill coefficient, which represents the slope of the curve fitting PK/PD parameter and I.

According to the values of PK/PD parameters obtained, the PK/PD parameter values required to achieve bacteriostatic (0 Log10 CFU/mL reduction), bactericidal (3 Log10 CFU/mL), and elimination (4 Log10 CFU/mL) effects were calculated.




3 Results


3.1 MIC, MIC99, MPCpr, and MPC

The values for MIC, MIC99, MPCpr, and MPC of tulathromycin against APP were 2, 1.4, 64, and 44.8 μg/mL, respectively. The range of the MSW was 1.4–44.8 μg/mL. The selection index (MPC/MIC99) was 32.



3.2 PK of tulathromycin in the PPIM

The semi-logarithmic concentration–time curves of tulathromycin in the PPIM are shown in Figure 1. The main PK parameters after non-compartment analysis are shown in Table 1. Cmax and AUC0–168 h ranged from 0.78 ± 0.08 to 46.37 ± 5.08 μg/mL and from 57.68 ± 2.05 to 3489.91 ± 64.95 μg/mL, respectively, and R2 values between corresponding drug concentrations were 0.9997 and 0.995, respectively. The elimination half-life (T1/2β) ranged from 133.93 ± 5.59 h to 158.74 ± 8.68 h, with an average of 147.82 h, which was not significantly different from the set value (142 h).

[image: Figure 1]

FIGURE 1
 Concentration–times curves of tulathromycin in peristaltic pump infection model based on the PK in pig lungs. Values are the mean ± standard deviations (SD), n = 3.




TABLE 1 PK parameters of tulathromycin in our peristaltic pump infection model.
[image: Table1]



3.3 Time–kill curves of tulathromycin against APP

Time–kill curves of tulathromycin at different concentrations against APP are shown in Figure 2. The APP population decreased under treatment with different concentrations of tulathromycin, but recovered growth gradually at 1.4 μg/mL and 11.2 μg/mL. The antibacterial effects are shown in Table 2. A bacteriostatic effect was observed at 0.7 μg/mL (−1.88 Log10 CFU/mL). Bactericidal effects were achieved at 1.4 and 2.8 μg/mL (−3.82 and − 3.37 Log10 CFU/mL, respectively). An elimination effect without regrowth was observed at 5.6 to 44.8 μg/mL (−4.48 to −7.05 Log10 CFU/mL).

[image: Figure 2]

FIGURE 2
 Time–kill curves of different concentrations of tulathromycin against A. pleuropneumoniae in a peristaltic pump infection model. Values are the mean ± standard deviations (SD), n = 3.




TABLE 2 Antibacterial effect (I) and PK/PD parameters of tulathromycin against APP.
[image: Table2]



3.4 Changes in APP susceptibility

The MICfinal/MICinitial at different time points is shown in Figure 3. Seventy-two hours after drug administration, the MIC of APP increased 4-fold at 1 MIC99, 2-fold at 2 MIC99, 16-fold at 4 MIC99, and 32-fold at 8 MIC99. However, with the extension of time and decreasing drug concentrations, the MIC decreased to varying degrees except at 8 MIC99.

[image: Figure 3]

FIGURE 3
 Values of MICfinal/MICinitial after drug administration at different times. MICfinal values represented the highest value after experiments were done in triplicate.




3.5 PK/PD integration

After analysis the relationships between PK/PD parameters and antibacterial effects, AUC168 h/MIC99 showed the best fit to I (R2 = 0.9867) compared with Cmax/MIC99 (0.9826) and %T > MIC99 (0.8168), and the fitting curves of AUC168 h/MIC99 Cmax/MIC99 are shown in Figures 4, 5, respectively. The fitted PK/PD parameters and predicted values of AUC168 h/MIC99 for achieving different antibacterial effects are shown in Table 3. The AUC168 h/MIC99 required to achieve bacteriostatic, bactericidal, and eradication effects was 1.80, 87.42, and 198.00 h, respectively.

[image: Figure 4]

FIGURE 4
 Fitting curve between AUC168 h/MIC99 and antibacterial effect (I).


[image: Figure 5]

FIGURE 5
 Fitting curve between Cmax/MIC99 and antibacterial effect (I).




TABLE 3 PK/PD parameters and AUC168 h/MIC99 to achieve different antibacterial effects.
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4 Discussion

The gradual large-scale and intensive development of the farming industry have led to disease outbreaks. Hence, many types of antimicrobial drugs are used to prevent and treat infections in animals.

However, drug-resistant bacteria have emerged and spread worldwide, which seriously threatens the life and health of humans and animals. One report which studied the antimicrobial-resistance profiles of APP in the UK revealed that 57% of bacteria were resistant to tetracycline, 48% to sulfisoxazole, 20% to ampicillin, 17% to trimethoprim, and 6% to enrofloxacin (20). In the face of the threat of drug-resistant bacteria, the most common approach is to develop new veterinary drugs and optimize drug-delivery schedules. However, the development speed of new veterinary drugs cannot keep pace with the mutation speed of drug-resistant bacteria. Therefore, optimizing drug-delivery schemes is the most practical and reliable way to deal with the threat of drug-resistant bacteria. The PK/PD synchronous model is used to analyze relationships between host, pathogen, and drugs. It has been applied widely for optimization of dosage regimens (9, 11, 12).

The PK/PD of tulathromycin against various pathogenic bacteria has been studied. Zhou et al. (21) applied a tissue-cage model in pigs to investigate the PK/PD integration of tulathromycin against Pasteurella multocida. They found that AUC(0–24 h)/MIC was the fittest PK/PD parameter for predicting the antibacterial effect (R2 = 0.9969) and the values required to achieve bacteriostatic, bactericidal, and eradication effect were 44.55, 73.19, and 92.44 h in serum, 23.17 h for a bacteriostatic effect in transudates, and 32.42, and 41.85 h for bacteriostatic and bactericidal effects in exudates, respectively. Guo et al. (22) researched the PK/PD of tulathromycin against Haemophilus parasuis in a lung-infection model in guinea pigs. They showed that the AUC168 h/MIC required to achieve a reduction of 1, 2, 3, and 4 Log10 CFU/mL of H. parasuis was 366.06, 552.51, 728.47, and 916.90 h in serum, and 507.20, 1,227.11, 2,126.44, and 3,462.62 h in lung tissue, respectively. Yao et al. (17) studied the PK/PD of tulathromycin against APP in a tissue-cage infection model. They discovered that %T > MIC was the best PK/PD parameter for predicting the antibacterial effect (R2 = 0.9421) and the values required to achieve a reduction of 1 Log10 CFU/mL and 3 Log10 CFU/mL were 50.8 and 96.38%, respectively. However, that study could not reflect the actual antibacterial effect in clinical infection because the PK of a drug is different between tissue fluid and the lung (target tissue in APP infection). Obtaining real-time and continuous PK and PD in pig lungs is difficult. The PPIM can simulate the dynamic changes in the drug concentration based on in vivo PK, which can obtain a real-time antibacterial effect, especially for simulating the PK and PD in difficult-to-obtain organs.

Therefore, we employed a PPIM to carry out a MSW-based PK/PD study of tulathromycin against APP by simulating the PK of tulathromycin in pig lungs. The Cmax and AUC168 h obtained showed a linear correlation with the corresponding drug concentrations, with R2 values of 0.9997 and 0.995, respectively. The mean realistic T1/2β value (147.82 h) determined in our study was no significant difference to the initial set value (142 h). These results showed that our PPIM was established and could operate stably. After PK/PD analysis, AUC168 h/MIC99 showed the best fit to the antibacterial effect, with R2 = 0.9867 (Cmax/MIC99, R2 = 0.9826; %T > MIC99, R2 = 0.8168). The AUC168 h/MIC99 required to achieve bacteriostatic, bactericidal, and clearance effects was 1.80, 87.42, and 198.00 h, respectively. Thus, tulathromycin exhibited time-dependent and concentration-dependent activities against APP.

In MSW theory, if the drug concentration is between the MIC and MPC, then sensitive bacteria are killed and insensitive bacteria multiply in large numbers and may produce gene mutations induced by the subinhibitory concentration, which may result in serious drug resistance. The MSW is an important guiding principle of a drug-administration regimen, and has been studied extensively. Lozano-Huntelman et al. (23) analyzed the evolution of the MIC and MPC of seven drugs against Staphylococcus epidermidis and its mutants. They found that the MSW of mutant bacteria shifted to the right and increased breadth, which is an important guide for predicting the evolutionary trajectory of drug-resistant bacteria. Shi et al. (24) studied the MSW of ciprofloxacin against Pseudomonas aeruginosa. If drug concentrations were located in the middle of the MSW, the bacterial genes rhlR and pqsR were mutated and the locomotion ability and biofilm-secretion ability of the mutant bacteria were enhanced significantly. Golikova et al. (25) predicted the relationship between the MPC of daptomycin and rifampicin against S. aureus and drug-resistant bacteria using an MPC-based parameter: area under the drug–time curve above and below the MPC. They predicted the concentration region to prevent the enrichment of mutant bacteria.

We found that the sensitivity of APP was reduced significantly if the drug concentration was in the middle or lower part of the MSW. The final MIC was increased 2–32-fold compared with the initial value, with corresponding AUC168 h/MIC99 of 89.29 and 620.34 h, respectively. Especially when the value of AUC168h/MIC99 were located between 356.86 and 620.34 h, the MIC was increased above 16 fold. These results are similar to data from other studies (26–28). There are two reasons for this phenomenon. First, in the original flora, sensitive bacteria are the dominant bacteria, but there are some insensitive drug-resistant bacterial subpopulations. If the drug concentration is between MIC99 and MPC, sensitive bacteria are killed gradually after multiple administrations and the number of insensitive bacteria increases gradually and becomes the dominant flora. Second, sensitive bacteria and insensitive bacteria had gene mutations under the continuous pressure of drug selection. APP may have multiple drug-resistant gene mutations, which could make it more resistant to tulathromycin. Therefore, if designing a dosage regimen, the AUC168 h/MIC99 produced should not be between 356.86 h and 620.34 h.



5 Conclusion

A PPIM was applied to study the MSW of tulathromycin against APP. We showed that this model ran stably and could simulate the PK characteristics of tulathromycin in pig lungs. AUC168 h/MIC99 had the best fit with the antibacterial effect (R2 = 0.9867). The AUC168 h/MIC99 required to achieve bacteriostatic, bactericidal, and clearance effects was 1.80, 87.42, and 198.00 h, respectively. However, if the drug concentration was in the middle or lower part of the MSW, then bacterial sensitivity was reduced significantly. Therefore, if administering tulathromycin, the concentration needed to induce bacterial mutations should be avoided. To achieve a therapeutic effect, the dose should be adjusted to produce AUC168 h/MIC99 < 356.86 h or > 620.34 h. These findings could guide the clinical application of tulathromycin in the treatment of APP infection to avoid the generation and amplification of drug-resistant bacteria.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author contributions

HW: Data curation, Formal analysis, Investigation, Methodology, Project administration, Writing – original draft. LZ: Data curation, Formal analysis, Software, Supervision, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was financially supported by the China Agriculture Research System of MOF and MARA (CARS-37), National Natural Science Foundation of China (31860717), Fuxi Foundation of Gansu Agricultural University (No. Gaufx-03J01), National Key R&D Program of China (2021YFD1301200), Science and Technology Innovative Research Team in Higher Educational Institutions of Henan Province (24IRTSTHN035), the joint fund of science and technology research and development plan in Henan province (225200810044).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Footnotes

1   
www.certara.com/software/phoenix-winnonlin/




References

 1. Stringer, OW, Li, Y, Bossé, JT, and Langford, PR. JMM profile: Actinobacillus pleuropneumoniae: a major cause of lung disease in pigs but difficult to control and eradicate. J Med Microbiol. (2022) 71:001483. doi: 10.1099/jmm.0.001483 

 2. Nahar, N, Turni, C, Tram, G, Blackall, PJ, and Atack, JM. Actinobacillus pleuropneumoniae: the molecular determinants of virulence and pathogenesis. Adv Microbiol Physiol. (2021) 78:179–216. doi: 10.1016/bs.ampbs.2020.12.001 

 3. Srijuntongsiri, G, Mhoowai, A, Samngamnim, S, Assavacheep, P, Bossé, JT, Langford, PR , et al. Novel DNA markers for identification of Actinobacillus pleuropneumoniae. Microbiol Spectr. (2022) 10:e0131121. doi: 10.1128/spectrum.01311-21 

 4. Li, Y, Bossé, JT, Stringer, OW, Hennig-Pauka, I, Mortensen, P, and Langford, PR. Detection of novel Actinobacillus pleuropneumoniae serovars by multiplex PCR: a cautionary tale. Microbiol Spectr. (2023) 11:e0446122. doi: 10.1128/spectrum.04461-22 

 5. Scherrer, S, Peterhans, S, Neupert, C, Rademacher, F, Bartolomei, G, Sidler, X , et al. Development of a novel high resolution melting assay for identification and differentiation of all known 19 serovars of Actinobacillus pleuropneumoniae. Microbiology. (2022) 11:e1272. doi: 10.1002/mbo3.1272 

 6. Stringer, OW, Bossé, JT, Lacouture, S, Gottschalk, M, Fodor, L, Angen, Ø , et al. Proposal of Actinobacillus pleuropneumoniae serovar 19, and reformulation of previous multiplex PCRs for capsule-specific typing of all known serovars. Vet Microbiol. (2021) 255:109021. doi: 10.1016/j.vetmic.2021.109021 

 7. Hennig-Pauka, I, Hartmann, M, Merkel, J, and Kreienbrock, L. Coinfections and phenotypic antimicrobial resistance in Actinobacillus pleuropneumoniae strains isolated from diseased swine in north western Germany-temporal patterns in samples from routine laboratory practice from 2006 to 2020. Front Vet Sci. (2021) 8:802570. doi: 10.3389/fvets.2021.802570 

 8. Ma, X, Zheng, B, Wang, J, Li, G, Cao, S, Wen, Y , et al. Quinolone resistance of Actinobacillus pleuropneumoniae revealed through genome and transcriptome analyses. Int J Mol Sci. (2021) 22:10036. doi: 10.3390/ijms221810036 

 9. Rodríguez-Gascón, A, Solinís, MÁ, and Isla, A. The role of PK/PD analysis in the development and evaluation of antimicrobials. Pharmaceutics. (2021) 13:833. doi: 10.3390/pharmaceutics13060833 

 10. Luo, W, Chen, D, Wu, M, Li, Z, Tao, Y, Liu, Q , et al. Pharmacokinetics/pharmacodynamics models of veterinary antimicrobial agents. J Vet Sci. (2019) 20:e40. doi: 10.4142/jvs.2019.20.e40 

 11. Toutain, PL, Pelligand, L, Lees, P, Bousquet-Mélou, A, Ferran, AA, and Turnidge, JD. The pharmacokinetic/pharmacodynamic paradigm for antimicrobial drugs in veterinary medicine: recent advances and critical appraisal. J Vet Pharmacol Ther. (2021) 44:172–200. doi: 10.1111/jvp.12917 

 12. Asín-Prieto, E, Rodríguez-Gascón, A, and Isla, A. Applications of the pharmacokinetic/pharmacodynamic (PK/PD) analysis of antimicrobial agents. J Infect Chemother. (2015) 21:319–29. doi: 10.1016/j.jiac.2015.02.001 

 13. Blondeau, JM, Hansen, G, Metzler, K, and Hedlin, P. The role of PK/PD parameters to avoid selection and increase of resistance: mutant prevention concentration. J Chemother. (2004) 16:1–19. doi: 10.1080/1120009x.2004.11782371 

 14. Sun, J, Xiao, X, Huang, RJ, Yang, T, Chen, Y, Fang, X , et al. In vitro dynamic pharmacokinetic/pharmacodynamic (PK/PD) study and COPD of marbofloxacin against Haemophilus parasuis. BMC Vet Res. (2015) 11:293. doi: 10.1186/s12917-015-0604-5 

 15. Luo, W, Qin, H, Chen, D, Wu, M, Meng, K, Zhang, A , et al. The dose regimen formulation of tilmicosin against Lawsonia intracellularis in pigs by pharmacokinetic-pharmacodynamic (PK-PD) model. Microb Pathog. (2020) 147:104389. doi: 10.1016/j.micpath.2020.104389 

 16. Yang, Y, Cheng, P, Xiao, T, Ulziikhutag, J, Yu, H, Li, J , et al. Pharmacokinetics and pharmacodynamics integration of danofloxacin against Eschrichia coli in piglet ileum ultrafiltration probe model. Sci Rep. (2021) 11:681. doi: 10.1038/s41598-020-80272-7 

 17. Yao, L, Yang, L, Ling, Y, Wei, Y, Shen, X, and Ding, H. Pharmacokinetic/pharmacodynamic relationships of tulathromycin against Actinobacillus pleuropneumoniae in a porcine tissue cage infection model. Front Vet Sci. (2022) 9:822432. doi: 10.3389/fvets.2022.822432 

 18. Zhang, L, Wang, H, Bai, Y, Wang, L, Bai, Y, and Hu, J. Evaluation of the mutant selection window of danofloxacin against Actinobacillus pleuropneumoniae in an in vitro dynamic model. Front Vet Sci. (2023) 10:1107608. doi: 10.3389/fvets.2023.1107608 

 19. Benchaoui, HA, Nowakowski, M, Sherington, J, Rowan, TG, and Sunderland, SJ. Pharmacokinetics and lung tissue concentrations of tulathromycin in swine. J Vet Pharmacol Ther. (2004) 27:203–10. doi: 10.1111/j.1365-2885.2004.00586.x 

 20. Bossé, JT, Li, Y, Rogers, J, Fernandez Crespo, R, Li, Y, Chaudhuri, RR , et al. Whole genome sequencing for surveillance of antimicrobial resistance in Actinobacillus pleuropneumoniae. Front Microbiol. (2017) 8:242917. doi: 10.3389/fmicb.2017.00311 

 21. Zhou, Q, Zhang, G, Wang, Q, Liu, W, Huang, Y, Yu, P , et al. Pharmacokinetic/pharmacodynamic modeling of tulathromycin against Pasteurella multocida in a porcine tissue cage model. Front Pharmacol. (2017) 8:392. doi: 10.3389/fphar.2017.00392 

 22. Guo, LL, Gao, RY, Wang, LH, Lin, SJ, Fang, BH, and Zhao, YD. In vivo pharmacokinetic/pharmacodynamic (PK/PD) profiles of tulathromycin in an experimental intraperitoneal Haemophilus parasuis infection model in neutropenic guinea pigs. Front Vet Sci. (2021) 8:715887. doi: 10.3389/fvets.2021.715887 

 23. Lozano-Huntelman, NA, Singh, N, Valencia, A, Mira, P, Sakayan, M, Boucher, I , et al. Evolution of antibiotic cross-resistance and collateral sensitivity in Staphylococcus epidermidis using the mutant prevention concentration and the mutant selection window. Evol Appl. (2020) 13:808–23. doi: 10.1111/eva.12903 

 24. Shi, N, Gao, Y, Yin, D, Song, Y, Kang, J, Li, X , et al. The effect of the sub-minimal inhibitory concentration and the concentrations within resistant mutation window of ciprofloxacin on MIC, swimming motility and biofilm formation of Pseudomonas aeruginosa. Microb Pathog. (2019) 137:103765. doi: 10.1016/j.micpath.2019.103765 

 25. Golikova, MV, Strukova, EN, Portnoy, YA, Dovzhenko, SA, Kobrin, MB, Zinner, SH , et al. A novel parameter to predict the effects of antibiotic combinations on the development of Staphylococcus aureus resistance: in vitro model studies at subtherapeutic daptomycin and rifampicin exposures. J Chemother. (2019) 17:1–9. doi: 10.1080/1120009X.2019.1640924 

 26. Xiong, M, Wu, X, Ye, X, Zhang, L, Zeng, S, Huang, Z , et al. Relationship between cefquinome PK/PD parameters and emergence of resistance of Staphylococcus aureus in rabbit tissue-cage infection model. Front Microbiol. (2016) 7:874. doi: 10.3389/fmicb.2016.00874;39


 27. Zhang, B, Gu, X, Li, Y, Li, X, Gu, M, Zhang, N , et al. In vivo evaluation of mutant selection window of cefquinome against Escherichia coli in piglet tissue-cage model. BMC Vet Res. (2014) 10:1–8. doi: 10.1186/s12917-014-0297-1;40


 28. Zhu, YL, Hu, LF, Mei, Q, Cheng, J, Liu, YY, Ye, Y , et al. Testing the mutant selection window in rabbits infected with methicillin-resistant Staphylococcus aureus exposed to vancomycin. J Antimicrob Chemother. (2012) 67:2700–6. doi: 10.1093/jac/dks280 


Copyright
 © 2024 Wang and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Susceptibility evaluation and PK/PD integration of tulathromycin against Actinobacillus pleuropneumoniae during the mutant selection window



		1 Introduction



		2 Materials and methods



		2.1 Bacteria, reagents and equipment



		2.2 Detection of MIC, MIC99, and MPC



		2.3 PPIM establishment



		2.4 MIC of APP and measurement of drug concentration



		2.5 PK/PD analysis









		3 Results



		3.1 MIC, MIC99, MPCpr, and MPC



		3.2 PK of tulathromycin in the PPIM



		3.3 Time–kill curves of tulathromycin against APP



		3.4 Changes in APP susceptibility



		3.5 PK/PD integration









		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Footnotes



		References



















OPS/images/fvets-11-1407907-t003.jpg
PK/PD parametet Values

T (Logyy CEU/mL) 104
1Cso (h) 450.92
L=l (Logiy CFU/mL) -1222
Slope (N) 043
AUC, 1/ MIC for bacteriostatic effect (h) 180
AUC, 41/ MIC for bactericidal effect (h) 87.42
AUCe41/MIC for eradication effect (h) 198.00

..o maximum antibacterial effect; L, bacterial change in blank group; ICx, value of AUC, s
IMIC,, required to reach half of L. N, Hill coefficent, which represents the slope of the
curve fitting AUCy 101/ MIC5; and I





OPS/images/cover.jpg
& frontiers | Frontiers in Veterinary Science

Susceptibility evaluation and PK/
PD integration of tulathromycin
against Actinobacillus
pleuropneumoniae during the
mutant selection window












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Veterinary Science






OPS/images/fvets-11-1407907-g003.jpg
W OMIC99 ®0.5MIC99 B 1 MIC99 2 MIC99 ™ 4 MIC99 W 8 MIC99

MICy/MIC;ji00
E






OPS/images/fvets-11-1407907-g004.jpg
I(Logio CFU/mL)

R?=0.9867

o

-©- Observed
— Predicted

1000 1500
AUC 16s/MICo9 (h)

2000 2500





OPS/images/fvets-11-1407907-g001.jpg
Drug concentrations (ng/mL)

7 96
Time (h)

120

144

1
168

—o— 0.7 pg/mL
—o— L4 pg/mL
—e—2.8 ug/mL
o~ 5.6 pg/mL
—o— 112 pg/mL
—o—22.4 pg/mL
—e— 44.8 pg/mL





OPS/images/fvets-11-1407907-g002.jpg
—&— Control

—e— 5.6 pg/mL
—e— 112 pg/mL
—e— 44.8 pg/mL

—e—22.4 pg/mL

(Tw/NAD °'5077) simod [euoeg

48 7 9% 120 144 168
Time (h)

4





OPS/images/fvets-11-1407907-t002.jpg
Groups (ug/ml ax/MIC n/MICos (h) %T >MICq, (%) I (Logso CFU/m
Control 0.00 0.00 000 104
07 056 4120 0.00 -1.88
14 0388 89.29 0.00 -382
28 185 174.03 4857 -337
56 3.70 356.86 100.00 —448
12 781 62034 100.00 -551
224 1619 1425.63 100.00 -7.05
448 3312 249279 100.00 695

AUC, 1614/ MIC,., area under the curve between 0h to 168 divided MICy; C,../MIC,,, maximum concentration divided MIC..; %T > MIC,, percentage of time that the tulathromycin
concentration was above the MIC, during 168h. All values were calculated as the mean value of three values.





OPS/images/fvets-11-1407907-g005.jpg
1 (Logio CFU/mL)

35

R?=0.9826
04
w22
e
64
e}
-8 T T T T T 1
0 10 15 20 25 30

Cunax’MICoo

-©- Observed
— Predicted





OPS/images/fvets-11-1407907-t001.jpg
Dosage groups (pg/mL)

PK parameter L g i 5.6 ilil.2)

(units)

rup () 133934559 155861831 136.8747.29 157.324327 145332558 158.74+8.68 146.67+17.92
Caux (ng/mL) 0.78+0.08 1.23+0.07 260011 5.19£0.01 10.93£0.06 226740.24 46.37+5.08
AUCiq (ngeh/ml) 57684205 125014551 23645482 499.60£5.20 868481578 1995.88+27.20 3489916495
AUCuiy (pgeh/mL) 98885233 | 24324%675 | 433.06+16.88 969.82+3.29 1536.73+46.13 3894.53+ 13638 6188.38392.37
MRT,q (h) 70.86+0.20 74942040 7213065 75.04£0.63 7430£0.61 7423080 7394£0.32

elimination half-life; C,..,, maximum concentration; AUC, s, AUC computed from time 61 t0 168 h; AUC, 5.4, AUC from time zero extrapolated o infinity; MRT,,, mean residence

T
ions (SD), =3,

time when the drug concentration s based on values up to and including the last measured concentration. Values are the mean £ standard devis






OPS/images/fvets-11-1407907-e001.jpg
Q = Kei x Veand Ke = 0.693/ ty/25





OPS/images/fvets-11-1407907-e002.jpg
~1,)xC,
clvich






