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Abstract: The novel pleuromutilin derivative, which showed excellent in vitro antibacterial activity
against MRSA, 22-(2-(2-(4-((4-(4-nitrophenyl)piperazin-1-yl)methyl)-1H-1,2,3-triazol-1-yl)acetamido)-
phenyl)thioacety-l-yl-22-deoxypleuromutilin (Z33), was synthesized and characterized in our previ-
ous work. In this study, the preliminary pharmacodynamics and safety of Z33 were further evaluated.
In in vitro antibacterial activity assays, Z33 was found to be a potent bactericidal antibiotic against
MRSA that induced dose-dependent growth inhibition and long-term post-antibiotic effect (PAE).
The drug-resistance test demonstrated that Z33 possessed a narrow mutant selection window and
lower propensities to select resistance than that of tiamulin. Cytochrome P450 (CYP450) inhibition
assay determined that the inhibitory effect of Z33 was similar to that of tiamulin against the activity
of CYP3A4, and was lower than that of tiamulin on the activity of CYP2E1. Toxicity determination
showed that both Z33 and tiamulin displayed low cytotoxicity of RAW264.7 cells. Furthermore, Z33
was found to be a high-security compound with a 50% lethal dose (LD50) above 5000 mg/kg in the
acute oral toxicity test in mice. In an in vivo antibacterial activity test, Z33 displayed better therapeu-
tic effectiveness than tiamulin in the neutropenic mouse thigh infection model. In summary, Z33 was
worthy of further development as a highly effective and safe antibiotic agent against MRSA infection.

Keywords: pleuromutilin derivative; pharmacodynamic; acute toxicity; CYP450; MRSA

1. Introduction

Staphylococcus aureus (S. aureus) is a major Gram-positive pathogen associated with a
range of human diseases from superficial infections of the skin to life-threatening systemic
infections such as sepsis, endocarditis, pleuropneumonia, and osteoarthritis [1]. Methicillin-
resistant S. aureus (MRSA) refers to a type of Staphylococcus that can resist most β-lactam
antibiotics including penicillin, oxacillin, and amoxicillin [2]. Moreover, MRSA can also be
resistant to a variety of other classes of antibiotics in the clinic [3]. Thus, MRSA is usually
regarded as a common representative of multidrug-resistant bacteria. Although MRSA was
first reported in the 1960s, it had become a worldwide health problem for its wide spread in
both communities and hospital settings [4]. The patients infected with MRSA usually suffer
more effects including extra cost, extended hospital stays, higher morbidity and mortality
than patients infected with methicillin-susceptible S. aureus (MSSA) [5]. Therefore, the
development of novel antibacterial agents which have unique antimicrobial mechanisms is
urgent to combat the emerging challenges of MRSA infections.

Pleuromutilin (Figure 1a), a natural antibiotic with a fused 5-6-8 tricyclic diterpenoid
structure, was first isolated from Pleurotus mutiliz and Pleurotus passeckeranius in 1951 [6].

Molecules 2022, 27, 4939. https://doi.org/10.3390/molecules27154939 https://www.mdpi.com/journal/molecules

https://doi.org/10.3390/molecules27154939
https://doi.org/10.3390/molecules27154939
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0003-2293-0287
https://doi.org/10.3390/molecules27154939
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules27154939?type=check_update&version=1


Molecules 2022, 27, 4939 2 of 11

The pleuromutilin derivatives could inhibit the translation process of bacterial protein
by selectively acting on the bacterial 50S ribosomal subunit [7]. The distinct mechanism
of action implies a low probability of cross-resistance between pleuromutilin and other
antibiotics. Modifications on the C14 side chain of pleuromutilin led to the successful
development of tiamulin (Figure 1b), valnemulin (Figure 1c), retapamulin (Figure 1d),
and lefamulin (Figure 1e). Among them, lefamulin, the first pleuromutilin antibiotic
for human systemic therapy, was approved by Food and Drug Administration (FDA)
to treat community-acquired bacterial pneumonia in 2019. Azamulin (Figure 1f), the
first pleuromutilin derivative developed for human use, was impeded in phase I clinical
trials because of its potent inhibition effect on CYP3A4 [8]. Thus, the development of
pleuromutilin derivatives also needed to consider its CYP450 inhibition effect [9]. The
development of novel pleuromutilin-type antibiotics, which are highly efficiency and have
low toxicity, is an effective strategy against MRSA [10].
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Figure 1. Structure of pleuromutilin (a), tiamulin (b), valnemulin (c), retapamulin (d), lefamulin (e)
and azamulin (f).

In our previous work, a novel pleuromutilin analogue Z33, 22-(2-(2-(4-((4-(4-nitrophenyl)-
piperazin-1-yl)methyl)-1H-1,2,3-triazol-1-yl)acetamido)phenyl)thioacety-l-yl-22-deoxyp-
leuromutilin (Figure 2), was successfully synthesized and characterized [11]. It displayed
promising antibacterial activity against MRSA in vitro. Therefore, a series of preliminary
pharmacological and toxicology effects of Z33 were further investigated in this research,
including in vitro and in vivo antibacterial activity, acute oral toxicity, and the inhibition
effect against CYP450. Meanwhile, the drug-resistant tendency suppression potential of
Z33 and tiamulin was evaluated and compared.
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2. Results
2.1. In Vitro Antibacterial Activity

The results of minimum inhibitory concentrations (MICs) and minimum bactericidal
concentrations (MBCs) for four S. aureus strains are summarized in Table 1. Tiamulin and
valnemulin were used as reference drugs. The MIC values of Z33 against four S. aureus
strains ranged from 0.125 to 0.25 µg/mL. The antibacterial activity of Z33 was comparable
to those of valnemulin and was four-fold greater than that of tiamulin. The ratio of MBC
to MIC of Z33 ranged from 1 to 2. The results demonstrated that Z33 possessed a potent
in vitro bactericidal ability against S. aureus (MBC/MIC < 4).

Table 1. MIC and MBC values (µg/mL) of Z33, tiamulin, and valnemulin against ATCC 29213, MRSA
ATCC 43300, and two clinical strains of S. aureus (AD3 and 144).

Compounds MRSA ATCC 29213 AD3 144

Z33 0.125/0.25 0.125/0.125 0.25/0.25 0.25/0.25
tiamulin 0.5/1 0.5/1 1/2 0.5/2

valnemulin 0.125/0.125 0.125/0.125 0.125/0.125 0.125/0.25

The time–kill assay against MRSA is presented in Figure 3. Z33 showed inhibition of
bacterial growth at 8 × MIC (1 µg/mL) and completely bacterial killing at concentrations ≥
16 × MIC (2 µg/mL) over 24 h of exposure in the ATCC 43300. The antibacterial activity
was positively correlated with the increase in drug concentration. The results indicated
that Z33 exerted antibacterial activity in a concentration-dependent manner.
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To investigate the in vitro antibacterial pharmacodynamic activity of Z33, the PAEs
of Z33 are evaluated. The results of PAEs are presented in Table 2. Z33 exhibited PAEs of
2.24 h and 3.89 h at 2 × MIC and 4 × MIC after exposure for 1 h, respectively. The same
concentrations of Z33 exhibited similar PAEs of 2.18 h and 3.93 h after exposure for 2 h. As
shown in Figure 4, the PAE of Z33 against MRSA was prolonged with the increased drug
concentration, but not related to the duration of exposure to Z33.

Table 2. The PAE values of Z33 against MRSA ATCC 43300.

Compound Concentrations
PAE (h)

Exposure for 1 h Exposure for 2 h

Z33
2 × MIC 2.24 2.18
4 × MIC 3.89 3.93
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2.2. In Vitro Drug-Resistance Test

To evaluate the resistant tendency suppression potential of Z33 and tiamulin, the
mutant prevention concentrations (MPCs) of Z33 and tiamulin against four S. aureus strains
were measured. As shown in Table 3, the MPCs of Z33 to four S. aureus strains were
0.5 µg/mL, and the MPCs of tiamulin ranged from 1 µg/mL to 2 µg/mL. Z33 exhibited a
low mutation frequency similar to that of tiamulin.

Table 3. MPC values of Z33 and tiamulin against ATCC 29213, MRSA ATCC 43300, and two clinical
strains of S. aureus (AD3 and 144).

Compounds MRSA ATCC 29213 AD3 144

Z33 0.5 0.5 0.5 0.5
tiamulin 1 1 2 1

The propensity for the development of bacterial resistance of Z33 and tiamulin was
presented in Figure 5. Four S. aureus strains were daily passaged in the exposure of Z33
and tiamulin for 13 days. In the present study, resistance was defined as a ≥ 4–fold increase
in MIC relative to the initial MIC [12]. It was observed that none of S. aureus strains tested
produced clones with MICs against Z33 that increased more than 4-fold in 7 passages. In
comparison, all S. aureus strains produced tiamulin-resistant clones after 7 passages with
MICs ranging from 2 to 8 µg/mL. However, approximately 16- and 32-fold increases in
MICs were observed for Z33 and tiamulin after 13 passages. The results indicated that
S. aureus did not develop resistance against Z33 within 7 days.
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2.3. Inhibitory Effects on Cytochrome P450

It has been reported that some pleuromutilin derivatives displayed a potent inhibition
effect of CYP450, especially azamulin [8]. The inhibition potential of Z33 on two major
CYP450 enzymes was evaluated using specific CYP probe substrates. Tiamulin was also
evaluated for comparison. The CYP450 inhibition was analysed by determining IC50 values,
and the results are presented in Figure 6.
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As shown in Figure 6, both Z33 and tiamulin exhibited intermediate to high inhibition
of CYP3A4 (IC50 < 2 µM), with IC50 values of 1.575 and 1.598 µM, respectively. However,
Z33 showed much lower inhibition of CYP2E1 (IC50 > 10 µM) compared with tiamulin
with high inhibition of CYP2E1 (IC50 < 0.25 µM) [9].

2.4. Cytotoxicity

The cytotoxic effects of Z33 and tiamulin were evaluated using the MTT assay on
RAW264.7 cells. No significant cytotoxicity was observed for Z33 and tiamulin at concentra-
tions less than 5 µg/mL during the experiment (Figure 7). Up to 20 µg/mL, Z33 and tiamulin
did not result in a <50% reduction in cell activity. Therefore, the IC50 for drugs could not be
determined. The result indicated that Z33 had a low inhibition effect on RAW264.7.
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2.5. Acute Oral Toxicity Study

The results of the acute oral toxicity study are presented in Figure 8. The oral adminis-
tration of Z33 at a single-dose of 5000 mg/kg did not induce any remarkable alterations in
the behaviour pattern of ICR mice. None of the mice died up to 14 days post-treatment.
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2.6. In Vivo Antibacterial Activity

The neutropenic mice thigh infection model was constructed to investigate the in vivo an-
tibacterial activity of tiamulin and Z33 against MRSA. The results are shown in Figure 9. After
treatment for 24 h, the logarithmic values of MRSA inoculum in the thigh muscle of the Z33-
treated group, tiamulin-treated group, and untreated group were 7.065 ± 0.070 log10 CFU/g,
7.655 ± 0.067 log10 CFU/g, 8.423 ± 0.160 log10 CFU/g, respectively. The bacterial load
in the thigh muscle was reduced by approximately 1.358 log10 CFU/g in the Z33-treated
group compared to 0.771 log10 CFU/g in the tiamulin-treated group. The results indicated
that Z33 at the dose of 20 mg/kg was significantly (p < 0.001) more effective against MRSA
than tiamulin in vivo.
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Z33 vs. tiamulin, ***. (** 0.001 < p < 0.01; *** 0.0001 < p < 0.001; **** p < 0.0001).
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3. Discussion

Human health was continually threatened due to the rise and widespread prevalence
of MRSA [4]. Finding novel antibiotics to treat MRSA infections is crucial. The novel
pleuromutilin, Z33, was shown in this study to be promising antibacterial activity against
S. aureus, including MRSA and MSSA. The results were similar to the previous reports [11].
Meanwhile, Z33 might possess a potent bactericidal effect, with MBC/MIC values of 1 to 2
for four S. aureus strains. To evaluate the antibacterial efficacy of Z33 as a function of both
time and concentration, a time–kill test was conducted. As shown in Figure 3, Z33 had a
concentration-dependent bactericidal effect against MRSA. Z33 was completely bactericidal
at 2 µg/mL against MRSA ATCC 43300 after 24 h. Because of its excellent in vitro activity
against MRSA, Z33 possessed the appealing potential for clinical use.

The post-antibiotic effect is also an important in vitro pharmacodynamic parameter
of novel antibiotics [13]. In present study, Z33 was found to be a marked concentration-
dependent antibacterial activity against MRSA. Our previous study investigated that the
PAEs of tiamulin against MRSA ATCC 43300 ranged from 1.65 to 2.04 h after exposure
for 2 h [11]. The PAE of Z33 was 0.5~2 h longer than that of tiamulin under the same
experimental conditions. The longer PAE permitted drug levels to fall below the MIC for
longer periods of time without loss of efficacy [14]. It is indicated that Z33 might support
longer dosing intervals for clinical treatment of MRSA infection compared with tiamulin.

The development of novel antibiotics with a low propensity to select resistance is one
of the effective ways to overcome resistance in bacterial pathogens. We initially evaluated
the resistance potential for Z33 and tiamulin through a mutant prevention study. none
of resistant mutants was isolated above a concentration of 4 × MIC (0.5 µg/mL). This
suggested that Z33 had a narrow mutant selection window (MPC/MIC = 2~4) and that
might not be susceptible to selectively enriching for resistant mutant subpopulations. To
explore whether resistance might arise following prolonged exposure at sub-MIC concen-
trations, multistep resistance selection was conducted. As shown in Figure 5, resistance to
Z33 developed in four S. aureus strains following 8 passages and the most resistant strain
showed a 32-fold decrease in Z33 susceptibility after 13 passages. In comparison, resistance
to tiamulin arose earlier following 3 passages. Therefore, compared with tiamulin, Z33
possessed lower resistance propensities to select resistance. It is indicated that S. aureus
would be unlikely to rapidly develop resistance against Z33.

Cytochrome P450 enzymes (CYP) are involved in the metabolism of more than 90% of
drugs in the liver [15]. The CYP3A4 and 2E1 are the most important isoforms among these
family members. Previous studies reported that one of the functions of the pleuromutilin
derivatives was selective inhibition of CYP3A4 [8,9]. The in vitro incubation assay was
used to examine the inhibition potential of pleuromutilin derivatives on CYP450. As shown
in Figure 6, Z33 and tiamulin displayed similar inhibitions of CYP3A4. However, The IC50
value of CYP2E1 for Z33 was at least 50-fold lower than that of tiamulin. Z33 might show
lower hepatotoxicity and less risk of drug–drug interactions.

A desirable feature of any novel antibiotic for clinical use is a low toxicity effect
on mammals. Thus, the cytotoxicity of Z33 was investigated by MTT assay. Tiamulin
was also subjected as a reference agent. As shown in Figure 7, both Z33 and tiamulin
displayed IC50 of ≥ 20 µg/mL. This result demonstrated that the antibacterial activity
of Z33 is not due to the cytotoxicity effect, but can be attributed to its selective action
against bacteria. Furthermore, the acute oral toxicity of ICR mice was investigated. The
use of Z33 at a dose of 5000 mg/kg with 0.5% CMC-Na did not lead to any significant
acute toxicological alterations in the mice. In previous work, many pleuromutilin deriva-
tives were assessed as low toxic compounds with the LD50 of acute oral toxicity in mice
ranging from 2000–3500 mg/kg [16,17]. According to the Globally Harmonized Classifi-
cation System (GHS) for the classification of chemicals, Z33 was considered a safe and
non-toxic compound.
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Since Z33 exhibited the potent antibacterial activity against MRSA in vitro and high
safety in toxicity assays, a neutropenic thigh infection model was conducted to evaluate the
efficacy of Z33 in vivo. In this model, the in vivo antibacterial activity of Z33 against MRSA
ATCC 43300 was quantitatively compared with that of tiamulin. As shown in Figure 9, Z33
showed potent antibacterial activity against MRSA, resulting in a 1.358 log10 reduction in
CFUs compared with the control group (p < 0.0001) and a 0.65 log10 reduction in CFUs
compared with the tiamulin-treated group (p < 0.001). The efficacy of Z33 in vivo was
concordant with the in vitro antibacterial activity against MRSA in the study. In view of
its robust efficacy profile, Z33 merits further pre-clinical evaluation in in vitro and in vivo
development for therapeutic use.

4. Materials and Methods
4.1. Chemicals

Z33 (purity: 98%) (22-(2-(2-(4-((4-(4-nitrophenyl)piperazin-1-yl)methyl)-1H-1,2,3-triazol-
1-yl)acetamido)phenyl)thioacety-l-yl-22-deoxypleuromutilin) was synthesized in previous
work [11]. Tiamulin and valnemulin were purchased from Guangzhou Xiang Bo Biotech-
nology Co., Ltd. (Guangzhou, China). All chemicals were purchased from Guangzhou
Chemical Reagent Factory and TCI (Shanghai) Development Co., Ltd. The medium used
for the experiments was purchased from Guangdong Huan Kai Microbial Science and
Technology Co. (Guangzhou, China) and formulated according to the instructions. Human
liver microsomes were purchased from the Research Institute for Liver Diseases Co., Ltd.
(Shanghai, China).

4.2. Microorganisms

MRSA ATCC 43300 was obtained from Guangdong Microbial Strain Conservation
Center. S. aureus ATCC 29213, S. aureus clinical strain AD3 and S. aureus clinical strain 144
were stored in our laboratory.

4.3. Animals

Six-week-old female specific-pathogen-free (SPF) ICR mice were purchased from
the Hunan SJA Laboratory Animal Co., Ltd. (Changsha, China) under license num-
ber SCXK2019-0004. All mice were maintained under controlled temperature conditions
(20~26 ◦C), with a constant 12 h light–dark cycle and free access to food and water. All
animal experiments were consistent with the ethical principles of animal research and have
been approved by the Ethics Committee of Guangdong Medical Laboratory Animal Center.

4.4. Evaluation of In Vitro Antibacterial Activity
4.4.1. Determination of MIC and MBC

The MIC values of Z33 against MRSA ATCC 43300 and S. aureus clinical isolates were
measured according to the broth microdilution guidelines provided by the Clinical and
Laboratory Standards Institute (CLSI) [18]. S. aureus ATCC 29213 was used as the quality
control strain, and the quality control range was referred to the CLSI. The MIC value is
defined as the lowest concentration of the compounds with no visible growth of bacteria.
The MIC assay was independently repeated three times.

The MBC values of antibacterial agents were measured after incubation at 37 ◦C for
24 h. Briefly, 100 µL of bacterial solution from the three wells behind the corresponding
well of MIC was absorbed and spread on the Mueller–Hinton Agar (MHA). The MBC refers
to the lowest concentration corresponding to the amount of colony-forming unit (CFU) ≤ 5
on the medium after 18~24 h of incubation at 37 ◦C.

4.4.2. Time–Kill Kinetics Assay

The time–kill kinetics curve of Z33 was determined according to previous reports [17].
MRSA ATCC 43300 strains were grown in Mueller–Hinton Broth (MHB) at the starting
inoculum of 106 CFU/mL. Z33 and tiamulin were diluted with MHB and added to the
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bacterial suspension to reach final concentrations from 1 × MIC to 32 × MIC, respectively.
MHB without antibiotics was used as a control. At various time points (0, 3, 6, 9, and 24 h),
100 µL of samples were diluted with 0.9% saline and plated on MHA medium. CFU were
recorded after 24 h of incubation at 37 ◦C.

4.4.3. Post-antibiotic Effect Assay

The PAE was measured using the method described by Jin et al. [19]. MRSA ATCC
43300 cells were collected in the logarithmic phase and resuspended in MHB. The bacterial
suspension (106 CFU/mL) was inoculated in MHB containing Z33 (final concentration is
2 × or 4 × MIC) and incubated for 1 or 2 h at 37 ◦C with shaking (210 rpm). The group
without the drug served as a control. After treatment with various concentrations of Z33,
samples were subjected to one-thousand-fold dilution with MHB to remove the drug and
incubated at 37 ◦C. In total, 100 µL of the samples was serially diluted in 0.9% saline and
plated onto MHA at various time points (0, 1, 2, 4, 8 h). MHA plates were incubated
at 37 ◦C for 18~24 h to calculate CFU. The growth kinetic curves of MRSA treated with
different drug concentrations were established by plotting log10 CFU/mL of bacterial
counts versus time. PAE was presented in hours and calculated according to the following
equation: PAE = TA − TC, where TA and TC are the time required for MRSA to rise by
1 log10 CFU/mL after drug removal in the treated and untreated cultures, respectively.

4.5. Drug-Resistance Test
4.5.1. Determination of MPC

The drug-resistant tendency suppression potential of Z33 and tiamulin was deter-
mined as described with minor modifications [20]. In the test, for each S. aureus strain, 4 mL
of overnight cultures were inoculated into 100 mL of fresh BHI broth and then incubated for
4.5 h at 37 ◦C with shaking (210 rpm). Cultures were centrifuged at 5000 r/min for 10 min.
The supernatant was discarded and resuspended in the 4 mL of saline to achieve a bacterial
density of ~3 × 1010 CFU/mL. In total, 100 µL of each culture was spread onto MHA
containing various concentrations of Z33 and tiamulin. The concentration of drugs ranged
from 1- to 32-fold MIC. Plates were incubated at 37 ◦C for a total of 72 h and recorded every
24 h for the appearance of colonies. MPC was defined as the lowest concentration with no
growth of colonies on the agar plate. MPC was carried out in triplicate.

4.5.2. Development of Bacterial Resistance

To assess the propensity for the development of bacterial resistance, the ability of Z33
and tiamulin to induce resistance to four strains were tested, respectively. Serial passages
at 37 ◦C were performed daily in BHI broth containing sub-MIC concentration (1/4 MIC)
of Z33 and tiamulin. The MIC values were daily determined and recorded by the broth
microdilution method. A duration of 13 passages was performed in every case.

4.6. CYP450 Inhibition Assay

The inhibition effect of Z33 and tiamulin on the human liver microsomal enzyme was
determined as described in the literature with some modifications [9]. Experiments were
performed in 96-well plates with a final incubation volume of 100 µL per well. 40 µL of the
human liver microsomal enzyme (final concentration is 0.5 g/L), 20 µL of probe substrate
(final concentration of testosterone and chlorzoxazone is 20 µmol/L), and 20 µL of test drug
were mixed in each well. After preincubation at 37 ◦C for 5 min, the reactions were started
by the addition of 20 µL of NADPH (final concentration is 1 mmol/L). Depending on the
substrate, the chlorzoxazone and testosterone groups were incubated at 37 ◦C for 25 min
and 10 min, respectively. The reaction was terminated by adding 100 µL of acetonitrile, and
then the supernatant was centrifuged to analyse by LC-MS/MS.
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4.7. Cytotoxicity Test

To assess the effects of tiamulin and Z33 on the viability of RAW264.7 macrophages, the
MTT assay was performed according to previous reports [21]. Briefly, The RAW264.7 cells
inoculated in 96-well plates were treated with different concentrations of tiamulin and Z33
(from 1.25 to 20 µg/mL) and incubated at 37 ◦C for 24 h. The plates were cultured at 37 ◦C
for 24 h, followed by incubation with 0.5 mg/mL MTT for 4 h at 37 ◦C. After discarding
the MTT solution, DMSO (150 µL) was added to each well to dissolve all crystals. OD490nm
was recorded using EnSight Multimode Plate Reader (PerkinElmer, Walham, MA, USA).

4.8. Acute Toxicity in Mice

The acute toxicity of Z33 was performed in mice according to previous works with
some modifications [22]. The ICR mice were randomly divided into two groups (10 animals
in each group, half male and half female) after 12 h of fasting. Z33 was prepared with 0.5%
CMC-Na sodium as a suspension at a concentration of 5 g/kg. Mice in the test group were
administered with Z33 suspension by oral administration route, and the control group
received an equal dose of 0.5% CMC-Na. All the mice were observed critically once a day
for 14 days. The test was repeated twice.

4.9. Neutropenic Mouse Thigh Infection Model

The neutropenic mouse thigh infection model was used to determine the in vivo an-
tibacterial activity of Z33 [23]. Briefly, female mice were rendered neutropenic (neutrophil
count ≤ 100/mm3) via intraperitoneal injection of cyclophosphamide on day 4 (150 mg/kg)
and day 1 (100 mg/kg) before infection. MRSA ATCC 43300 cells were collected in the
logarithmic phase and resuspended in 0.9% saline. The thigh infection model was estab-
lished by injection of 100 µL of MRSA suspension (107 CFU/mL) into the posterior thighs
of mice. After 2 h post-infection, mice were intravenously injected with tiamulin and
Z33 at a dose of 20 mg/kg, and the untreated groups were administrated with an equal
amount of saline. Mice were euthanized after treatment of 22 h, thigh tissue was aseptically
collected, weighed, homogenized, and serially diluted in saline, respectively. CFU counts
were determined by the flat colony counting method.

Author Contributions: Z.J. and Y.T. designed experiments; Y.H., F.C., K.Z. and F.L. carried out
experiments; Z.Z. and J.Z. synthesized the compound; F.C. and Y.H. analyzed experimental results.
Y.H., F.C., Z.J. and Y.T. wrote the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Guangdong Natural Science Funds for the Guangdong
Special Support Program innovation team (No. 2019BT02N054); the National Key Research and
Development Program of China (No. 2021YFD1800600) and the Guangdong Natural Science Funds
for Distinguished Young Scholar (No. 2019B151502002).

Institutional Review Board Statement: All animal experiments were approved by the Animal
Research Committees of the South China Agriculture University (SYXK2019-0136) and carried out in
strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals
of the National Institutes of Health. The approval date was 10 October 2019. The number of the
document which verified approval of the study is 2019B146.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not available.

Acknowledgments: This work was supported by the Guangdong Special Support Program inno-
vation team (No. 2019BT02N054), the National Key Research and Development Program of China
(No. 2021YFD1800600), and the Guangdong Natural Science Funds for Distinguished Young Scholar
(No. 2019B151502002).



Molecules 2022, 27, 4939 11 of 11

Conflicts of Interest: The authors declare no conflict of interest. The sponsors had no role in the
design, execution, interpretation, or writing of the study.

Sample Availability: Samples of the compounds Z33 are available from the authors.

References
1. Kong, B.; Johnson, J.K.; Jabrarizk, M.A. Community-Associated Methicillin-Resistant Staphylococcus aureus: An Enemy amidst

Us. PLoS Pathogens 2016, 12, e1005837. [CrossRef] [PubMed]
2. Shalaby, M.; Dokla, E.; Serya, R.; Abouzid, K. Penicillin binding protein 2a: An overview and a medicinal chemistry perspective.

Eur. J. Med. Chem. 2020, 199, 112312. [CrossRef] [PubMed]
3. Barrett, J.F. MRSA—what is it and how do we deal with the problem? Expert Opin. Ther. Tar. 2005, 9, 253–265. [CrossRef]

[PubMed]
4. Song, J.H.; Hsueh, P.R.; Chung, D.R.; Ko, K.S.; Kang, C.I.; Peck, K.R.; Yeom, J.S.; Kim, S.W.; Chang, H.H.; Kim, Y.S.; et al. Spread

of methicillin-resistant Staphylococcus aureus between the community and the hospitals in Asian countries: An ANSORP study.
J. Antimicrob. Chemother. 2011, 66, 1061–1069. [CrossRef] [PubMed]

5. Balm, M.; Lover, A.A.; Salmon, S.; Tambyah, P.A.; Fisher, D.A. Progression from new methicillin-resistant Staphylococcus aureus
colonisation to infection: An observational study in a hospital cohort. BMC Infect. Dis. 2013, 13, 491. [CrossRef]

6. Kavanagh, F.; Hervey, A.; Robbins, W.J. Antibiotic substances from basidiomycetes: VIII. Pleurotus multilus (Fr.) sacc. And
pleurotus passeckerianus pilat. Proc. Natl. Acad. Sci. USA 1951, 37, 570–574. [CrossRef]

7. Davidovich, C.; Bashan, A.; Auerbach-Nevo, T.; Yaggie, R.D.; Gontarek, R.R.; Yonath, A. Induced-fit tightens pleuromutilins
binding to ribosomes and remote interactions enable their selectivity. Proc. Natl. Acad. Sci. USA 2007, 104, 4291–4296. [CrossRef]
[PubMed]

8. Stresser, D.M.; Broudy, M.I.; Ho, T.; Cargill, C.E.; Blanchard, A.P.; Sharma, R.; Dandeneau, A.A.; Goodwin, J.J.; Turner, S.D.;
Erve, J.; et al. Highly selective inhibition of human CYP3A in vitro by azamulin and evidence that inhibition is irreversible.
Drug Metab. Dispos. 2004, 32, 105–112. [CrossRef] [PubMed]

9. Ling, C.; Fu, L.; Gao, S.; Chu, W.; Wang, H.; Huang, Y.; Chen, X.; Yang, Y. Design, synthesis, and Structure-Activity relationship
studies of novel thioether pleuromutilin derivatives as potent antibacterial agents. J. Med. Chem. 2014, 57, 4772–4795. [CrossRef]

10. Goethe, O.; Heuer, A.; Ma, X.; Wang, Z.; Herzon, S.B. Antibacterial properties and clinical potential of pleuromutilins. Nat. Prod.
Rep. 2019, 36, 220–247. [CrossRef]

11. Zhang, Z.; Li, K.; Zhang, G.; Tang, Y.; Jin, Z. Design, synthesis and biological activities of novel pleuromutilin derivatives with a
substituted triazole moiety as potent antibacterial agents. Eur. J. Med. Chem. 2020, 204, 112604. [CrossRef] [PubMed]

12. Ooi, N.; Eady, E.A.; Cove, J.H.; O’Neill, A.J. Redox-active compounds with a history of human use: Antistaphylococcal action and
potential for repurposing as topical antibiofilm agents. J. Antimicrob. Chemother. 2015, 70, 479–488. [CrossRef]

13. Stubbings, W.J.; Bostock, J.M.; Eileen, I.; Ian, C. Assessment of a microplate method for determining the post-antibiotic effect in
Staphylococcus aureus and Escherichia coli. J. Antimicrob. Chemother. 2004, 54, 139–143. [CrossRef] [PubMed]

14. Zhou, Y.F.; Tao, M.T.; Huo, W.; Liao, X.P.; Sun, J.; Liu, Y.H. In Vivo Pharmacokinetic and Pharmacodynamic Profiles of Antofloxacin
against Klebsiella pneumoniae in a Neutropenic Murine Lung Infection Model. Antimicrob. Agents Chemother. 2017, 61, e02691-16.
[CrossRef] [PubMed]

15. Isvoran, A.; Louet, M.; Vladoiu, D.L.; Craciun, D.; Loriot, M.; Villoutreix, B.O.; Miteva, M.A. Pharmacogenomics of the cytochrome
P450 2C family: Impacts of amino acid variations on drug metabolism. Drug Discov. Today 2017, 22, 366–376. [CrossRef] [PubMed]

16. Zhang, C.; Yi, Y.; Chen, J.; Xin, R.; Yang, Z.; Guo, Z.; Liang, J.; Shang, R. In vivo efficacy and toxicity studies of a novel antibacterial
agent: 14-O-[(2-Amino-1,3,4-thiadiazol-5-yl)Thioacetyl] mutilin. Molecules 2015, 20, 5299–5312. [CrossRef] [PubMed]

17. Zuo, X.; Gao, H.; Gao, M.; Jin, Z.; Tang, Y. Antibacterial activity of a promising antibacterial agent: 22-(4-(2-(4-Nitrophenyl-
piperazin-1-yl)-acetyl)-piperazin-1-yl)-22-deoxypleuromutilin. Molecules 2021, 26, 3502. [CrossRef]

18. CLSI M100-S25; Performance Standards for Antimicrobial Susceptibility Testing. Clinical and Laboratory Standard Institute:
Wayne, PA, USA, 2015.

19. Jin, Z.; Wang, L.; Gao, H.; Zhou, Y.; Liu, Y.; Tang, Y. Design, synthesis and biological evaluation of novel pleuromutilin derivatives
possessing acetamine phenyl linker. Eur. J. Med. Chem. 2019, 181, 111594. [CrossRef] [PubMed]

20. Dong, Y.; Zhao, X.; Domagala, J.; Drlica, K. Effect of fluoroquinolone concentration on selection of resistant mutants of Mycobac-
terium bovis BCG and Staphylococcus aureus. Antimicrob. Agents Chemother. 1999, 43, 1756–1758. [CrossRef]

21. Yang, Y.Z.; Tang, Y.Z.; Liu, Y.H. Wogonoside displays anti-inflammatory effects through modulating inflammatory mediator
expression using RAW264.7 cells. J. Ethnopharmacol. 2013, 148, 271–276. [CrossRef] [PubMed]

22. Chen, F.; Wei, M.; Luo, Y.; Jin, Z.; Tang, Y. Synergistic Effect of a Pleuromutilin Derivative with Tetracycline against Streptococcus
suis in Vitro and in the Neutropenic Thigh Infection Model. Molecules 2020, 25, 3522. [CrossRef] [PubMed]

23. Zhao, M.; Lepak, A.J.; Marchillo, K.; Vanhecker, J.; Andes, D.R. In Vivo Pharmacodynamic Target Assessment of Eravacycline
against Escherichia coli in a Murine Thigh Infection Model. Antimicrob. Agents Chemother. 2017, 61, e00250-17. [CrossRef]
[PubMed]

http://doi.org/10.1371/journal.ppat.1005837
http://www.ncbi.nlm.nih.gov/pubmed/27711163
http://doi.org/10.1016/j.ejmech.2020.112312
http://www.ncbi.nlm.nih.gov/pubmed/32442851
http://doi.org/10.1517/14728222.9.2.253
http://www.ncbi.nlm.nih.gov/pubmed/15934914
http://doi.org/10.1093/jac/dkr024
http://www.ncbi.nlm.nih.gov/pubmed/21393157
http://doi.org/10.1186/1471-2334-13-491
http://doi.org/10.1073/pnas.37.9.570
http://doi.org/10.1073/pnas.0700041104
http://www.ncbi.nlm.nih.gov/pubmed/17360517
http://doi.org/10.1124/dmd.32.1.105
http://www.ncbi.nlm.nih.gov/pubmed/14709627
http://doi.org/10.1021/jm500312x
http://doi.org/10.1039/C8NP00042E
http://doi.org/10.1016/j.ejmech.2020.112604
http://www.ncbi.nlm.nih.gov/pubmed/32731187
http://doi.org/10.1093/jac/dku409
http://doi.org/10.1093/jac/dkh275
http://www.ncbi.nlm.nih.gov/pubmed/15150167
http://doi.org/10.1128/AAC.02691-16
http://www.ncbi.nlm.nih.gov/pubmed/28264844
http://doi.org/10.1016/j.drudis.2016.09.015
http://www.ncbi.nlm.nih.gov/pubmed/27693711
http://doi.org/10.3390/molecules20045299
http://www.ncbi.nlm.nih.gov/pubmed/25812151
http://doi.org/10.3390/molecules26123502
http://doi.org/10.1016/j.ejmech.2019.111594
http://www.ncbi.nlm.nih.gov/pubmed/31419741
http://doi.org/10.1128/AAC.43.7.1756
http://doi.org/10.1016/j.jep.2013.04.025
http://www.ncbi.nlm.nih.gov/pubmed/23612420
http://doi.org/10.3390/molecules25153522
http://www.ncbi.nlm.nih.gov/pubmed/32752180
http://doi.org/10.1128/AAC.00250-17
http://www.ncbi.nlm.nih.gov/pubmed/28416552

	Introduction 
	Results 
	In Vitro Antibacterial Activity 
	In Vitro Drug-Resistance Test 
	Inhibitory Effects on Cytochrome P450 
	Cytotoxicity 
	Acute Oral Toxicity Study 
	In Vivo Antibacterial Activity 

	Discussion 
	Materials and Methods 
	Chemicals 
	Microorganisms 
	Animals 
	Evaluation of In Vitro Antibacterial Activity 
	Determination of MIC and MBC 
	Time–Kill Kinetics Assay 
	Post-antibiotic Effect Assay 

	Drug-Resistance Test 
	Determination of MPC 
	Development of Bacterial Resistance 

	CYP450 Inhibition Assay 
	Cytotoxicity Test 
	Acute Toxicity in Mice 
	Neutropenic Mouse Thigh Infection Model 

	References

